Virginia Commonwealth University

VCU Scholars Compass

Electrical and Computer Engineering Publications Dept. of Electrical and Computer Engineering

2005

Luminescence properties of defects in GaN

Michael A. Reshchikov

Virginia Commonwealth University, mreshchi@vcu.edu

Hadis Morkog

Virginia Commonwealth University

Follow this and additional works at: http://scholarscompassvcu.edu/egre pubs

b Part of the Electrical and Computer Engineering Commons

Reshchikov, M. A., Morkoc, H. Luminescence properties of defects in GaN. Journal of Applied Physics 97, 061301
(2005). Copyright © 2005 AIP Publishing LLC.

Downloaded from
http://scholarscompass.vcu.edu/egre_pubs/178

This Article is brought to you for free and open access by the Dept. of Electrical and Computer Engineering at VCU Scholars Compass. It has been
accepted for inclusion in Electrical and Computer Engineering Publications by an authorized administrator of VCU Scholars Compass. For more

information, please contact libcompass@vcu.edu.


http://www.vcu.edu/?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F178&utm_medium=PDF&utm_campaign=PDFCoverPages
http://www.vcu.edu/?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F178&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F178&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F178&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F178&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F178&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F178&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs/178?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F178&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:libcompass@vcu.edu

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS7, 061301(2005

APPLIED PHYSICS REVIEWS

Luminescence properties of defects in GaN

Michael A. Reshchikov® and Hadis Morkog
Department of Electrical Engineering and Physics Department, Virginia Commonwealth University,
Richmond, Virginia 23284
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Gallium nitride(GaN) and its allied binaries InN and AIN as well as their ternary compounds have
gained an unprecedented attention due to their wide-ranging applications encompassing green, blue,
violet, and ultraviolet(UV) emitters and detector§in photon ranges inaccessible by other
semiconductogsand high-power amplifiers. However, even the best of the three binaries, GaN,
contains many structural and point defects caused to a large extent by lattice and stacking mismatch
with substrates. These defects notably affect the electrical and optical properties of the host material
and can seriously degrade the performance and reliability of devices made based on these nitride
semiconductors. Even though GaN broke the long-standing paradigm that high density of
dislocations precludes acceptable device performance, point defects have taken the center stage as
they exacerbate efforts to increase the efficiency of emitters, increase laser operation lifetime, and
lead to anomalies in electronic devices. The point defects include native isolated Qedeatscies,
interstitial, and antisitgs intentional or unintentional impurities, as well as complexes involving
different combinations of the isolated defects. Further improvements in device performance and
longevity hinge on an in-depth understanding of point defects and their reduction. In this review a
comprehensive and critical analysis of point defects in GaN, particularly their manifestation in
luminescence, is presented. In addition to a comprehensive analysis of native point defects, the
signatures of intentionally and unintentionally introduced impurities are addressed. The review
discusses in detail the characteristics and the origin of the major luminescence bands including the
ultraviolet, blue, green, yellow, and red bands in undoped GaN. The effects of important group-I|
impurities, such as Zn and Mg on the photoluminescence of GaN, are treated in detail. Similarly, but
to a lesser extent, the effects of other impurities, such as C, Si, H, O, Be, Mn, Cd, etc., on the
luminescence properties of GaN are also reviewed. Further, atypical luminescence lines which are
tentatively attributed to the surface and structural defects are discussed. The effect of surfaces and
surface preparation, particularly wet and dry etching, exposure to UV light in vacuum or controlled
gas ambient, annealing, and ion implantation on the characteristics of the defect-related emissions
is described. €005 American Institute of PhysidDOI: 10.1063/1.1868059
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A. Free excitons. ...........couveeueann... 69 densities in the range of $010°° cm™ on sapphire sub-
B. Bound excitons. . ................uu... 71  strates unless special precautions are taken. Isolated point
1. Excitons bound to shallow donots.... 71  defects and defects related to dislocations are responsible for
2. Excitons bound to acceptors......... 73  avariety of ailments in devices. In detectors, they manifest
3. HaynesruleinGaN................. 74  themselves as excess dark current, noise, and reduced re-
VIII. UNUSUAL LUMINESCENCE LINES IN sponsivity. In light-emitting devices, they reduce radiative
GaN. ... 75 efficiency and operation lifetime. Furthermore, the point de-
A Yilines ... 75 fects and complexes are generally the culprits for parasitic
1. Effects of sample treatments and current paths. Moreover, they decrease the gain and increase
experimental conditions on thé lines... 76  the noise—particularly the low-frequency noise—in elec-
a. Effect of hot wet chemical etching.. 76  tronic devices, increase the threshold current, the slope effi-
b. Effect of photoelectrochemical ciency and operation lifetime of lasers, and are source of
etching...................... ... 77  instability particularly in devices relying on charge control
c. Evolution of PL and memory effect. 77  and high electric fields such as field-effect transistors.
d. Effect of excitation intensity. . ... ... 77 It is customary to bring a variety of techniques to probe
e. Effect of temperature.............. 77  the optical and electrical signatures associated with point de-
2. Characteristics of th¥, lines.......... 78  fects. Luminescence is a very strong tool for detection and
a. The 3.45-eVIindYy)............... 78 identification of point defects in semiconductors, especially
b. The 3.42-eV lindYy)............... 79 in wide-band-gap varieties where application of electrical
c. The 3.38-eV lindYs3)............... 79 characterization is limited because of large activation ener-
d. The 3.35-eV lindYy)............... 79 gies that are beyond the reach of thermal means. In spite of
e. The 3.34-eV IindYs)............... 79  considerable progress made in the last decade in light-
f. The 3.32-eV line(Yg)... ............ 79  emitting and electronic devices based on GaN, understanding
g. The 3.21-eV lindY)............... 80 and identification of point defects remain surprisingly enig-
h. The 3.08-, 2.85-, 2.80- and 2.66-eV matic. One of the reasons is a vast number of controversial
INeS (Yg=Y11) e oo 80 results in the literature. Therefore, a critical review of the
3. Y; lines and structural defects........ 80  state of understanding of point defects, particularly the issues
a. Atomic force microscopy........... 80 dealing with their manifestation in luminescence experi-
b. X-ray diffraction................... 80 ments, is very timely. Even though the optical properties of
c. Transmission electron microscopy.. 81  GaN have been reviewed by Moneniatonly a small frac-
B. Oil-related 3.31- and 3.36-eV lines...... 81 tion of those reviews concerned themselves with defect-
C. Identification of theY; lines.............. 82  associated luminescence in GaN. It should also be noted that
IX. UNSTABLE LUMINESCENCE FROM a brief review of point defects and their optical properties in
DEFECTS. ... e 82 GaN can be found in earlier reviews and books prepared as
A. Unstable luminescence bands........... 82  part of the general properties of GAN? In many original
1. Blue band from the etched GaN surface 83  works and reviews, analysis of the luminescence is limited to
2. Blue and yellow unstable bands. ..... 83  excitonic emission, a field which is well understood, leaving
B. Manifestation of surface states in out an earnest discussion of point defects in GaN which still
photoluminescence.................... 85  remain unidentified. Traditionally byoint defect®ne means
1. Band bending at the surface of GaN.. 85  native defects, impurities, and complexes with the size com-
2. Effect of UV illuminationon PL....... 86  parable to the nearest atomic distance. Besides point defects,
3. Effect of ambient on intensity and shape the crystal lattice may contaiextended defecgtsuch as dis-
of PLbands........................ 86 locations, clusters, domains, voids, etc. The latter commonly
4. Effect of passivationon PL........... 87  do not contribute to the luminescence, although may signifi-
X.SUMMARY ..o e 88 cantly affect the optical and electronic properties of the ma-
terial by trapping carriers or gettering the point defects.
I. INTRODUCTION In order to illustrate the myriad of optical transitions that

could be and have been observed in the luminescence spectra

Gallium nitride and its alloys with InN and AIN have of GaN associated with defects. we or t a tabl i
emerged as important semiconductor materials with applica-_. » We present a table summa
tions to green, blue, and ultraviolet portions of the spectrumrIZIng thgm(TabIg D as well as a flguréHg..l') showing a
as emitters and detectors and as high-power/temperature r%ghematlc description of the related transitions and energy

dio frequency electronic devices. However, further improve-pOSitions within the gap of the defect levels we are about to

ments in device performance hinge on understanding anﬂiscuss in detail throughout the review. In addition to the
reduction of extended and point defects. The lack of nativeuminescence energy-band positions, Table | tabulates their

L o . nomenclature and provides brief comments and references to

substrates makes the fabrication of efficient and reliable de- . . . .

. . oo o o . . the sections of this review where these lines and bands are
vices particularly difficult, which is typified by dislocation . . : I .

discussed in detail. The energy position of the luminescence

lines and bands may depend on strain in thin GaN layers,

temperature, and excitation intensity. Therefore, in Table |

dElectronic mail: mreshchi@vcu.edu
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TABLE I. List of main luminescence lines and bands in GaN.

J. Appl. Phys. 97, 061301 (2005)

Maximum
position Reference to the text
(eV) Nomenclature Doping Comments (page$
3.478 FE Xa Undoped 69-71
3.471 DBE, DX, Undoped, Si A few close lines 71-75
3.466 ABE, A?XA Undoped, Mg  Best FWHM<0.1 meV 73-75
3.44-3.46 TES Undoped Plethora of lines 71-72
3.455 ABE Zn A weaker peak at 3.39 eV 49, 71-72
3.45-3.46 Y, Undoped Correlates with inversion domains ~ 75-82
3.41-3.42 Y, Undoped 75-82
3.397 Be e-A type 64
3.387 FE-LO Undoped 69-71
3.38 DBE-LO Undoped 71-73
3.38 Be DAP type 64
3.37-3.38 Y Undoped 75-82
3.375 ABE-LO Undoped 73-74
3.364 ABE-LO Zn 49, 71-72
3.35-3.36 Y, Undoped 75-82
3.34 Y5 Undoped 75-82
3.30-3.32 Ye Undoped 75-82
3.295 FE-2LO Undoped 69-71
3.288 DBE-2LO Undoped 71-75
3.283 ABE-2LO Undoped 71-75
3.28 UvL Undoped e-A type 34-37
3.272 ABE-2LO Zn 49, 71-72
3.27 DBE DBE in cubic GaN 67—68
3.26 uvL Undoped, Si DAP type 19, 34-37, 47-48, 63
3.1-3.26 UVL Mg e-A and DAP 53, 54, 56—62
3.21-3.23 Y Undoped 75-82
3.16 Shallow DAP in cubic GaN 67-68
3.08 Yg Undoped 80
3.08 C In cubic GaN 68-69
3.0-3.05 BL C Broad 63—-64
2.9-3.0 BL Undoped, Fe Broad, unstable intensity 83-84
2.9 BL P Broad, with fine structure 66
2.88 BL Undoped Broad, with fine structure 19, 38-41, 47-48
2.88 BL Zn Broad, with fine structure 48-52
2.86 Yo Undoped 80
2.8 Y10 Undoped 80
2.8 BL Cd Broad, with fine structure 64-65
2.7-2.8 BL Mg Broad, large shifts 56-62
2.6-2.8 BL Undoped Broad, surface related 83
2.68 Yi1 Undoped 80
2.6 GL As Broad, with fine structure 65—-66
2.6 GL Zn Broad 48, 52
2.56 AL Undoped Broad 47
2.51 GL3 Undoped Broad 47
25 Ca Broad 64
2.4-25 Mg-O Broad 62
2.48 GL Undoped Broad 29-34
2.43 Hg Broad 65
2.36 GL2 Undoped Broad 19, 42-48
2.2-2.3 YL Undoped, C Broad 19-34, 47-48, 63
1.9-2.1 C Broad, in cubic GaN 68—-69
1.8-2.0 RL Undoped Broad 19, 41, 47-48
1.85 RL2 Undoped Broad 19, 42-48
1.8 Zn Broad 48, 52
1.7-1.8 Mg Broad 62
1.66 Undoped Broad 42
1.64 C Broad 63-64
1.3 (Fe Sharp 67
1.27 Mn Broad 65
1.193 (Ti,Cn? Sharp 67
0.95 Undoped Sharp, irradiation induced 66
0.85-0.88 Undoped Sharp, irradiation induced 66
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Doped Undoped briefly reviews luminescence from the other metastable
phase of GaN—zinc-blende or cubic GaN. This crystal poly-
7 type is not well developed and not widely used. Conse-
qguently, much less space is devoted to defects in cubic GaN.

i
T
§
|
|
|
o~ !
3 9| |UM BL UL AL G‘L RL | We also briefly review the near-band-edge luminescence
) B!L i |sL GleYi related to recombination of excitons in GaN in Sec. VII, in
ac': T | ] part for completeness and in part to distinguish tyjgcal
w1t Y : A excitonic lines from theunusualluminescence lines appear-
i Jyir L : yityeY. | ing in the same energy range. The properties of the unusual
yrxr- X luminescence lines, inclusive of those that are now attributed
Be MgMg Zn Cd_ Hg Mn! Mgz ? , 8 to artifacts mistakenly reported in the literature as being re-
s P As Ca C | gl? n ? lated to GaN, are discussed in Sec. VIII. In some cases, the

luminescence in GaN evolves under ultraviolet illumination.
FIG. 1. Radiative transitions associated with major doping impurigeg The changes may be quite large and they are usually detected
Sec. VJ and unintentionally introduced defedtSec. I\) in GaN. For the on time scales ranging from a few seconds to several hours.
Ve:On complex, two charge states are shoi@ec. |V B. Transitions re- h h be d t tastabili f int defect
sulting in the GL2 and RL2 bands are assumed to be internal and the relate-B esec finggs may be due to metastability of point defects
defect levels are unknowgsec. IV B. or some light-induced changes at or near the surface of GaN.

In this vein, unstable luminescence and the effect of different

we give the energy positions corresponding to the strain-fre@Mpient on luminescence are presented in Sec. IX. Finally,

GaN at low temperatures and excitation intensities. In the>€C: X brings this comprehensive review to a close with a

case of dispersion in the reported data for a particular lumiPrief summary.

nescence band, we give the most commonly observed ener
position. In Fig. 1, the positions of the energy levels are_ FORMATION AND ENERGY LEVELS OF POINT
. - . . DEFECTS IN GaN
shown in scale, whereas the radiative transitions, depicted by
the arrows, correspond to the zero-phonon line, which has In this section, the salient features of theoretical calcula-
higher photon energy than the maximum of the broad lumitions that may help to identify luminescence bands in un-
nescence band due to the Stokes shift. doped and doped GaN are reviewed. In early studies, Jenkins
The arrangement of this review is as follows: in Sec. lland Dow!* based on an empirical tight-binding theory, have
the theoretical predictions from the first-principles calcula-estimated the energy levels of vacancies and antisites in
tions regarding the formation probability and energy levelsGaN. In the past decade since thab, initio computational
of main point defects in GaN are reviewed. Although themethods significantly improved the accuracy of predictions
accuracy of the predictions may not be sufficiently high,of the defect energy levels in GaN. Neugebauer and Van de
these efforts as a minimum provide a first-order idea on whawalle >’ and Boguslawskeét al.,'® have estimated not only
kind of defects we may expect in GaN while undertaking thethe energy levels of the main point defects in GaN but also
task of analyzing the luminescence data. Section Ill presentheir formation energies and possible range of concentra-
basics of the luminescence methods employed. In Sec. I\jons. Thereafter many theoretical groups employed and de-
the properties of the main luminescence bands in unintenveloped the first-principles calculations germane to nitrides
tionally doped GaN are reviewed. The plethora of data pubfor improved predictions and exploring the likelihood of for-
lished in literature are classified and analyzed, particularlynation of numerous point and structural defects in this
dealing with the notorious yellow luminescence in undopedmaterial*®-2*
GaN. The results of different works are often controversial
and need careful analysis. In this section, we present som& Theoretical approach
previously unpublished data obtained in our laboratory in
order to assist the reader to better formulate a model for for
complete picture.
Luminescence from defects intentionally introduced in
GaN (by doping, postgrowth implantation, or by irradiation s Ef
c= Nsitesex% ) '

The concentratioi of a point defect in the semiconduc-
formed at a temperatueunder thermodynamic equilib-
rium conditions is determined by its formation enefgyas

1)

damage is analyzed in Sec. V. Among the numerous impu- K KT
rities we give particular attention to magnesium and zinc

since these two impurities are of paramount importance fowhereNg;siS the concentration of sites in the lattice where
GaN-based devices and the published luminescence propeghe particular defect can be incorporatdiNgi.s~4.4
ties of GaN doped with Zn and Mg are very controversial. x 10?2 cm™ for the substitutional defects in GaNnd S is
Impurities, such as transition metals and rare-earth elementthe formation entropy, which is abouk6>?° When the de-
are reviewed very briefly, being beyond the scope of thdects or their constituents are impurities, E@) gives an
theme of this review since the luminescence properties ofipper limit of their possible concentrations on the assump-
semiconductors doped with these impurities are almost inddion that the impurities are abundantly available during the
pendent of the host material, being determined mostly byrowth. Although the growth is a nonequilibrium process, at
internal transitions associated with these elements but modsufficiently high growth or annealing temperatures the con-
fied some by the crystal field of the host material. Section Vlditions may be approximated as in equilibrium. Equatibn
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shows thaE' is the key parameter for estimating likelihood ' T ' T ' !
of defect formation. Obviously, the defects with high forma- 10 CGa, ]
tion energies have less probability to form.

The formation energy can be calculated in the formalism
of Zhang and Northrf3 as

E'(0,Er) = E°(0) — Eglic— 2 Misi + AE, 2)

whereE"®Y(q) is the total energy of a supercell containing one Ga

defect in the charge statg ES,, is the total energy of the
defect-free supercelhy; is the number of atoms of typein

this supercelly; is the chemical potential of atoms of type \ Ga ]
Er (the Fermi level is the electron chemical potential with or ]
respect to the valence-band maximum. The chemical poten- . : ’
tials for Ga and N are usually considered for extreme growth 0 1 2 3

or annealing conditionsig,= eapuk for the Ga-rich case FermiLevel (eV)

and'U“N_'U“Nz for the N-rich case. Note that these values ar€ . 2. Formation energies as a function of Fermi level for native point

not independent in thaiig,t un=pcan The formation en-  defects in GaN. Ga-rich conditions are assumed. The zero of Fermi level

ergy of the charged defects depends on the charge and thr;efrtlésponds to the tﬁp of the valence bﬁmd- Ongl Seggnenths Correspondifng to
; ; ; ; the lowest-energy charge states are shown. Adapted with permission from

Fermi I.evel at the time of defect formatidduring gro.Wth or Limpijumnong and Van de Walle, Phys. Rev. @, 035207(2004. Copy-

annealing. As can be seen from E@2), the formation en-  ignt (2004 by the American Physical Society.

ergy of the positively(negatively charged defects increases

(decreasesas the Fermi level moves from the vaIence-bandn,_}pres(_}nt the energy level of the deféglg. 3 that can be

maximurm towards_ the conduction band. The slope of thl%neasured experimentally. It is clear from Fig. 2 that self-
variation is proportional to the charge state of the defect. The

_ : . fhterstitial and antisite defects have very high formation en-
energy at which the levels corresponding to different charg

tates int ¢ determi the ionization level of the def %rgies and thus are unlikely to occur in GaN during growth at
states Intersect determines e jonization level of the de ecfeast inn-type GaN. Gallium and nitrogen vacancies may be

Note that the calculations of the total energy may in genera};lbundant inn- and p-type GaN, respectively. It must be

give an error of up to a few tenths of eV, and a variety Ofnoted, however, that electron irradiation or ion implantation

corrections is often used to improve the accuracy. The detailgan create the defects which have high formation energy in
on the first-principles calculations used for defects in GaNIarge concentrations

can be found in the recent review by Van de Walle and
Neugebaue?ﬁ

The above approach enables one to calculate not onl
the formation energies and positions of the defect levels but  Similar to the case of GaA¥, vacancies in GaN are
also the binding and dissociation energies of complex demultiply charged defects, and several defect levels may ap-
fects, local modes of vibrations, and migration barriers ompear in the energy gaFig. 3). A gallium vacancy(Vgy) may
diffusivity of point defects. Any agreement between differentbe the dominant native defect imtype GaN, whereas the
groups, using slightly different approaches, increases confiitrogen vacancyVy) may be abundantly formed ip-type
dence in the reliability of the results.

Formation Energy (eV)

%. Vacancies

Conduction band

B. Native point defects 31 -3
. . . ] —1J0 =10 r
Native defects are always present in semiconductors and ] —_4r14 .
notably affect the electrical and optical properties of the host ] - ;*ﬁ :

. . 4 - 2+1+ k
material. They are often formed as compensation sources %‘ 27 —3e/2e =10 r2
when dopants are introduced, or as a result of nonstoichio- % —1+/0 .
metric growth or annealing. The isolated native defects take g —wor
the form of vacancies, interstitials, and antisites. Complex 0 ] ] =342 »
defects formed through interaction of isolated native defects, ] — 43— 24/1+ :g:g: E
and combinations of native defects and impurities are con- 1 T —aene o
sidered in Sec. I D. 1 =10 ;

Figure 2 shows the calculated formation energies for all 0 Lo
. . . . ; Valence band
isolated native point defects in GaN as a function of the
Fermi level in all stable charge states. The transition levels so Vea Yo C3y Ns, Ga N,

calculated for the native defects are illustrated in Fig. 3. The

slope of each line in Fig. 2 represents a charge of the defeclf.IG' 3. Trgnsn[on Ievels_for native defects |n.GaN, dt'ate.rmlned frqm fqrma—
tion energies displayed in Fig. 2. Adapted with permission from Limpijum-

For each charge state only the segment giving the 10We$fyng and van de Walle, Phys. Rev. @, 035207(2004. Copyright(2004)
overall energy is shown. The changes in slope of the linesy the American Physical Society.
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GaN. Evidently N-rich conditions favor formation &fg,,
while in the Ga-rich case the formation g, is facilitated.

a. Gallium vacancyThe gallium vacancy has relatively 8.0
low formation energy im-type GaN when the Fermi level is
close to the conduction band. Being an acceptorlike defect, 60 |

the Vg, acts as a compensating center. The 2-/3-, —/2-,
and 0/- transition levels 0¥, are estimated at 1.10, 0.64,
and 0.25 eV, respectivelfFig. 3).%* Slightly larger values of
the ionization energiegbout 1.5, 1.0, and 0.5 eV, respec-
tively) have been reported by other authtré® However, 20+
the formation energies of3, are consistently low when the
Fermi level is close to the conduction band.rn#type GaN 0.0}
the Ga vacancy is completely filled with electrons, and cap-
ture of a photogenerated hole, e.g., during photolumines- 2.0 - . . .
cence measurements, may lead to radiative transition of an 0.0 1.0 -
electron from the conduction band or from a shallow donor H, (V)
Ieve_l to thes':’)_—IZ— I_evel ONee The Clalculated migration FIG. 4. Calculated formation energies and ionization levels for the defects
barrier fOfVGa IS relatwely low: 1.9 e\'z- Therefore, the Ga in GaN in the Ga-rich case. The dashed lines correspond to isolated point
vacancies are mobile in a wide range of temperatures typidefects and the solid lines to defect complexes, respectively. Reprinted with
cally used during growth or thermal annealing. It is likely permission from Mattila and Nieminen, Phys. Rev. 35, 9571 (1997.

that they migrate and form complexes with more stable deS°PY"1gnt(1997 by the American Physical Society.
fects.

b. Nitrogen vacancyEarly calculations predicted the en- Ga and N atom&® However, under certain conditions some
ergy levels of the nitrogen vacancy to be close to or insidef these defects may form but in very small concentrations.
the conduction bantf:***®In fact, owing to these early cal- a. Gallium interstitial. The large size of the Ga atom leads
culations, then-type conductivity in undoped GaN has for a tg high formation energies of the Ga interstiti@g) and
considerable period of time been attributedg™* an attri-  associated fairly large lattice relaxations. Only the octahedral
bution which is still in circulation. However, the first- site is stable for Gél A|though in n-type or under N-rich
principles calculations showed theg, might be formed in  conditions the formation of Gas improbable in thermody-
detectable concentrations mtype GaN only under Ga-rich namic equilibrium, it may form under electron irradiation in
conditions:>*® In this scenario, an electron from the reso- GaN or under conditions used faetype growth (Fig. 2).
nance 0/~ state would autoionize to the bottom of the consijmilar toV,, Ga is a donor with the resonance +/0 state in
duction band, where it would form an eﬁective-masslikethe conduction band and a 3+ /+ state deep in the band gap
state bound by the Coulomb tail of the vacancy pOter]nE.'léﬁ (F|g 3)_18'21The 3+/+ energy level is predicted at about 2.5
ThusVy acts as a donor. There is only one transition level forey/ above the valence baAtA metastable behavior is pos-
Vn in the gap which is the 3+/+ state situated at aboukiple for the 3+ staté" The migration barrier for Gds esti-
0.5+0.2 eV above the valence-band maxim(fig. 3.*"*°  mated as approximately 0.9 &¥jn agreement with the ex-
The 2+ charge state is unstable, and transition from + to $erimental results of Chowt al®* who have discovered the
+ charge state causes a large lattice relaxd6f™ The  mobile Ga in irradiated GaN at temperatures below room
migration barrier for the charge states 3+ and + is estimategbmperature(Sec. V C 4. Note that the optically detected
at 2.6 and 4.3 eV, respectivétySimilar to the case o¥ss  electron-paramagnetic-resonant@DEPR experiments in
the relatively low migration barrier@t least fOfVﬁJr) could Ref. 31 apparent|y detected the 2+ Charge state pf\@'ﬂch
pave the way for the formation of complexes betwd&n  was predicted to be unstalfelt is possible that the meta-
and more stable defects during high-temperature growth o§taple 2+ state could be activated by optical excitation.
annealing, especially ip-type GaN where the 3+ state may High mobility of Ga even at room temperature implies that
dominate. Ga is trapped by some other defégtand does not exist in

c. DivacancyA divacancy (VgaVy) has relatively high  GaN as an isolated defect in equilibrium.
formation energy in GaN and is unlikely to form in large b, Nitrogen interstitial The nitrogen interstitial (N;)
concentrationgFig. 4). This particular defect, if formed, is forms a N-N bond®*3?124t has a high formation energy,
expected to produce at least two deep levels in the energyspecially in Ga-rich condition&ig. 2). Up to four stable
gap of GaN and behaves as a double acceptartype and  |evels corresponding to different charge states ptah be
as a double donor ip-type GaN?? formed in the energy gafrig. 3.%* The N—N bond distance
monotonically decreases with an increasing charge of N
approaching the bond distance in a Molecule in the case
of N3**2! Note that the two N atoms share one N site in
apparently equal relation. The highest stable lgv€l0) is

Formation of interstitial and antisite defects is often con-expected at about 2 eV above the valence-band maxifium.
sidered to have a low probability in GaN due to the smallTherefore, inn-type GaN, N will act as a simple acceptor.
lattice constant of GaN and the large size mismatch betweeHowever, the formation energy of this defect is too high in

40

E, (V)

2. Interstitials and antisite defects
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GaN grown under equilibrium Ga-rich conditions. The mi- ' ' ' ' " !
gration barrier for Nis only about 1.5 eV for the — and Ca CGa :
3+ charge states,so that diffusion of nitrogen interstitials is
likely to occur in GaN at temperatures slightly above room
temperature.

c. Gallium antisite The gallium antisitdGa,) introduces
a few deep levels in GalFig. 3.'%* The 4+/3+ level of
Ga, is expected at about 0.9 eV above the valence Band.
Therefore, inp-type GaN this native defect may be respon-
sible for significant compensation if the Ga-rich conditions
are used. Large outward lattice relaxation around thg Ga
has been noted by several theor&t&’

d. Nitrogen antisiteThe nitrogen antisit§Ng,) appar- . , ,
ently introduces thréé or perhaps even foﬁ?rdeep levels in 0 1 2 3
the energy gap of Gal{Fig. 3). It can behave as a compen-
sating double donor ip-type GaN or an acceptor imtype
GaN. The formation energy of N is very high regardless of FIG. 5. Calculated formation energies as a function of Fermi level for shal-
the posilon of the Femi level especialyunder Ga-rich confs Jo7s S S LSS 9wt 1 o i e
d|t|orjs (Fig. 2). It should be pointed QUt that Mattlbt_al'& engrgy in Ga-rich condli?ior)sSoTid lines—Ga-rich case, dashed lines—N-
predicted a reasonably low formation energy of ;NN rich case. The zero of Fermi level corresponds to the top of the valence
strongly n-type GaN grown under N-rich conditions. band. The data for Ca, Zn, Mg, and Be are taken from Ref. 30, C—from

The neutral N, defect may exhibit a metastable behav- Ref. 36, and O and Si—from Ref. 53 with kind permission from the authors.
ior, similar to its analog in GaAs which is known as the EL2
defect®®3* Mattila et al®* and Gorczycaet al®® predicted
that the neutral iy, defect can transform intdgN; defect in
cubic GaN.

0" Ga - - o~

Formation Energy (eV)

Fermi Level (eV)

gies for Q and Sk, donors(both below 2 eV in the Ga-rich
case. With decreasing the Fermi level, the formation energy
of the shallow donors linearly decreag€sg. 5), so we may
expect an even easier formation of the substitutional shallow
donors in high-resistivity op-type GaN if these impurities

are present in the growth environment.
Generally, C, Si, and Ge on the Ga sites and O, S, and Se

on the N sites are considered as shallow donors in GaNz. supstitutional acceptors
whereas Be, Mg, Ca, Zn, and Cd on the Ga sites and C, Si, o . . _—

) : e . lonization energies of the main substitutional acceptors
and Ge on the N sites could potentially give rise to relatively. . : ;

: ; : . 2~ In wurtzite and also zinc-blende GaN have been calculated in
shallow acceptors in this semiconductor. Below we briefly

. . . the effective-mass approximation by Mireles and Ulleand
review the formation energies and energy levels calculate 3 . .
. S . . ang and Chert the results of which are presented in Table
from first principles and by using the effective-mass method

While the former could predict which defect is easier to”'

. ) As tabulated in Table Il, the main candidates for the
form, the latter could provide a much better accuracy in de- C .39
s L shallow acceptors are Bg Mgga Cn, and Sj. P6dor~ con-
termining the ionization energy.

cluded from the analysis of the electronegativity differences

between the acceptor atoms and the host atoms that the ion-

ization energy of Bg, is the smallest among the likely ac-
Wang and Cheh calculated the energy levels of substi- ceptors and is only slightly greater than the effective-mass

tutional shallow donors in GaN in the effective-mass ap-value estimated by the same author as 85 meV. In the order

proximation accounting for such effects as mass anisotropyf increasing ionization energies, the other Ga-substitutional

central-cell potential correction, and the conduction-bandacceptors are Mg, Zn, Cd, and Hg, as follows from the elec-

edge wave function of the host material. They deduced the

following donor ionization energies in wurtzite GaN: 34.0, TABLE II. Calculated acceptor ionization energiéa meV) for wurtzite

30.8, and 31.1 meV for C, Si, and Ge on the Ga site, andw2) and zinc-blendezb) GaN.

32.4, 29.5, and 29.5 meV for O, S, and Se on the N sites:

C. Impurities

1. Shallow donors

Boguslawski and Bernhoﬁ& considered substitutional C, Si, 0, (Eg(fwgg (Eg(fwg)‘o (52#?28 (ng;,z%
and Ge impurities in wurtzite GaN in the framework of first-

principles calculations. They have found that formation en- Beg, 187 204 183 133
ergies of Si, and Ge,, donors are reasonably sméd.9 and Mdga 224 215 220 139
2.3 eV, respectively, for Ga-rich conditionsvhile formation Caga 302 259 297 162
of Cg, donor has a low probability. In various theoretical ~ “Mea 364 331 357 178
investigations the formation energy of neutrai&as been CgGa (1322 230 6131% 147
estimated as 4—4.7 eV for the N-rich case and 5.7—6.5 eV for Si” 294 203 220 132
the Ga-rich cas&>?**°*Neugebauer and Van de Wdifeand G(:\, o8l 76

Mattila and Niemineff have obtained small formation ener-
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tronegativity difference between these impurities and Ga £(0/) E(+5) £(+/0)
atom® Park and Chadf examined the atomic and electronic 5

structures of substitutional Be, Mg, and C acceptors in GaN <

through first-principles calculations and concluded that these ~°’; 4'_ HO

impurities would give effective-mass states in GaN, At S 4]

states. The calculated formation energies of some of these s:: ;

substitutional acceptors are shown in Fig. 5. The formation e 21

energies of Mg, and Bey, and their ionization energies are '% 1_' ~
the lowest. One problem for Be, however, is that the atom is g | A H
too small and can incorporate efficiently on the interstitial £ oA

site, where it acts as a double dofid?**?Therefore, among ———r— T
the group-Il impurities, Mg and Be are the most promising 0 05 1 15 2 25 3 35
p-type dopants for GaN, and Be appears to be the best can- E. (eV)

didate, provided that the conditions that suppress formation
of Be donors can be established. This is technologically™!G: 6. Calculated formation energy of interstitial hydrogen in wurtzite
GaN as a function of Fermi leveE-=0 corresponds to the valence-band

challenglng to say the least. The formation energies of aCr'naximum, and formation energies are referenced to the energy of a H

ceptors from group-1V impurities, such as8ind Gg, are  molecule. Reprinted with permission from Van de Walle, Phys. Status Solidi
relatively high, so that formation of these acceptors is unB 235 89(2003.

likely in GaN under equilibrium conditior$:*° The forma-

tion energy of G could be sufficiently low in Ga-rich 24 /0 |evel at about 2.5 eV above the valence-band maxi-

e 19,20,23,36,43 H o . .
conditions. However, the & acceptor might be mym. In addition, the formation energy is very small when

compensated by interstitial C when the Fermi level is closgnhe Fermi level is close to the valence bdfid@herefore, the

to the conduction bantf. Note also that the formation ener- presence of As can cause significant compensation during
gies of the acceptors decrease with increasing Fermi level, sgowth of p-type GaN.

that we may expect efficient formation ofGnd Sj; accep-
tors in undoped on-type doped GaN when these impurities
are present in the growth environment.

Neugebauer and Van de Waflealso examined the for-
mation energies of acceptors from group-l impurities, such ~ Monatomic interstitial hydrogen is predicted to exist in
as Ks, Nag, and Lig, They predicted that these acceptorstWo charge states in GaN:*Hand H, whereas the state is
have relatively high formation energies and large ionizatiortinstable (Fig. 6)."~** H* prefers the N antibonding site,
energies, and are therefore not likely to be candidates forhereas for H the Ga antibonding site is the most energeti-
successfup-type dopants. Moreover, the formation energiescally stable. H is expected to be mobile even at room tem-
of the Na and Li interstitials are much lower jntype GaN,  Perature due to a small migration barrigbout 0.7 eV,
so that these alkali impurities would rather behave as singl#hile H™ has a very limited mobility in GaN due to a very

4. Hydrogen

donors®® large migration barrietabout 3.4 eV.*” It follows from Fig.
6 that the solubility of H is considerably higher ungetype
3. Isoelectronic impurities conditions(where it exists as H than undem-type condi-

g[ons (where it is H). The value of the negative-U effect
. . e ransition of H into H*) is extremely high(—2.4 eV), larger
in GaN to form isovalent defects, 4sand R. In silicon, than in any other semiconductrin contrast with Si or

ge;?::‘ggn},gtn-?,tmsgéggv Zir;]:cor}guggr.i ';%VEI::(; IrT;GaAs, the H molecule has low stability and high formation
purtt ! u P gy levels | 9 IOe‘nergy in GaN’ Since hydrogen is abundantly present in

However, the theory predicts formation of deep gap states b ost of GaN growth processes, such as metal-organic

e e il GeposHONIOCVD), ycate vaporphase
omsFi)n GaN“%The firs?— rinciples calculations have shown SR (HVPE), and ammonia-based molecular-beam epi-
that the Ag,. and R defe?cts rﬁay exist in neutral, +, and taxy (MBE), and easily migrates, especially i type, it

2+ charge states in GaN. Mattila and Zun“éep’redicted the should form stable complexes with other defects in GaN,

2+/+ and +/0 energy levels of Asto be 0.24 and 0.41 eV playing an important role in the material propertiese Sec.

Arsenic and phosphorus could substitute nitrogen atom

above the valence-band maximum, and those pftd be 1D 3).
0.09 and 0.22 eV, respectivély. Van de Walle and
Neugebaué‘f3 obtained the values for the same as 0.11 ancb
. Complexes

0.31 eV for the 2-/+ and +/0 levels of Ag, respectively.
The formation energy of Agis quite large, and under the From the results of calculations presented in Sec. 11 B
most favorable conditiongGa rich and Fermi level above we expect that none of the simple native defects could exist
2.3 eV), the first-principles calculations predict the formationin GaN in substantial concentrations. However, complexes
energy of Ag of about 4.5 eV. Inp-type GaN, and/or in between native defects and impurities, including hydrogen,
N-rich conditions, formation of As, antisite-type defect is are expected to be the dominant unintentionally introduced
much more likely*® This defect is a double donor with the defects.
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1. Shallow donor—gallium vacancy complexes

The gallium vacancy is the dominant native defect in
n-type (in particular, undopedGaN because the formation
energy ofVg,is low in this casdFig. 2). However, as noted
in Sec. 11 B1, Vg, could easily diffuse even at moderate
temperatures of growth or thermal annealing and would
readily form complexes with other defects. It should be un-
derscored that formation of complexes is driven by electro-
static forces. The impurities that are most likely to form
stable complexes witNs, are donors. A negatively charged
acceptor(the charge oV, is 3- in n-type GaN and a posi- 0 . -
tively charged donor are attracted to each other. According to 15 20 25 3.0
the calculations of Neugebauer and Van de V\HIIVGaON Fermi level (eV)
and Vg Sig, complexes act as double acceptors in GaN, and
their =/2— energy leveléat 1.1 and 0.9 eV, respectivelwe FIG. 7. Calcula_lted formati_on energies of hydrpgenated_ Ga vaca_ncies in

L . GaN as a function of Fermi energy. The formation energies of the isolated
close to the 2—/3~ transition level of the isolafég, (at 1.1 vacancy(V3), of interstitial H and H, and of the Si donor are also in-
eV). The electronic structure of Ga vacancy dominates theluded. Reprinted with permission from Van de Walle, Phys. Re\6@3
electronic structure of thé&/g,shallow donor complexes, 10020(1997. Copyright(1997 by the American Physical Society.
very similar to the situation im-type GaAs 2 Formation
of the Vg Oy complex is even more favorable than formation report the energy level ofy was also much lower than that
of isolatedVg, '’ Similar results have been obtained by Mat- obtained in Refs. 29 and 53. Similar to the My com-
tila and Nieminerf?who compared the formation energies of plexes in GaN:Mg, the BgVy complexes are expected to
the isolatedVg, and theVg Oy complex for different posi-  form in Be-doped GaN’
tions of the Fermi leve(Fig. 4). The Vs Oy complex has a Lee and Charif examined the possibility of formation
binding energy of~1.8 eV, as compared te-0.23 eV for  of Mg;Vy complexes imp-type GaN. While incorporation of
the Vg Sic, complex’” This indicates that th&/c,Oy com-  the isolated Mgis unlikely in GaN due to large atomic ra-
plex is much more stable and it may be the dominant comeius of Mg, formation of the Mg/, complexes has low
pensating acceptor intype GaN. TheVg,Cy complex has a  enough formation energy when the Fermi level is close to the
low formation energy, but is unstable imtype GaN because valence band® The charge state of the Mg, complex is 3+
both constituents are acceptors and repeal each Biffer. in this case, and therefore it can efficiently compensatg Mg
acceptors® The energy level of the My, complex(or even
three close leve)sis about 2.8 eV above the valence-band
maximum. Similar results have been obtained by Gorczyca
et al> Therefore, MgV, might be the compensating donor

The situation with N vacancy and shallow acceptors inin p-type GaN:Mg, apparently not MgVy. The energy level
p-type GaN is essentially the same as for the Ga vacancyf the compensating donor has been determined in the pho-
and shallow donors im-type GaN. N vacancyy, being a  toluminescence study of Kaufmaret al>® at about 0.4 eV
mobile and dominant compensating donorpitype GaN,  below the conduction band. Note that the Mg complex
would be attracted by negatively charged acceptors duringould be formed only under Ga-rich conditions and when the
growth and cooling down or thermal annealing. The bindingrermi level is very close to the valence bafidhis means
energy for a neutral Mg\Vy complex is about 0.5 e¥*°  that passivation with hydrogen or N-rich conditions would
although Gorczycaet al>* obtained a value of 2.8 eV. The prevent formation of this compensating donor. Lee and
formation energy of the MgV, complex is significantly Chang® also assumed that hydrogen passivation can stabi-
lower than the sum of the formation energies of the isolatedize formation of the MgV, complex at higher positions of

Mgg, andVy.>* Park and Chad? assumed that the MgV, the Fermi level. However, this conclusion is somewhat
complex is responsible for the persistent photoconductivitmuestionaméf‘

in GaN:Mg™® and attributed the bistability to the neutral and
2+ states of this complex. Van de Waké al>® argued that
the relatively low binding energy of the MgVy complex
prevents abundant formation of these complexep-igpe As is commonly the case with other semiconductors, hy-
GaN in thermal equilibrium. However, their formation can drogen readily forms complexes with defects in GaN also. In
be enhanced by kinetically driven processes on the sampkeddition, the formation energies of the hydrogenated defects
surface during growth. It is not clear where in the band gapare often relatively lower. Im-type GaN, hydrogen atoms
the energy level of Mg.Vy is. Kaufmannet al®® assumed could be bound to a Ga vacancy, in as many configuration as
that Mgz,Vy is a deep donor with an energy level at aboutfour, to form complexes such a$VgH)?", (VoHo)™,

0.4 eV below the conduction band. Park and Cfadsti-  (VgH3)?, and(VgH,)*.2° The first three complexes are ac-
mated the energy level ¢Mgg.Vy)?* at about 0.7 eV above ceptors, whereas the last one is a single donor. The formation
the valence band, while Gorczyetal>* obtained an energy energies of the/g H,, complexes are shown in Fig. 7. With
level much closer to the valence band. Note that in the lattethe exception of thgVgH4)* complex, the hydrogenated

Fomation energy (eV)

2. Shallow acceptor—nitrogen vacancy
complexes

3. Hydrogen-related complexes
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vacancies have lower formation energies than the isolatethation of these complexes would result in semi-insulating
Vo Which points to the importance of these complexes inGaN, since both Q and Mg, levels would be pushed out of
GaN. The calculated energy levels of tiiggH)>~ and the energy gap. However, the relatively low binding energy
(VgH)~ complexes(at about 1.0 eV above the valence of the Mg; Oy complex(0.6 eV) is unfavorable for the com-
band are close to that of the isolat&(}, while the level of  plex formation, unless the kinetically driven processes on the
(VgH2)? is near the valence-band maximdilt must be  surface result in the preferential incorporation of j@y.>
pointed out that im-type GaN, formation of complexes with In Be-doped GaN, BgOy complex could be formed,
several H atoms, such #¥,H3)° and (Vg H,)*, is unlikely  which is neutraf®** Moreover, the BgOnBega, complex
since inn-type GaN the isolated hydrogen atom exists as H could be formed with the 0/- transition level at 0.14 eV
which would be repelled from the negatively charged Gaabove the valence-band maximdfalong with the forma-
vacancy.’ Dissociation of theVgH, complexes is unlikely tion of B&* donors, theBegBeg)* donor complexes might
due to the large associated binding enera?eﬁherefore, form in Be-doped GaN which end up compensating the Be
once formed during growth in the presence of hydrogen,’:1ccepto?‘.O However, the postgrowth annealing at tempera-
these complexes cannot dissociate during postgrowth thetures above 600 °C should result in dissociation of these
mal annealing. complexes?

In p-type GaN, hydrogen passivates the dominant accep-
tor (Mgga), as well as the dominant compensating donor
(VN)-47'59 In the case of Mg, the electrically neutral Mg—H E- Role of dislocations in the point defect formation

complex has a binding energy of 0.7 eV, with the H atom e {9 Jarge lattice mismatch, heteroepitaxy of GaN on

located In an antibonding site behind the N neighbor of thesapphire substrates results in films containing threading dis-
acceptor.” During postgrowth annealing, the Mg—H complex |ocations with the densities from 168 to ~101° cmi2, de-
dissociates, and H diffuses either to the surface or to th%ending on growth method and conditions, and whether dis-
extended defect. Similarly, in Be-doped GaN, the Be-H |5cation reducing methods are employed. The situation is not
complexes may form with a binding energy of 1.81 eV and amych different if other substrates with seemingly smaller lat-
dissociation energy of 2.51 éV.A postgrowth annealing tice mismatches are used. These dislocations are mainly par-
would also be required to remove the hydrogen from Bey|ig| to thec axis, and their Burgers vectors are equahto
acceptors. _ ) (edge-typg c (screw-typg, or a+c (mixed-typg. The first-

The N vacancy irp-type GaN may also be passivated by principles calculations enable comparison of formation ener-
hydrogen during the growth to form thi&/yH)?* complex  gies and structures of different types of dislocations and

with the binding energy of 1.56 eV.The formation energy  point defects that can be trapped by the stress fields associ-
of the (VyH)?* complex is lower than the formation of the ated with the dislocations.
isolated H andVy, when the Fermi level is low in the gap. In contrast to the earlier prediction that threading dislo-
The VyH complexes can be formed only during growth ascations are electrically inactive in Gl Jater calculations
diffusion of H" towardsVy is highly unlikely inp-type GaN jngicated that various types of dislocations may introduce
since they repel each other. Formation of thgH,)" com-  nymerous energy levels in the g¥p® In particular, thread-
plex is 6'5“50 possible, while theVyH3)® complex is ing dislocations are expected to behave as deep donors in
unstabl€®® The VyH complex is expected to have a 2+/0 n-type material and deep acceptorsp'rtype.62 Under Ga-
transition level at about 2.5 eV above the valence band and g, conditions dislocations decorated with Ga vacancies
0/2- level close to the conduction baffdwhile earlier cal- have the lowest formation energy mtype GaN, while in
culations predicted the 0/+ transition level\g§H to be near  n_rich conditions dislocations decorated with Ga vacancies
or in resonance with the conduction batidBoth Vﬁ* and  pave the lowest formation energy jmtype GaN®?%® To a
(VnH)?* could be formed in abundance pitype GaN and  first extent these results are consistent with the experimental
compensate.the dominant ac_ceptor. Note that the hydrogelffmdingS from a scanning-capacitance microscopy study, in-
ated vacancies may lose their hydrogen after the sample {§icating the presence of negatively charged dislocations in
grown, eithersduring cooling gown or dyring postgrowth an-n-type GaN®® Note that deep donors intype material and
nealing, aqd‘/N+ could also migrate during high-temperature geep acceptors ip-type material usually do not contribute to
annealing’ luminescenc&’ therefore dislocations are not expected to
manifest themselves in luminescence experiments, unless
point defects are trapped at them due to the large stress fields
The other element, in addition to H, that is unintention-near dislocations.
ally present in any growth systems is O which must be dealt The behavior of point defects trapped at threading-edge
with. While O is a ubiquitous problem for all semiconduc- dislocations in GaN was examined by Elsreral %8 First-
tors, O in GaN takes on a new dimension. The O atom in Nprinciples calculations indicated th¥t, and its complexes
site is a shallow donor in GaN and it might hamper attemptsvith one or more @Q have very low formation energies at
to obtain p-type material in addition to causing undesirable different positions near the threading-edge dislocations. The
background donors. The formation energy of the J\@ results indicate that the formation energiesvigf, Oy, and
complexes is very low* Therefore, these complexes can their complexes at different sites near the threading-edge dis-
readily form in Mg-doped GaN when oxygen is present inlocation are much lower than the formation energies of the
the growth environment. Gorczyed al>* predicted that for-  corresponding defects in the bulk. Energy levels of the de-

4. Other complexes
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fects trapped at dislocations generally shift as compared tthe competition of radiative and nonradiative recombination
the point defects in bulk, however, the shift is not Ia?ﬁm channels was suggested by Reshchikov and Kordtkend
short, the stress field of threading-edge dislocations is likelys presented in Sec. Il A 3.

to trap Ga vacancies, oxygen, and their complexes. A variety  Quantitative studies of point defects in GaN by PL have
of the Vgcontaining complexes may form acceptorlike de-rarely been undertaken. Often, qualitative estimations of the
fect levels in the lower half of the band gap and therefore bacceptor concentration imtype GaN were made by compar-
responsible for some transitions observed in luminescencag the ratios between the defect and near-band-edge emis-
experiments. Note that a similar situation might take place irsion intensities™’* However, this ratio is shown to depend
p-type GaN, where the dislocations may trafy and not only on the defect concentration but also on the experi-

Vy-related complexes. mental conditions, in particular, on the excitation
intensity®”">"*as was mentioned above. Temperature depen-
IIl. LUMINESCENCE METHODS dence of the defect-related PL intensity in GaN has often

_ ) been used to determine the nature of a given optical transi-
PhotoluminescencePL) and cathodoluminescen¢€L) oy For example, the donor-acceptor-p@dAP) transitions
have been the most widely used experimental methods ap,ye peen distinguished from the conduction-band-acceptor

plied to investigations of GaN. Defects in GaN have beer‘(e_A) transitions by the thermal behavior of BY77 How-
studied by analyzing the steady-state RESPL, time-  gyer the thermal behavior of PL may be complicated by a
resolved PL(TRPL), and PL excitatioPLE) spectra. Opti-  competition between several recombination channels as is

cally detected magnetic resonant@DMR), a variant of the  gh\yn helow using a simple phenomenological appr6Ach.
PL technique, along with the positron annihilation method

has been extensively used for identification of point defects
in GaN. 1. Recombination statistics

Let us now consider an-type semiconductor containing
several radiative acceptoss with concentrationsNAi. The

The SSPL spectroscopy is widely used for qualitativeelectron-hole pairs are excited with a generation rate
analysis of GaN and its alloys. Commonly, the SSPL is genG[cm™3s™!]. The concentration of the photogenerated holes
erated in GaN by illuminating it with a He—Cd las€25 in the valence band ip, the concentration of equilibrium
nm) beam with optical power levels of up to approximately (np) and photogenerateg@n) free electrons i®i=ng+ on. Af-
60 mW. In investigating defects, however, special precautiorier optical excitation, the holes are captured by acceptors at
must be taken to employ a sufficiently low excitation densitythe rateCyiN, p, whereC,; [cm®s™] is the hole-capture co-
since the defect-related PL often saturates at power densitieficient for theith acceptor and\, is the concentration of
of the order of 10°-10°* W/cn?. Failure to do so would jonized acceptors of type A competing process is the for-
very likely cause skewing of the PL spectrum in favor of mation of excitons with the rat€,np, where the coefficient
excitonic emission at higher excitation densities, giving theC,, describes the efficiency of the exciton formation. In ad-
false impression about the relative strength of defect-inducedition to radiative processes, some of the holes recombine
transitions. Similarly, focusing the laser beam and usinghonradiatively. For simplicity, the nonradiative recombina-
small slit widths of a monochromator for the entire PL spec-tion rate can be introduced & Ngp, whereC,s andNg are
trum would also distort the PL in favor of excitonic transi- the average hole-capture coefficient and the concentration of
tions. In such a case, the chromatic dispersion of lenses uséfe nonradiative centers, respectively. Thus, in general, the
to collect the PL, as well as the different effective sizes of thQ’]ole_capture rate can be expressea¢ p, whereC;=C,,,
emission spots for the ultraviol¢yV) and visible emission Cpi Or Cps and Ny =n, N, or Ng for excitons, radiative ac-
attributed, in particular, to photon-recycling proc&Sspay ceptors, and nonradiative defects, respectively.

A. Steady-state photoluminescence

lead to a marked, but artificial, enhancement of the (dar At elevated temperatures, the bound holes may return to
band edgover the visible part in the PL spectrufmainly  the valence band as a result of thermal activation or exciton
defect-relateyd dissociation. The probability of this procesg,[s™], is pro-

Qualitative terms, such as “very intense PL that confirmsyortional to exg-E;/kT), whereE; is the thermal activation
high quality of the material,” are omnipresent in the Iitera-energy for the radiative acceptdrEAi), nonradiative centers
ture regardlng GaN. However, there have been very fe_w at(ES), or the exciton dissociation enerdf,,). Taking into
tempts to estimate the absolute value of the PL intensity 05ccount all these processéBig. 8, the detailed balance
its quantum efficiencyQE) for a quantitative analysis. Al-  gquation for the hole concentration in the valence band in

though the direct measurement of the QE is not straightforgieaqy state in the case Nfrecombination channels can be
ward, attempts have been made to estimate this importaglyitten in the form

parameter for GaN®®’ Géldneret al.”® simultaneously de- " "

tected the calorimetric absorptidmeasure of nonradiative ap _ _ 0_

recombination which results in heating of the sampiens- gt G- 2‘1 GNip+ z QN7 =0, (3)
mission, reflection, and excitation power, and reported the

QE to be below 20% for thin GaN layers grown by MOCVD where N’=N2, Ng and Ne, is the concentration of holes
on sapphire and up to 75% for bulk GaN crystal grown bybound to radiative acceptors, nonradiative centers, or form-
HVPE. An indirect method based on quantitative analysis ofng excitons, respectively. At sufficiently low excitation in-
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Jon +n C.B . N 7:(0) 7riQ: -
= i m=n0|1-2 (7
I j#i RiQ)
C N°n C |N°n and 7; is the QE of theith channel accounting for dissocia-
ity A "si s tion of excitons and thermal escape of holes from the defects
I YaNe to the valence band.
G |
XS ] ]
¥ A 2. Effect of temperature on PL intensity
CA - p f CP§ sP ~Y-x Ex It is evident from Eqs(6) and (7) that the temperature
o,N° i A O.N? i O.N C np dependence of the PL intensity mtype GaN is largely de-
SO v v T termined by exciton dissociation and thermal escape of holes
p A - -~ V.B. from the defects to the valence band. Although the exact

expressions for the exciton dissociation can also be
FIG. 8. Schematic of the main transitions rirtype GaN in conditions of derived,78 it is much easier to account for the contribution of

PL. Electron-hole pair¢sn=p) are created with the ra® by optical exci- : : o ; _
tation. The photogenerated holes are captured by radiative accépiers the exciton dissociation into the defect-related [@ie term

acceptor levelp, is shown, nonradiative defect$S), and form excitons TrexQex) by. taking _the_ tempera.ture dependence _Of the inte-
(EX). The level for excitons is conventional, meaning only that some energygrated exciton emission intensity from the experlr‘rf’ént.

is required to dissociate the excitons. The solid and dotted lines show the  The probability of thermal activation of holes from an

transitions of electrons and holes, respectively. Optical transitions are show, . .
by the straight solid lines; recombination of holes at nonradiative centerﬁcceptor’QAi can be obtained from a detailed balance as

with free electrons is shown with a dashed line. Rates for all the transitions EA
are noted. Qu = Cpig_lNV exp(— _.) (8)
i kT
tensities N’< N =N;, the steady-state equation for the con-With
centration of holes bound to théh defect can be written as (mhk-l-)s/z
Ny=2| —— 9
V 27Tﬁ2 ( )
AN N?
—=CNp-—-QN’=0, (4 and
07'[ TR_
| C,i= = K (10
pi = Opi¥p = Opi —

where the second term describes recombination viaitthe
channel and the parameteg characterizes the recombina- whereg is the degeneracy factor of the acceptor ledgl,is
tion lifetime (in general case it may evolve in time in tran- the density of states in the valence bany,is the effective
sient processgs mass of the holes in the valence bangljs the hole thermal
The capture rates are usually much faster than recombielocity, ando; is, by definition, the hole-capture cross sec-
nation rates. As a result, the efficiency of each of the recomtion of theith acceptor. An analysis of Eg&) and(8) shows
bination channels is proportiont the rate of capture of the that the temperature dependence of PL intensity forithe
minority carriers (holes inn-type GaN. Therefore, in the acceptor involves a region of thermal quenching with an ac-
low-temperature limit, where both the thermal release of thdivation energyE, at temperature$ satisfying the condition
bound holes and the exciton dissociation are negligible, thél—nf)rRiQi>1. Variation of the parametepi* in the region
QE of each recombination channe},(0), is given by the of thermal quenching of PL related ith acceptor can be
ratio of hole-capture rate for a specific recombination chanignored if the quenching regions for different defects do not
nel to the total escape rate of holes from the valence bandoverlap significantly. Parametes, andCy; (or ap,;) can be
obtained by fitting Eq(6) to the experimental dependence of

CNip CN; the PL intensity in the region of thermal quenching of the PL

7(0) = == . (5) band related to théh acceptor. Note that the value E]‘L\i
ScNp S CN calculated from the fit to the experimental data using &y.
=t iNiP =t 7 is somewhat different from the ionization energy obtained

from the slope of the Arrhenius plot ¢f%(T™1) due to the
) ) ) ) _temperature dependenced§ andC,;. The temperature de-
With the above assumptions, an expression for the 'mens't}.ﬂendence of the acceptor energy level may also lead to some

of PL via each defect can be determined’as discrepancy between the valueBf at temperatures of PL
guenching and the value EfAi(T:O) obtained from the low-
oL NiO 77: temperature spectroscopy.
li-= . =nG= mG (6) An analysis of Eqs(6)—8) also indicates that the inte-

grated PL intensity for the given recombination channel at a
given temperature depends on the quenching state of the rest
where of the recombination channels. Therefore, several increases
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3. Estimates of quantum efficiency

The QE of PL can be estimated from the temperature
dependence of the PL intensity using Efjl). The relative
values of7,(0) can be obtained at low temperatures as the
. integrated PL intensities for all the PL barfdsThe absolute
] value of 7,(0) can be calculated from the value of the step-
wise increase in PL intensity for any band, which is related
to the thermal quenching of thé channel

St [T

x \ (0) = + -
10-2.2 1. A b aan ol . nl() R-1 |iPL

0 100 200 300 400 500 60
Temperature (K)

10"

Quantum efficiency

: (12)

where the summation is taken over the channels quenched
prior to quenching of théth channel.

FIG. 9. Calculated temperature dependencies of the PL QE for three radia-  The internal QEs estimated by this method in undoped
tive recombination channels in GaN: excitorigx) and via two acceptors  GaN layers agree well with the values obtained by direct
(AL andA2). The dependences were calculated using BIS(10) with the 055 rement of the laser and PL power levels with correc-
following parameters: 7,(0)=0.2; 741(0)=0.2; 7,(0)=0.08; 7re,Qex . ) .
=250 ex§-10 meV/KT), 7=105s, 75=5x105s, Cy=10%cmsi,  tion f&r refleptmn .and the geometry of the PL collection
Cpp=4x107 cnPs™, Ex=0.34 eV, Ex,=0.8 eV. Reprinted with permis-  setup:” In this review, we give the values of the QEs for

sion from Reshchikov and Korotkov, Phys. Rev. @, 115205(2003.  (different GaN samples calibrated by using the same standard,
Copyright(2001) by the American Physical Society. whenever the data allow.

of the PL intensity are expected in the form of intensity steps#. Effect of excitation intensity on PL intensity
corresponding to thermal quenching of other PL bands. An High and even moderate excitation power levels could

example of the calculated temperature dependencies of Pdgtyrate the defect-related PL since the defect concentration
intensity related to three radiative recombination channels ignq Jifetime are finite. Let us now consider the case when
shown in Fig. 9. The increase in PL intensity in the region ofihermalization of the holes trapped by tith acceptor is
thermal quenching of a particular recombination channel iﬁwegligible and assume that only tih acceptor is subject to
associated with the redistribution of the released holegatyration by nonequilibrium holes in the considered excita-
among all unquenched channels. The complete quenching @6 range. Then, from the steady-state rate equations similar

the ith channel results in the stepwise increase of the Plyy Egs.(3) and (4) one can obtain an expression for the PL
intensity from other recombination chann&stimes, if the  jhtensity related to théth acceptor &€

overlap of the quenching regions can be neglected. A simple

expression folR; can be obtained from Eq&6) and (7) PL= N_io _ }(G N N; ) 1 \/<G N N; )2_ 4GN,
o2 TR TR R
_ 7(0)
R~1+—"F——, (11) (13
1-> 7;(0) . -
j which for the case of low QE of théh channel(z;<1)
o o simplifies to
where the summation is taken over the recombination chan-
nels which have been thermally quenched prior to the |PL__ G _ (14)
quenching of théth channel. ' G o1
Besides the above analysis of the PL intensity, the tem- N, + ;

perature dependencies of the PL band line shape and peak

position can sometimes provide useful information on theFor low-excitation rates(Grg 7<N)), the IP(G) depen-
nature of transitions and the type of a defect. The effect oflence is linear and at high excitation rates it is expected to
temperature on the PL spectrum related to a deep-level defeg@turate at the value of; TEzil- Instead of complete saturation,

is discussed in Sec. Il D. The PL bands caused by DAR square-root dependence of the PL intensity is often ob-
recombination are expected to shift to higher photon energieserved for defects in GaN at excitation densities above the
(blueshify with increasing temperature due to thermal escapeange of 10°-1 W/cng.b7 7483

of electrons from long-lived distant pairs contributing at the  The square-root dependence of the defect-related PL in-
low-energy side of a PL band due to weaker Coulombtensity as a function of the excitation power is expected at
interaction’*® However, one should be careful with the in- high-excitation densities when the concentrations of photo-
terpretation of the shift since defects with strong electronexcited carriergon and p) exceed the free-electron concen-
phonon coupling often exhibit a blueshift owing to the par-tration in dark(ny).®”*However, the excitation density nec-
ticulars of their adiabatic potentials.Moreover, the PL  essary to injectdn, p~10'-cm 3 nonequilibrium carriers
bands from DAPs with relatively deep donors and acceptorgtypical concentration of free electrons in GaN at room tem-
may exhibit red or blueshift with temperature, depending orperature, is about 18 W/cn?,2* which is much higher than
the excitation condition&® that commonly used in defect-related PL studies. One of the
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reasons for the square-root dependence of the defect-relatéte following expression for the PL intensity decay in the
PL at moderate excitation powers is recombination througttase of a random distribution of DAP:

nonradiative donors that may be present in GaN in relatively .

high concentrations, particularly near the surfacanother I(t) o< N ex 47TNJ [e VRt 1]R2%dR

possibility is the reabsorption of the UV emission by deep- 0

level defects, which is known as photon recycling.

X f W(R) e VRIRZIR, (17)
0

5. Estimates of acceptor concentration in n-type GaN
whereN is the concentration of the majority constituent in

Once the hole-capture coefficier@y; are evaluated for : ) . .
different acceptorgSec. IV H for defects in undoped GaN DAPS. Equatlor(1.7) combined with Eq(16) descrlpes well
nonexponential decay of low-temperature PL in undoped

the ratio between the concentrations of each acceptor can lg%e 76,87
determined from an analysis of the low-temperature PL spec="" . . .
From simple reasoning, we expect an increas&Vf,

trum. This is a simple and effective method for estimating ., . A
with increasing ionization energy of an accepky due to

the relative concentrations of unintentional acceptors in 1 localizati f the bound hole. Indeed. th _
n-type GaN, and one that could be widely employed for gncreasing localization ot theé bound nhole. indeed, the maxi-
um rate of the DAP transitions in the effective-mass ap-

sample characterization. Indeed, all that is necessary is t imati lecti body effects is i
ability to measure the PL spectrum at sufficiently low tem-g;%g?a lon upon neglecting many-body eflects 1S given

peratures and excitation intensifi2ollowed by finding the

integrated intensity for each band in relative units. Then, the RE
ratio between the concentrations of title andjth acceptors Winax= 64A(a_> , (18)
can be found &4 D
Na IPLc.. where the parametek depends on the optical properties of
— =0 (15)  the semiconductor and on the photon enefgy (A[s ]

~|PL .
NA,- 17 Cpi ~4.5X 10°hw [eV] for GaN), anda, is the Bohr radius for
To determine the absolute values of the acceptor concentr42€ bound hole given
tions, the concentration of one of the acceptors should be A
found independently by fitting the dependence of the PL in-  a,= ———. (19
tensity on excitation intensity, as described in Sec. Il A 4. V2MhEn

Although the effective-mass approximation may not be a
good choice for deep-level defects, it nevertheless provides
surprisingly good resulf&%°

By measuring the PL intensity at a given photon energy  Note that potential fluctuations, typically present in
as a function of time delay after an excitation pulse, ValUﬁle“gmy Compensated and/or heav"y doped semiconductors as
insight can be garnered about the recombination mechag result of the random charge distributiralso result in a
nisms. A full emission spectrum can also be measured &onexponential PL decay. This is due to localization of car-
different decay times. A spectral analysis helps to distinguishiers in potential wells, very similar in nature to their local-
the OverIaDDEd PL bands and investigate the evolution of thﬁation on Spat|a||y Separated donors and acceptors_ The
PL band shape and its shift with time. problem of the potential fluctuations is discussed in more

The luminescence decay in GaN is often nonexponentialyetail in Sec. V B 2.
especially at low temperatures. The most plausible cause for \yjth increasing time delay, PL bands originating from
the noneXponential decay of PL is the DAP recombination{he DAP_type transitionsy especia"y those invo|ving deep
When an electron bound to a donor recombines with a phogonors, are expected to shift to lower enerd?e@.This ef-
togenerated hole bound to an acceptor, the radiative reconfiect is caused by a faster recombination in close pairs, which
bination rateW is not constant but depends exponentially oncontribute to the high-energy side of the band due to a stron-
the separation,R, between the donor and acceptor ger Coulomb interaction. The deeper the donor, the larger the
involved,®® shift is expected, but it still remains below the value of ion-

oR ization energy of the dondf. The absence of a noticeable
W(R) :WmaxeXP<— a_> (16)  shift of a PL band with the time delay may indicate that
D shallow donors are involved.

where Wy, is the transition probability in the limiR—0 With increasing temperature, the electrons from shallow
andap is the Bohr radius for a more weakly bound particle donors thermalize to the conduction band, and the DAP tran-
(an electron on the shallow donor in GaM is evident from  sitions are gradually replaced by transitions from the conduc-
Eq. (16) that the lifetime of the bound hole=W, is much  tion band to the same accept@rA transition$. For the e-A
longer for distant pairs than for close ones. This results in atransitions, the decay is commonly exponential and the char-
increase of the instantaneous lifetime of the measured Phcteristic radiative lifetimerg, depends on the free-electron
with the time delay. The transient PL depends on the detailsoncentratiom,, provided than,> én. The electron-capture
of the spatial distribution of pairs. Thomas$ al”® obtained  coefficient for the acceptdt, can then be expressed as

B. Time-resolved luminescence
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1
CnnO .

(20)

TR=

The electron-capture coefficient in the effective-mass ap-
proximation for a neutral defect can be approximately esti-
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Bound %
Free Hole
Electron "xf Phonons
Recombination o

mated a¥
C,= 647AS. (21) )
. ’I,&Phonons
In the transition temperature range where the decay gradually '
transforms from nonexponential to exponential, the average
or effective lifetime of PL,’T;, can be introducefl It is FIG. 10. Schematic representation of a recombination of the localized hole
defined as the time delay corresponding to the position of gnth a free electron, resulting in emission of a photon and several phonons.

maximum in the dependente IPX(t), wherelPX(t) is the PL

intensity at timet. In the case of the DAP recombinatiot, The measure of the electron-phonon coupling is the

is the time of transition between the pairs, giving the 'argeSHuang—Rhys factors®* The larger theS, the stronger the

contribution to the PL after pulse excitation. In the case Ofg\ectron-phonon coupling is and the broader the PL band is.
the e-A transitionsry, is the characteristic time of dec@iyL

ntencity d ot] ] The so-called configuration coordinat€C) modef>" is
Intensity decays as ekpt/ )] . . often used to illustrate and even quantitatively describe re-
In the temperature range where the SSPL intensity L . . . .
L . ‘combination involving a localized carrier. The simplest one-
quenches, the lifetime of PL usually decreases with an actlaim nsional CC diaaram is illustrated in Fig. 11. In this di
vation energy corresponding to thermalization of holes from ensional % diagram 1S Hlustrate S s dia-
ram, adiabatic potentials represent the total potential

an acceptor to the valence band. In general, the PL lifetimé

(70,) with allowance made for thermalization of holes can be€nergy: including electron and nuclear, of the defect. The
expressed 8% equilibrium positions of the ground and excited states are

displaced according to the strength of the electron-phonon
coupling. In the simplest case, the electronic state interacts
with a single localized vibrational mode of frequengy. In

whereE, is the ionization energy of the acceptat, is the general, the phqnon frequencies in the ground and excited
characteristic time of the hole escape to the valence bangtates may be different and are represented by the tefms
and the coefficienk depends on the hole-capture character-2ndwg, respectively. At low temperaturékT<7%wg) optical
istics of the acceptor. transitions take place from the zero vibrational level of the
Similar to Eq.(10) for nonradiative capture of holes, we excited state, and the maximum of the emissiBR,,) cor-
can define the capture cross section for electropsas responds to the solid vertical lin&B indicated in Fig. 11.
8KT \-1/2 After emitting a photon, the system relaxes to the zero vibra-
) , (23 tional level of the ground state by emitting several phonons
My with energiesi g in the crystal(transitionB— C). Probabil-
wherev,, andm, are the velocity and effective mass of free ity of optical transition from the zero level of the excited
electrondm,=0.22m, for GaN (Ref. 93]. Note that whether state to then vibrational level(n=0,1,2....) of the ground
C, andC, or o, and o, are temperature dependent or not isstate is determined by the Poisson distribution
still an open question for defects in GaN.

E
Tt = TR+ T = Cong + K exp(— k—?) : (22)

o= Cnv;l ~ Cn(

4 [ Excited State
(

< bound hole)

C. Vibrational properties of deep-level defects f 3 \ A / PL Intensity

In contrast to the shallow defects, recombination of car- %,“3 3r | :
riers at deep-level defects usually results in broad PL bands § F | |
due strong electron-phonon coupling. This mechanism can 5 | | .
simply be illustrated as follows: For a deep acceptor, the hole § 2F . g
wave function is localized at one of the bonds and its asym- T 1 : { S
metrical location would cause the atoms to shift from their =) Ground | | E g
ideal sites, as shown in Fig. 10. After recombination of the g1t (nsgit;e) Vo g k
bound hole with a free electron or electron at a spatially = phonon! '
separated donor, the atoms would move to their original sites & [ \%7 >
because all the bonds are restored and equivakegt 10. 0_? oL =
The atomic relaxation causes vibration of the lattice, i.e., ,‘_‘5“ L ‘,: T

emission of phonons. The radiative emission energy is re- 0.2 0 0.2 0.4
duced by the energy released through phonon emission. In
different recombination processes, the number of emitted
phonons is different, which results in a broad PL band.

Atom Displacement (2\)

FIG. 11. An example of the CC diagram and resulting PL spectrum.
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Sk
W, =eS>. (24) ‘
n! y
S
In the case of strong electron-phonon couplif®>1), S 2 <
represents the mean number of the emitted phonons for each ’g N
photon absorption or emission process. The largeiSthbe e >
wider the band and the less resolved transitions correspond- & g
ing to different vibration levels are. In general, the Huang— § <
Rhys factor,S, is different for absorption and emissio8,;, 8 g
andS,,, and yet in the one-dimensional CC approximation a % &
simple relation between these values can be obtained 2
[ =
w
S _ fiwp (25) 3
S hod g
/=]
The full width at half maximum(FWHM or W) of the % PL Intensity
PL band depends on temperatufie and in the one- o
dimensional CC modelV(T)is given by 02 0 0.2 . 04
e Atom Displacement (A)
ﬁwo
W(T) =W(0) coth( ) ) )
2kT FIG. 12. An example of the CC diagram and resulting PLE spectrum.
| mrSenfiod frwg
= <\8 In2 VSe cot KT/ (260 D, photoluminescence excitation spectra
At high temperatures, the bandwidth is proportionalT#? PLE spectrum for a particular PL band can be obtained

and at low temperatures it is temperature independent. ThuQ,y usdlg_gt_a tulnable Iaier or ? broadtr?and limtp combined \_Il_vﬁh
it is possible to find paramete¥®(0) and# wg from the tem- an adaitional monochromator as the excitation source. The

perature dependence of the FWHM of a PL band. Further, irnonochromatpr dispersing the PL i.S set to a particular wave-

the position of the zero-phonon li&,) is known, one can ength, which is usually at the maximum of the analyzed PL

estimate the quantityfielS,) with the accuracy, O%(ﬁwg band, and the wavelength of the excitation source is varied in
0 0

768): order to obtain the excitation spectrum. The PLE spectrum is
—fwp): o ) ; .

. expected to coincide with the absorption spectrum with the

f10§Sem= (Eo — Ema) + 3503 = (Eg — Ema + 51055, difference that in the latter case several different transitions

(27) may contribute and complicate the spectral analysis. Photo-
ionization of a defect is an inverse process to the lumines-
and then find parametefsog, S., and S, using Eqs.(25  cence, and im-type GaN it involves a transition of an elec-
and(26). tron from an acceptor level to the conduction band, or to the
The temperature-related shifiFen,=Een(T) ~Ecn(0), of  excited state of the defect. mtype GaN, we may expect a
the broad PL band may have little or no correlation to theyery similar photoionization of an electron from the valence
band-gap reduction. The following expression ., is  band to a deep donor, followed by a recombination between
derived in the one-dimensional CC approximation for a de+hijs electron and a free hole. Note that the photoionization
fect with strong electron-phonon couplitig spectra measured by PLE, absorption, photocapacitance, or

2_ 2 4 - photoconductivity methods should have more or less similar
wg We 8we Eabs Eem . . L .
AEey= >t % 2, > KT. (28)  shapes since the mechanism of the photoexcitation is the
g wg(wgy+ wp) Eem

same in all the above cases.
Thus, a shift to higher or lower energies can be observed for Broad PL bands arising from deep-level defects with
the broad PL bands with increasing temperature, dependingfrong electron-phonon couplings usually result in broad
on the particulars of the adiabatic potentials of the recombibands in the PLE spectrum also. This is illustrated schemati-
nation centers. cally in Fig. 12. At low temperatures, the system in the
It is important to note that in the cases of e-A and DAPground state(represented by an acceptorlike defect filled
transitions involving shallow donors, the shapes of the adiawith electrons inn-type GaN and the surrounding neighbor-
batic potentials are determined solely by the adiabatic chaing atoms stays at zero level and oscillates. The energy pro-
acteristics of the acceptor since its wave function is morevided by the optical excitation source can bring the system to
localized. Therefore, no difference in the shape of the Plan excited statésolid line CD in Fig. 12). The transitionC
band can be noted between the e-A and DAP transitions ir~>D in our example corresponds to a transition of an elec-
the first approximation. Only the positions of the PL bandstron from the acceptor level to the conduction band or to the
would be shifted by the ionization energy of the donor. How-excited state of the acceptor near the conduction band if any.
ever, this shift often remains unnoticed due to the large PLThe electron transition is much faster than the motion of
bandwidth and strong temperature dependence of the barmdoms(adiabatic approximationTherefore, the transition is
position. vertical in the CC diagram. Depending on the phase of the
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zero-level oscillations, the system may be closer or farthefrom about 0.2 to more thangm asV, is increased from 5
from the equilibrium point in the excited statas shown by to 35 kV2%>!%Note that the energy-loss depth profile maxi-
the dashed lines on both sides of transitloD). Therefore, mizes at approximately 30% of the penetration déB‘fH’.he
after numerous photoexcitation processes the absorption epenetration depth increases with increasiig and the
ergy evolves into a broad band. In the case of a stronglectron-hole pair generation rate is proportional to the beam
electron-phonon coupling, which causes the minima of thg@ower(E,l,). The CL intensity is determined not only by the
ground and excited states to be sufficiently displaced, thgeneration rate but also by the penetration depth through the
shape of the absorption band is nearly Gaussian. Howeveprocess of self-absorptidfi? surface recombination, compe-
for a weak electron-phonon coupling and small displacementition of different recombination mechanisms, and migration
of the adiabatic potential minima the shape of the absorptionf charges with timé®**%

band is asymmetric with an abrupt edge near the zero- Depth-resolved CL experiments are usually conducted
phonon transition linefE,. After the excitation, the system under constant beam power or constant power-density con-
relaxes to its minimal energy position by emitting severalditions. The penetration depth is varied by varying the accel-
local or lattice phonongtransitionD — A). Then the system erating voltage. Depth-dependent CL spectra can be taken
stays at the zero level at low temperatures and after a pericglso from the edge of a cleaved sample. Since the radiated
of time (PL lifetime) it returns to the ground state by emis- area is about 0.1-&m?, depth profiling is especially condu-
sion of a photonfA— B) and consequent emission of a few cive for thick layers or bulk samples since electrons cannot
phonons(B— C). penetrate deeper than5 um.

For transitions of electrons from the defect level to the  To obtain a CL image at a certain photon energy which
conduction band the shape of the PLE or absorption spe@an be varied, the electron beam is scanned over an area of
trum may depart from the Gaussian shape and have an emp to 0.1 0.1 mnf. Such images may help identify the lu-
tended shoulder at the high-energy side due to the possiblrinescence bands and determine their spatial distribution
transitions to the quasicontinuous states in the conductioand relation to structural defects.
band. When the energy of the excitation becomes equal or
exceeds the band gap, transitions of electrons from the va- ) _
lence band to the conduction band and subsequent nonradi- OPtically detected magnetic resonance
ative capture of a hole by a deep accegtwnresonant ex- Electron paramagnetic resonan@PR) and its variant,
citation of the acceptorwould give a step in the PLE ODMR, provide information on the ground state and micro-
spectrum corresponding to the band-to-band absorption. Thecopic origin of defects through obtaining the values and
relative contribution of the resonant and nonresonant transiangular dependencies of the Zeeman splittipgensoy and
tions in the PLE spectrum depends on the thickness of thiaterpretation of any hyperfine structure. Compared to EPR,
sample and specific values of the nonradiative and opticabDMR relates the magnetic information to particular lumi-
(photoionization capture cross sections for a particular ac-nescence bands and assists their identification.
ceptor. The energy displacement of the emission and absorp- The g value of the free electron ig,=2.0023. In the
tion maxima(Stokes shift facilitates the measurement of the first-order perturbation theory the deviation of thealue for
PLE spectra. a particular center is given by/AE, where\ is the spin-

The PLE spectra from deep-level defects, including conorbit interaction constartf® Usually donors shovg values
tributions from the resonant and nonresonant excitationsmaller than free electrons, and acceptors have a posjtive
have been studied in GalRefs. 76 and 98-100and are  shift. However, there are exceptions to this simple ffife.
discussed in Secs. IVA6 and IV B 2. Donors in GaN are typically characterized byfactors be-

tween 1.949 and 1.962, showing a small anisotrtmy g,
~0.003-0.006 Acceptors are characterized by a relatively

larger value and anisotropy of tiefactor!81%°

CL is produced by absorption of high-energy electrons
and resultant spontaneous emission of light corresponding o, | \j\1NESCENCE RELATED TO POINT DEFECTS IN
specific transitions in a semiconductor. It can be detected 43NDOPED GaN
a CL spectrum or as a distribution of CL intensity over a
certain area of the semiconductor surfdG image. The Typical low-temperature PL spectra from selected unin-
latter case is conveniently facilitated by a combination of atentionally doped GaN samples are shown in Fig. 13. In
scanning electron microscope and a luminescence collecticaddition to the near-band-edge emission due to bound and
system. When an incident electron beam bombards the senfiree exciton transitions and their phonon replicas, the PL
conductor under test, it first causes the emission of secondaspectrum from undoped GaN almost always contains a broad
electrons from a thin surface layer which is on the order ofyellow luminescencdYL) band with a maximum at about
10 nm causing that region to be positively chard®dThe 2.2 eV(Fig. 13. The YL band is by far the most studied PL
secondary electrons also penetrate into the sample to somband in GaN. Despite this inordinate effort, it is still not clear
depth which depends on the acceleration volt@gg. This  how many and what kind of defects contribute to that broad
negatively charged layer is much thicker than the positivelyemission bandsee Sec. IV A In high-purity GaN grown by
charged surface layer from which the secondary electronslVPE, the YL band is replaced by a green luminescence
escaped. The electron penetration depth in GaN increasé6L) band at about 2.5 eV under certain experimental

E. Spatially and depth-resolved cathodoluminescence
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FIG. 14. Normalized room-temperature PL spectra of the MOCVD-grown
Photon Energy (eV) sample(mo76 and three representative MBE-grown GaN layers. All the
spectra were measured in identical conditions with an excitation density of

FIG. 13. PL spectra from undoped GaN at 15 K. The spectra are plotted if-1 W/cnt. Weak oscillations of intensity are caused by light interferences.
logarithmic scale and displaced vertically for better viewing.

GaN samples grown by MBE under extremely Ga-rich con-
conditions™%4The GL band is attributed to another chargeditions- These bands exhibit properties very different from
state of the defet¥? responsible for the YL band, the details 10S€ of the RL band in GaN grown by MOCVD or HVPE

and the GL band in GaN grown by HVPE. To avoid any

of which are discussed in Sec. IV B. ) )
Another PL band, observed in undoped GaN at low temconfusion, these bands will be denoted hereafter as RL2 and

peratures, is known as the shallow DAP bafdChis band is GLZd bands, respecg\/_elﬂszlg. Il\?.FThe properties of these
characterized by a relatively sharp peak at about 3.25—3.2‘9"”]I sare prt_esenttt-; '? ec. ¢ ' | PL band
eV followed by several replicas at energies which are muI—h nbsome tl)nves |ga_|otnhs, a T)‘;V esst C?Thmon N ands
tiples of the LO phonon energy in Ga(¥ig. 13. The no- di\(/:e ssee?jn'r? S?:(Evelvg Tﬁewcsclmter't[))iror? of zllsg]icggr:’:s
menclature chosen has its roots in the fact that at low temz >0 : ' ) fout v
. - mentioned defect-related bands varies from sample to
peratures that band is caused by transitions from the shallow o . .
sample, and no clear correlation is yet established until
donors to the shallow acceptors. At elevated temperatured
. resent between the appearance of most of these bands and
the DAP-type transitions are gradually replaced by the e- : .
Qpresence of particular defects in the GaN samples.

transitions involving the same shallow acceptor. Since th The defects discussed in Sec. IV are presumably point

shapes of the DAP and e-A bands are similar and these tran'efects which are more or less uniformly distributed inside

he GaN layer, i.e., bulk defects. As has been shown, the
refer -hereafter. both the shallow DAP af?d e-A bands as thgurfaces also affect luminescence substantially. Some PL
uItr.aV|oIet Iu_mmescencéUVL) band. pnI!ke the ,YL band, bands appear only after specific treatment of the GaN sur-
which remains nearly unchanged with increasing temperag .o \we present a detailed description of such bands, in
ture at least up to the room temperature, the UVL band,, qicyar, the surface-related blue band, in Sec. IX A. PL
quenches at temperatures abov&50 K and typically can-  #4m yndoped GaN sometimes also contains sharp peaks that
not be detected at room temperature. Properties of the UVannot he attributed to well-known exciton or defect-related
band are examined in Sec. IV C. transitions. These features are commonly assigned to mani-
In GaN layers grown by MOCVD or HVPE, another teqation of structuraiextendedl defects. These unusual PL
broad band, the blue luminescen@.) band, is often ob-  jines in undoped GaN are discussed in Sec. Vil
served in the low-temperature PL spectrum at about 2.9 eV
(Fig. 13. This band begins to quench above 200 K, and at _
low temperatures it exhibits a characteristic fine structtfre. A. Yellow luminescence band
We present a detailed description of the BL band in Sec. In most of the unintentionally and intentionally doped
IV D. n-type GaN samples grown by the various techniques avail-
In undoped GaN grown by HVPE or MOCVD methods, able, the room-temperature PL spectrum contains a near-
a red luminescencéRL) band is sometimes observed at band-edge emission at about 3.42 eV and the YL band peak-
about 1.8 eMFig. 13, often as a shoulder to the YL band. In ing at 2.20-2.25 e\(Fig. 14). The YL band has been the
Sec. IV E, we present some data regarding the RL band itopic of literally hundreds of publications. Only the investi-
GaN. gations with meaningful contributions are discussed here.
Two broad bands, a green one at about 2.5 eV and a rethe YL band in GaN is always broad, nearly Gaussian with
one at 1.9 eV, have been deteé’tqejd7only in high-resistivity  FWHM of about 350-450 meV, and structureless even at the

sitions cannot always be delineated from each other, we wi
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lowest measurement temperatures. However, the exact poselated defects is, an@di) whether YL is related to point or
tion and shape of the YL band are sometimes sample depestructural defects have received extensive coverage. CL mea-
dent. Although a few attempts have so far been made tsurements indicated that the YL band is enhanced with in-
resolve two or more ban#$72° or phonon-related fine creasing probe depth toward the substfatén accordance
structure in the broad YL barid“*?*we believe that the with the observation of stronger YL near the GaN/sapphire
departure of the YL shape from Gaussian may be related tmterface when the sample is illuminated from the front side
the particulars of the spectral response of the optical systemnd the backsid&?**? Etching experiments demonstrated
used in some cases and to the interference effects in othersearly independence of the YL intensity on depth into the
There are several, albeit contradictory, results in the litdayer'>***°In contrast, photovoltage spectroscopy was used
erature concerning the origin of the YL band and the effect$o argue in favor of surface defects being responsible for the
of doping on its intensity. In early experiments of PankoveYL band'****'Both correlatiof®® and anticorrelatiol® be-
and Hutchby?® 35 elements were implanted in GaN and tween YL and structural defects in GaN have been reported.
most of them resulted in appearance or enhancement of the Slightly different positions and shapes of the YL in dif-
YL band. From that investigation, one can glean the obviougerent investigations may in part be related to a lack of cor-
that the YL is related not to a specific impurity but to somerection for the spectral response of measurement systems. A
native defect introduced by the implantation damage. Firstpoint of interest is, however, that in one report different po-
principle calculations predict that sevek&l -related defects sitions of the YL bands, obtained with the same setup, have
may be responsible for YL in undoped GaBec. I). Posi-  been cited” Superposition of several unresolved bands may
tron annihilation experiments strongly support the predictiorgffect the position and shape of the broad YL band. We ob-
of the theory thatVg, is abundantly formed inn-type  Served a small shiftup to 50 meV between bands very
GaN?*1¥substantial decrease and even disappearance &fmilar in shapgFig. 14. The YL band in these samples did
the YL with p-type doping also favors its assignment to anot shift with increasing excitation power and its intensity
defect containingVg,'>>>* Ogino and Aoki® have found Was nearly independent of temperature in the range of 15—
that Si and O doping do not affect the relative YL intensity, 300 K. As it will be shown below, the slightly different po-
while doping with carbon enhanced this emission. These ausitions of the YL band found in the literature can simply be
thors attributed the YL band to a complex involving a Gadue to varying effects of structural defects on apparently the
vacancy ad a C atom substituted for the nearest neighbor ofame point defect. Although formation of defects with

the Ga sites. Several other experimental groups also attrilightly different spatial structure, various interactions be-
uted the YL band to C impurity or a complex involving tween the point and structural defects, and even substantial

carbon*****°The origin of the YL in undoped GaN is dis- contributions of surface states, which are spread in energy, in
cussed in more detail in Secs. IVA 10 and IV H after theSOme samples cannot be ruled out without an extensive
main properties of this band are treated. study. Below we present the main properties of the YL band
Not only the identity of the YL-related defect but also I GaN that we believe will help shed some much needed
the type of transitions responsible for the YL, as well as thdight to identify the defeds) responsible for the YL band or
question of whether the related defects are located in depth S€t of unresolved YL bands in undoped GaN.
or at the surface of GaN, have been the subject of spirited
discussion for many years. In the earliest detailed study of- Efféct of temperature
YL,%® the band was attributed to a radiative transition froma  The effect of temperature on the intensity, shape, and
shallow donor to a deep acceptor, presumably \agCy position of the YL band has been the topic of many
complex. The band shape, position, and activation energy akports®”76:98:137.143.152.160-164ha temperature dependence
its thermal quenching have been explained consistentlpf the YL intensity, in comparison with the integrated PL
within a simple CC model with the acceptor level being lo- intensities of the exciton emission, inclusive of all the emis-
cated about 0.86 eV above the valence b&rithe debates sions in the range of 3.3-3.5 eV and the BL band, is shown
began some 15 years later when Glaseal** explained in Fig. 15. In the samples with high QE, a fast decrease of
their ODMR results associated with this band using an alterthe exciton band intensity at temperatures from 15 to about
native model. This model is based on a two-stage proces80 K is accompanied by the corresponding increase in the
involving nonradiative capture of an electron by a deepdefect-related PL intensities in agreement with E$.and
double donor followed by radiative recombination between(7). In the temperature range of 20028 a quenching of
the electron at the deep donor and a hole at a shallow accefiie BL band in the sample with the highest QE is accompa-
tor. Although this model appears very improbable from basimied by an increase in the intensity of the YL and exciton
PL reasoningsee Sec. Il A, it was seemingly confirmed by bands(the latter is seen as a shoulder in Fig).1& similar
a few experimental groub‘g and cited plentifully in many increase of the YL band intensity has been observed with
investigations devoted to YL in GaN. Other investigationsincreasing temperature from 10 to about 100Refs. 161
making use of time-resolved PE}*344photocapacitance and 165 and is attributed to a trap of 13.7 meV below the
and optical deep-level transient spectroscopyTS),*****¢  shallow donot® It should be noted, however, that the ob-
Raman scatterintf’*® hydrostatic pressuré;**® and PL  served effect can be explained without invoking any traps.
excitatior® did not support the model of Glaset all* Indeed, as shown in Sec. lll A 2, the quenching of the inte-
The questions ofi) whether YL originates from bulk or grated exciton emission with an activation energy of about
surface defects(ii) what the depth distribution of the YL- 13 meV(Ref. 67 results in enhancement of other PL bands
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with a similar activation energy. Therefore, the “unusual”
increase of the YL intensity reported in Refs. 67, 161, andepresenting two orders-of-magnitude decrefse.narrow
165 is a consequence of a good sample quality, as categoange of activation energiggrom 0.75 to 0.89 eYand the
rized by high radiative efficiency of exciton emission andsame range of YL quenchin@80-620 K have been re-
low excitation intensity conditions. Similar to the low- ported for several undoped GaN layers grown by
temperature increase of the YL intensity due to the quenchMOCVD.?"*®Note that the value of 0.81+0.03 eV obtained
ing of exciton emission, the increase in YL intensity in thein Ref. 67 accounts for the temperature dependence of the
temperature range from 200 to 260 K, as depicted in Fig. 15density of states in the valence bafi#?) and thermal ve-
indicates a redistribution of holes released to the valenceocity of holes(TY?), which reduces the apparent activation
band due to thermal quenching of BL. energy, measured as a slope in Arrhenius plot, by about 0.09
A slow variation of the YL intensity in the temperature eV. Thus, for comparison with other reports we change the
ranges between quenching of this and other bdfmlsex-  above value to 0.90+0.03 eV. Determination of the activa-
ample, forT=60-200 K andT=260—-480 K in Fig. 1bcan tion energy for the YL intensity in the MBE-grown undoped
be attributed to a slow variation of the hole-capture crossGaN as 0.058+0.001 eVRef. 163 is evidently an over-
section for YL related or other defects, including nonradia-sight, since the YL intensity decreased by a factor of about
tive ones’’ Various relative concentrations and types of de-10 in the temperature range between 523 and 628k Fig.
fects in different samples may explain slightly different tem-1(a) in Ref. 163, which leads to an activation energy in the
perature dependencies of the YL intensity in differentrange of 0.8-0.9 eV and is consistent with that reported in
reports’®98:137.143.152.16L1Q5te however, that the variation Refs. 67, 98, and 160. Finally, two samples grown by MBE,
of the YL intensity below room temperature is not related toboth undoped and C doped, showed quite different activation
ionization of the shallow donor, as sometimesenergies of 0.65+0.04 and 1.04+0.06 eV, respectively. This
suggeste&‘?‘lSz*lGZIndeed, according to carrier statistics in result has been attributed to apparently different defects re-
n-type GaN(Sec. lll A), ionization of shallow donors may sponsible for the YL in undoped and C-doped GaN. Al-
lead to replacement of the DAP recombination mechanisnthough these results merit careful attention, and the idea of
by the e-A mechanism and to variation of the PL lifetime. different acceptors in undoped and C-doped GaN deserves
However, the intensity of the PL should be independent ofletailed consideration, the quantitative data of Ref. 164
these changes since it is determined only by capture of holeshould be treated with caution due to lack of statistics and
in n-type GaN®’ possibility of experimental artifacts. For example, a very
In a few reports, the effect of temperature on the YL high-excitation density of 20 W/ctemployed in Ref. 164,
intensity has been studied up to very high temperaturesnay saturate acceptors with holes, leading to a distortion of
above 450-480 K, where drastic quenching of the YL takeshe temperature dependence of the PL inteﬁ%i@ontribu—
place (Fig. 16).57:98160.163.1841though the reported values tions from blackbody radiation can also affect the measured
for the activation energy of this process vary from 58 meVPL intensity at high temperaturé® especially in the
(Ref. 163 to 1040 meV}** a close inspection of the data in samples with weak YL.
these reports shows that the experimental results are very Variation of the shape and position of YL with tempera-
close and all the data can be explained by ionization of arure has been the topic of several publicatithi’’ 10162163
acceptor with an activation energy of about 0.85+0.2 eV. InThe position of the YL band did not change within an accu-
particular, the value of 0.86+0.04 eV has been obtained foracy of 20-40 meV when the temperature varied from about
C-doped GaN at temperatures above 480 K from quenching0-30 to 300 K-> or 380 K*¥®°and also in the range from



061301-22 M. A. Reshchikov and H. Morkog J. Appl. Phys. 97, 061301 (2005)

300 to almost 600 K% It should be kept in mind that the volved. At low excitation levels, the intensity on the YL in
band gap reduces by more than 100 meV from cryogenia-type GaN is proportional to the excitation intensity. Above
temperatures to 380 K and by about another 130 meV frona critical excitation densityfP,) the dependence becomes
300 to 600 K'®® Insensitivity of the PL peak shift to the sublineaf”"®"*%The value ofP,, depends on a few param-
band-gap variation is typical for defects with strong electron-eters that can be estimated from the analysis of the PL%}ata.
phonon couplind* The FWHM of the YL band increases To estimate the acceptor concentration from PL data, one
with temperature and can be described by @6). The ob-  must first estimate the QE of the related PL band by direct
tained fitting parameters within the one-dimensional CCmeasurements or by employing the method suggested in Ref.
model of the YL emission ar&V(0)=380 meV (Ref. 160 67, as described in Sec. Ill A 3. The generation rate of the
and 430 meM(Ref. 98 andZzwg=52 meV(Ref. 160 and 40  photoexcited carriers3, can be estimated from the excita-
meV (Ref. 98 (see a more in-depth discussion in Sec.tion density if the effective thickness of the layer subject to
IVAT7). Itis interesting to note that there is some discrep-excitation is known. The absorption coefficientat 325 nm
ancy in the literature about the effect of temperature on thés =(1.2—1.5 x 10° cm ! in GaN>®’ therefore the carriers are
width and peak position of the YL band. In particular, Zhangefficiently created in about the Oin region of the surface
and Kuech®’ reported adecreaseof the FWHM from about layer only. The hole diffusion length is about 0.1-Qu8 in
510 eV at 50-100 K to 475 meV at 300 K and a monotonicthin GaN layers at room temperatuf&;*"* approaching 1
shift of the peak position by about 25 meV tdeherpho-  um in thick HVPE-grown GaN/’® Consequently, the effec-
ton energy in the same temperature range in C-doped Gallive thickness can be taken in the range of 0.jiwi depend-
Moreover, the temperature variation of these parameters wasg on the sample quality. Finally, the PL lifetime should be
substantially different for the YL in undoped GaN. In con- measured, preferably at elevated temperat(gag, at room
trast, Ogino and AoKP observed arincreaseof the FWHM temperature for the YLto avoid the analysis of nonexponen-
from 430 to 540 meV and a shift of the peak position bytial decays due to DAP-type transitioffsA typical depen-
about 30 meV to dower photon energies in the same tem- dence of the YL intensity on excitation intensity consists of a
perature range in C-doped GaN. The discrepancy in the abinear increase of the PL intensity followed by saturation
solute values of the FWHM of the broad YL band and itsabove G=10Ftcm3st (excitation density
peak position may be attributed to a lack of accurate ac~1072 W/cmz).67Asquare—root dependence is observed for
counting for the spectral response of the measurement syhigher generation ratés."***®From the fit of Eq.(13) to the
tem and any interference effects. However, the diversity irexperimental data, the concentration of the acceptor respon-
the relative changes obtained for the samples grown undeible for the YL band has been estimated to be in mid-
different conditions and/or different doping deserves a closet0™ cm™ for GaN layers grown by MocVvD! The square-
attention in an effort to better identify the YL band. root dependence of the YL intensity on excitation power,
Variation of the YL intensity in a wide temperature observed in the high-excitation region, has been explained by
range, including its quenching with temperature, allows us t@ significant concentration of nonradiative deep donors near
estimate the hole-capture coefficigl)f and the hole-capture the surfacé’ However, as mentioned in Sec. Ill A 4, some
cross sectioro, for the acceptor responsible for Y(Sec. other reasons including geometrical factors and photon recy-
Il A). These parameters can be obtained by fitting Egscling may be responsible for the square-root dependence of
(6)—<(10) to the experimentally observed dependence of thehe PL at moderate excitation powers.
YL intensity on temperature, provided that the excitation in- A small shift of the YL band with excitation intensity has
tensity is small enough to avoid saturation of the relatecalso been reportet:'"?At low temperatures, the YL shifted
acceptors by holes, and the lifetime of the YL is known. Noteto higher energy by about 10 meV as the excitation intensity
that the parameter; in denominator of Eq(6) can be ig- was increased by a factor of 10 in C-doped GAwnnd by up
nored since it is usually much less than unity. Moreover, ao 15 meV(and up to 35 meVYas the excitation intensity was
knowledge of the absolute PL intensity is not important invaried by four orders of magnitude in Si-doped GaN with
this fit. Examples of the fits to the temperature dependencidew (and high concentrations of Si” The relatively small
of the YL intensity in the quenching region for several un-shift can be attributed to the DAP nature of YL at low tem-
doped GaN samples are shown in Fig. 16. From these fitperatures. As the excitation intensity is increased, distant
parameter€, ando, for the acceptor responsible for the YL pairs emitting at lower photon energies due to weaker Cou-
band have been estimated @3+1.6x 10" cm®s™® and lomb interaction contribute less due to their earlier saturation
(2.7£1.3x 10 cn?, respectivel)?7 Note that the capture with holes, since the PL lifetime for distant pairs is longer
cross section is very large, indicating that the acceptor maghan for close ones. Small shifts in energy indicate that the
be multiply charged, and thus attracts holes very efficientlydonor is shallow.
We will return to the analysis of these parameters in Sec.
IV H. 3. Effect of hydrostatic pressure

Experiments with uniaxial and hydrostatic pressures
could provide useful information on the identification of a

Information obtained from the dependence of the PL in-defect or at least the type of transitions causing the defect-
tensity on the excitation intensity can be used for determinfelated PL. In particular, application of hydrostatic pressure
ing the acceptor concentrations in GaN, as described in Semduces shifts of PL bands. If the shift is similar to the shift
A5, as well as establishing the type of transition in- of the band gap, the PL can be attributed to transitions from

2. Effect of excitation intensity
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the conduction band or from a shallow donor to an acceptoHowever, the decrease in the near-band-edge emission was
level. Indeed, the pressure shift of the shallow donor level isnuch stronge+?5 Irradiation with 7-MeV electrons caused a
about the same as the shift of the conduction-band minimunsubstantial increase of the YL intensity and decrease of the
whereas the pressure shift of an acceptor level should beear-band-edge emissidff. The variation of PL intensity in
similar to the shift of the top of the valence band, or even aRef. 186 was proportional to the electron dose in the range
weak negative shift of the acceptor level with respect to thérom 10'° to 10" cmi?. Irradiation with 30-MeV electrons
top of the valence band may be expec]t@da much weaker completely destroyed PL in the entire spectrum. However, a
pressure shift of a given PL band is expected for transitionsubsequent annealing at temperatures ranging from 500 to
from a deep donor to an acceptor, or for internal transitiond000 °C led to substantial increase of the YL intensity of up
within the defect. The effect of hydrostatic pressure on YLto five times compared to the value in as-grown samffle.
was studied for bulk GaN unintentionally doped with An increase of the YL intensity after electron irradiation was
oxygert****®and nominally undoped GaN layers grown by attributed to the creation of Ga vacancies in G&N-*®High
MBE (Refs. 149 and 150and MOCVD (Refs. 174-176on  stability of YL with annealing was explainé?f by the for-
sapphire. All these reports noted large shifts of YL at least upnation of gallium vacancy-shallow don(Vs.D) complexes
to 6 GPa having a pressure coefficient between 30 and 4that are much more stable than isolalg,
meV/GPa, which is very similar to the shift of the band gap  Fast proton irradiation of GaN at room temperature has
having a pressure coefficient of about 40 been performed by using 25- and 55-MeV protéWSNhile
meV/GPa- 91917417t pressures above approximately 20 the YL intensity after irradiation increased in the 160-
GPa, the shift of the YL band saturated, which has beeitthick freestanding template grown by HVPE, no increase
attributed to an emergence of a resonance level from theas observed for the L@m-thick GaN layer grown by
conduction band into the gap, leading to a change of th&lVPE on sapphire and in MBE-grown GaN layer. The YL
mechanism of the YL in that transitions from the conductionintensity in the freestanding template gradually increased
band to a deep acceptor level, were replaced by transitiongith increasing proton fluence from X110 to 2.7
from the resonant level to the same acceptdt™ X 10" cm 2 The enhancement of YL has been attributed to
The intensity of the YL band decreased with a radiation-induced creation of Ga vacancies in GEN.
pressuré’*"®and became barely measurable at 18 &Pa.
An interesting observation is that with cooling to low tem- 5. Time-resolved PL
peratures under hydrostatic pressure, the YL intensity
strongly decrease<® which is to be contrasted with its small
increase upon cooling under ambient pressure. Micleael
al.}"® explained this effect by contribution of two DAP-type
transitions involving the same acceptor and two different do
nors, with one of them having BX-like behavior.

As discussed in Sec. Il B, TRPL has the potential to
give clues to recombination mechanism in effect, e.g.,
whether it is e-A or DAP transition, and whether deep-level
or shallow defects constitute the DAP. TRPL may also give a
‘clue in identifying the deep acceptor through the values of
the electron-capture cross section. It also helps in delineating
the PL bands which are overlapped in the SSPL spectrum.
Transient PL for the YL band in GaN has been investigated
Electron irradiation is widely used in studies of semicon-by several author&®87:110:142.143,152,161,166.188-13%, the re-
ductors because it artificially creates point defects that magults have often been controversial. For example, the re-
be present in an as-grown material but in an amount insuffiported PL lifetime for the YL ranges from 20 gRef. 166
cient for their analysié?7 Look!’” has estimated that the and 1 ns(Ref. 143 to the microsecond&0-700us) (Refs.
electron energy of the order of 1 MeV is already high enougl87 and 142 and even up to 300 S Measurements at 15
to create Vy-N; and Vg;Gg Frenkel pairs. However, K revealed a nonexponential decay of the YL band, typical
Kuriyamaet al*®? argued that much higher energies may befor the DAP transitiong® /1421521y hereas at room tem-
needed to create Ga vacancies. Saarateal 1’8 have estab- perature the decay was nearly exponer‘?ﬁaingle exponen-
lished experimentally that 2-MeV electron irradiation at 300tial decay with a characteristic time of 250-268€ has been
K does create Ga vacancies in GaN. The electron irradiationbserved in time-resolved CL experiments at 87XBelow
with relatively low power can be used also as a source ofve present TRPL results for the YL band in undoped GaN
electron-hole pairs to probe point defects at different deptheand comment on the unusually small and large values of the
in the luminescence experiments. So, low-energy electrorreported lifetimes of this emission.
excited nanoscale luminescer¢&EN) employing energies Atypical intensity decay curve for the YL band is shown
from 100 eV to 5 keV}'® and CL typically employing ener- in Fig. 17 along with the decays of other PL bands present in
gies between 1 and 35 ké®8%have been extensively the same sample. The instantaneous lifetime of PL changes
employed to investigate defects in GaN. More results obfrom several microseconds to milliseconds at low tempera-
tained by LEEN and CL investigations of GaN are presentedures. The decay curves are nonexponential at 15 K and be-
in Secs. IVD 3, IVE, andvV B 3f. Here we limit ourselves come nearly exponential above 150 K. The nonexponential
to showing how irradiation with relatively high energy of decay is a signature of the DAP recombination, as discussed
electrons, in the range of 2.5-30 MeV, affects YLristype in Sec. lll B. The DAP transitions are expected at low tem-
GaN. peratures, and e-A transitions are expected at elevated tem-
After irradiation with 2.5-MeV electrons to a dose of peratures when ionization of the shallow donor is significant.
about 188 cmi 2, the YL intensity markedly decreasét:'®>  Excellent fits of the PL decay to E¢17) for the YL band

4. Effect of electron irradiation



061301-24 M. A. Reshchikov and H. Morkog J. Appl. Phys. 97, 061301 (2005)

AERAAALL N LR R T T T T - T T

10°F=ugy GaN #RK82 - » . *
: T=15K ] 10% | ot x o
g PRl
5 107 E w v« a A
3 3 3 3’, 101 1 ; gvx AM . i
:‘_i; [ g : f‘ [u]
g B = “ -
%’ 10 2- 2 IR oge e w =
S F 9 o[ ¥ ¢ Ca x 2.2 eV (RK93)
= [ g 0F ¢ o + 226V (RK170) 3
2 40°k - A G A 29eV (RK93)
o N 4 o v 2.9eV (RK170)
. 4 ¢ " ® 3.27 eV (RK93)
3 : 10 ¥ 0 3.27 eV (RK85) 4
10'4 ol s P o MNP v ) \ . { ]
107 10° 10% 10* 10° 107 0 5 10 15 20 25
Time (S) 103/1. (K.1)

FIG. 17. Intensity of the YL, BL, and UVL bands at 15 K in undoped GaN L
grown by MOCVD. The curves are calculated using EL7). Reprinted FIG. 19. Temperature dependence of the effective lifetime of the2(2

with permission from Korotkowet al, Physica B273 80(1999. Copyright ev), BL (2.9 e_V), and_UVL (3._27_9\0 bands in undoped Ga_N grown by
(1999 by Elsevier. MOCVD. Reprinted with permission from Korotkat al, Physica B 325,

1 (2003. Copyright(2003 by Elsevier.

with minimal number of fitting parameters, demonstrated in
Refs. 188 and 76, support the assignment of this band tgue to stronger Coulomb interaction. The deeper the donor,
transitions from a shallow donor to a deep acceptor at lowhe larger the possible shift, but it still remains below the
temperatures. The value Wi, in a set of four samples was value of the ionization energy of the dorf8iThe absence of
obtained to be on the order of 16! (Ref. 188, although a  a noticeable shift of the bands with time delay indicates that
much higher value of 2.8 10’ s* has also been reportéd. only shallow donors are involved. However, the shift of the

The time-resolved PL spectra for different delay timesYL band to a lower photon energy by about 30-40 meV at a
are shown in Fig. 18. No difference is seen between thelelay time of about 1 ms compared to the YL band position
SSPL and TRPL spectra for small delay tint&with in- in the SSPL spectrum has been observed by Monteiro
creasing delay time, no shift or change in the band shape il.,1% who attributed this observation to a competition of two
observed within the experimental accuracy ©80 meV. bands peaking at 2.05 and 2.28 eV. An attempt to resolve the
Similar results have been reported in Refs. 76 and 191. Th2.27- and 2.04-eV peaks in the decay of the YL band was
PL bands originating from the DAP transitions involving made also by Chtchekinet al1*? Further, an apparent shift
deep donors are expected to redshift significantly with delayf the YL band maximum from 2.25 to 2.35 eV at a delay
time.”*® This is a result of the faster recombination in closetime of ~10 ms after a light pulse has been observed in
pairs, which contribute to the high-energy side of the bandindoped GaN and attributed to the emergence of another

band at 2.35 eV having a decay time of the order of 300

——T T T T T ms®! The complex nature of the YL band has also been
GaN (# RK83) noted in time-resolved CL studies where two bands at 2.03
| T=15K and 2.22 eV have apparently been resolved by transient
measurements®

The measured decay curve undergoes a considerable
change and becomes nearly exponential with increasing
temperaturé.7 Therefore, the recombination mechanism also
changes with temperature. The concentration of free elec-
trons increases and the DAP transitions are gradually re-
placed by the e-A transitions at temperatures above 100-200
K. The change in the recombination mechanism at tempera-
tures above 100 K is consistent with the Hall data for un-
dopedn-type GaN. Temperature dependence of the effective
lifetime of PL, r; (as defined in Sec. Il B for the YL band
in comparison withr; for other bands inn-type GaN is
shown in Fig. 19. The effective lifetime of PL has a weak

s aanul

PL Intensity (rel. units)

o Ll
o

2 24 28 32

Photon Energy (eV) temperature dependence upt600 K for the YL band. In a
larger set of samples, the valueqéefranged from 25 to 6Qs

at 300 K. The longer lifetime was observed in the samples
grown by MOCVD. Reprinted with permission from Korotkost al, ~ With lower free-electron concentratiofisin agreement with
Physica B 273 80 (1999. Copyright(1999 by Elsevier. theory[see Eq.(20) in Sec. Il B].

FIG. 18. Steady-state PL spectrysolid curve and time-resolved PL spec-
tra (points at time delays of 16, 10°°, and 10* s for undoped GaN sample
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In the temperature region where the SSPL intensity 10° 3
guenches, the lifetime of PL decreases shafpig. 19 with Sample svi113 5!:“5 E
activation energies close to those found from the PL intensity ]
quenching’”*®8 Thermalization of holes from the acceptors
to the valence band at temperatures abexsE00 K for the
YL band (and above 120 and 200 K for the UVL and BL
bands, respectivelys responsible for the fast decrease of the
PL lifetime [see Eq.(22) in Sec. Il B].

The electron-capture coefficier,, and the electron-
capture cross sectiom, derived for the YL band by using
Egs. (200 and (23) are (6.2+1.2x10*cm’s?! and ]
(2.7+0.5 X 1072 cn?, respectively’ These values are very 7
small which support the assertion that the ground state of the 10" ¢ ,’ | | ‘ | 3
acceptor, responsible for the YL band iirtype GaN, is a . “ — —
multiply negatively charged defect such as an isolatgglor 26 28 3 3.2 3.4 36
its complex with a shallow donor. The small valueGafand Photon Energy (eV)
oy, Which result in long PL Ilfetlm_e' are alf‘so conS|st.ent with FIG. 20. PLE spectra for the YL in the 2iBn-thick MBE-grown GaN layer
very large values o€, and o, which likewise result in fast  at 15 and 295 K. The solid curve is a Gaussian fit with maximum at 3.32 eV
capture of holes for the same acceﬁicﬁsee Sec. IVA1l and FWHM of 0.52 eV. The broken line is a Gaussian fit with maximum at

; ; 3.19 eV and FWHM of 0.40 eV. Reprinted with permission from Resh-
YL 233:}3; dC?nmtrf?eer:it'zggat?]r:é%)’(}gg?esll‘)lloflr doréedi%et“e/z ?t:atthechikov et al, Mater. Res. Soc. Symp. Pro693 16.19 (2002.
according to Eq(20), the lifetime of the e-A transitions for a
particular acceptor cannot be much different in samples withitted with a Gaussian curve according to the CC model for a
comparable concentrations of free electrons. Therefore, th@efect with strong electron-phonon couplitsge Sec. Il .
extremely low lifetimes cannot be explained by the e-A tran-The position(3.32 eV} and FWHM (0.52 eV} of the fitted
sitions if the same acceptor is involved. The DAP transitiong,yrye in Fig. 20 are similar to the values found by Ogino and
are usually even slower. Note that at high excitation levelsp i [3.19 and 0.40 eV, respectively, at 4. 2ARef. 98]. The
when the defect-related PL saturates, a very fast decay COffi yith the latter parameters is shown for comparison in Fig.
ponent can be observed that is related to the exciton band tajly Note that only the part of the Gaussian curve has been
at the position of the defect-related PL bafd. observed in the PLE spectrum, hampering a precise estimate
of these parameters. The shape of the resonant PLE curve is
the same for undoped and C-doped samples regardless of the

There have been relatively few attempts made to measample preparation technique employ&gd %12
sure PLE spectra of deep-level defects in GaN. A few more 1o determine whether the PLE spectrum is related to one
investigations employed resonant excitation without measuigefect or due to a superposition of emissions from defects
ing the PLE spectrum. Further most of these studies are regith different vibrational properties, one should compare the
lated to the YL band. Ogino and AdRipioneered in apply- p| spectra at different excitation energies. In some
ing PLE spectroscopy to the investigation of the YL band ininvestigationé’,g’gg'lglthe same shape and position of the YL

the C-doped GaN needielike crystals. Later a similar PLE,54 were observed at different excitation energies. The

spectrum76was OEgai”ed in undoped GaN Iayers. grown bSéero-phonon energy, below which the excitation of the YL
MOCVD,™ MBE,™ and HVPE(Ref. 153 on sapphire sub- . % ossible. has been estimated as 2.64+0. 68y,

strates as well as in undoped GaN freestanding temdl%&es. The threshold for the YL excitation could be estimated as

or OF'S:]JirCe ;n% Srzgvrf tgr]: zrléltzursepseﬁfagrrggﬁnY; b%rlg_ at~2.4—2.5 eV from Refs. 76 and 152. However, it is not clear
yog P iz if the YL was the one that was excited &b,,.<2.64 eV,

hick N | MBE hire. Vari- L . .
thick undoped GaN layer grown by On sapphire. varl not some background emission from the sapphire substrate is

ous group&%*2reported similar spectra for undoped and o " d et with the ab s, Callel
C-doped GaN. The PLE spectrum consists of two charactet”’ atl‘%as observed. In conflict with the above resuilts, Calleja
I-"" reported only a moderate decrease of the YL inten-

istic regions: a slow increase of PL intensity with variation of €t & : Inte
fiweye from 2.7 to ~3.3 eV and a fast increase at higher sity in undoped GaN layer on sapphire when the excitation

photon energies. The slow increase is related to the resona@fiergy was decreased down to 2.41 eV. The band shifted
excitation of the YL-related defect involving transition of an from ~2.20 to about 2.10 eV with variation dfwe, from
electron from the acceptor level to the conduction band, and-7 to 2.41 eV, and the shift was attributed to the coexistence
the fast increase is attributed to the interband transitions folof several defects with similar ionization enerd§.Drasti-
lowed by nonradiative capture of the photogenerated hole bgally different results from all above were reported by Colton
the defect. Note that the resonant excitation part of the spe@t al.*****Those authors observed a linear shift of the YL
trum is nearly independent of temperature, while the interband as the excitation energy was gradually varied from 2.2
band transitions shift significantly towards the low-to 2.7 eV. Note that the YL band in these reports did not
temperature gap energy and become sharper with decreasirgsemble the usual YL band and consisted of several rela-
temperature. The resonant part of the PLE spectrum can h&vely sharp peaks. The shift of these peaks was identical to

0L v 15K
o 295K

100 | b >

[n}
s}
=}
n]
=]

PL intensity (rel. units)

10° | N

6. Resonant excitation
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perature dependence of the position and width of the YL
band, the shape, and position of the emission and excitation
bands?® Slightly different values oW.{0), Eery, and#ws
(380 meV, 2.21 eV, and 52 meV, respectivelybtained from
the position and temperature dependence of the FWHM of
the YL band in MOCVD-grown GaN layer, led to slightly
different values ofiwd, S, andS,, (55 meV, 8.0, and 8.4,
respectively.’®® The parameterE,=2.64 eV was adopted
from Ref. 98. However, by takinde,=2.70 eV, which is
consistent with the results for the MOCVD-grown lay&t®
one can obtaik w§=51 meV,S,,,=10.3, andS,,=10.2 from
the data of Ref. 160. The latter parameters are in better
agreement with the position and shape of the YL excitation
+  Ground State spectrum depicted in Fig. 20. A much simplified analysis of
- e EE— vibrational properties of the YL band, based largely on the-
0.2 0 0.2 0.4 oretical predictions, yielded a Huang—Rhys factor of 6.5 for
Generalized Coordinate ( A ) the YL band in GaN® Of course, the accuracy of all the
above-estimated parameters is not high, and moreover, the
FIG. 21. One-dimensional CC diagram for the YL in GaN. simplified picture of the electron-phonon coupling gives
some average for the phonon modes of the defect involved.
the shift ofwe,. Of the laser, which might point to an arti- The ground state of the defect in Fig. 21 corresponds to
fact for the peaks observed in Refs. 119 and 120. an acceptor completely filled with electronsnirtype GaN.

A comparison of the absolute intensity of the YL band, The resonance excitation, which is possible abdyg
excited resonantly under identical conditions in the @15~ =2.6-2.7 eV, transfers an electron to the conduction band,
thick GaN layer grown by MBE, 1@m-thick GaN layer leaving a bound hole at the acceptor. In the excited state
grown by HVPE, and in a 20(m-thick HVPE-grown GaN  (depicting a hole at the acceptahe defect system relaxes to
freestanding template, allowed us to estimate the concentrits minimum, and the excess energy is emitted in the form of
tion of the YL-related defect in these sampi@$®®The con-  phonons. After the system spends substantial time while os-
centration of the YL-related defect is of the order -ofl  cillating in the excited state at low temperatures, the acceptor
X 10* cm™2 in HVPE-grown samples, and about 200 timesmay capture a free electron or electron from a distant shallow
higher in the MBE-grown sample, the PLE spectrum ofdonor, and emission with the average eneky,~2.2 eV

4 \ plain a large set of experimental results including the tem-

Excited State

2.6-2.7eV

Potential Energy (eV)

which is shown in Fig. 20. ensues. The emission band is broad due to zero-level oscil-
lations and a substantial spatial shift of the adiabatic poten-
7. Vibrational model of the YL tial minima. The cycle is completed by relaxation of the

An absence of the YL band shift with changing excita- s_ystem to its potential minimum in the ground state by emit-
tion energy from 2.9 to 3.81 eVRef. 99 indicates that at iNg phonons.
least in some particular samples the YL peak is related to a ) ] ) o
single defect rather than to closely spaced states with a brodd Comparison with the positron annihilation results
distribution’*® Indeed, a strong electron-phonon coupling Positrons in solids are trapped at neutral and negative
alone can explain the displacement and large width of the Plvacancy defects, which can be experimentally detected by
and PLE bands. The position and the FWHM of the excitameasuring the positron lifetim&? Positron annihilation ex-
tion and emission curves provide valuable information forperiments revealed thattype GaN usually contains rela-
the construction of adiabatic potentials for the YL-relatedtively high concentration of Ga vacancies, whergatype
defect in the ground and excited states. Additional informaGaN lacks then}?* 3316417819%gaarinenet al!®® have
tion can be gained from an analysis of the temperature beound that in undoped GaN grown by MOCVD, the concen-
havior of the YL bandsee Sec. IV A 1 a Figure 21 sche- tration of Vg, increases from 16 to 10'° cm™ as the Ga/N
matically shows the one-dimensional CC diagram for theratio used during growth is increased from31@ 10* in
YL-related acceptor. The potential minima of the excited andsuccessive layers. The above results are consistent with the-
ground states of the analyzed deep acceptor are displaceddnetical predictiongsee Sec. )l Moreover, Saarineat al*?®
space, termed the lattice relaxation. According to the CGestablished a correlation between the concentration of the
model, the zero-phonon enerffy,), or the energy difference Vg, and the intensity of the YL. Although there were only
between these minima, is the smallest excitation energy anidur samples in that study, and the intensity of the YL was
the largest emission energy that can be observed at low temot necessarily proportional to the concentration of the YL-
peratures in the PLE and PL spectra of the YL band, respecelated defect in different samples as evident from the con-
tively. The values oEg, Egny Eap Wer(0), Wo(0), iwd, fiwg,  sideration of carrier statistics discussed in Sec. Ill A, a per-
S and S, have been estimated as 2.64 eV, 2.13 eV, 3.19ect correlation allowed the authors of Ref. 125 to conclude
eV, 430 meV, 400 meV, 40 meV, 41 meV, 12.8, and 13.4thatVg,is responsible for the YL im-type GaN. Early pos-
respectively® Note that these parameters consistently exitron annihilation experiments, however, could not answer if



061301-27 M. A. Reshchikov and H. Morkog J. Appl. Phys. 97, 061301 (2005)

isolatedVg, or Vg, involved in a complex, such a&. Oy or  depth profile of oxygen was similar to that @, implying
VeSica IS present im-type GaN. According to calculations, thatVg,is likely to associate with oxygen in these samples.
both the isolatedVs, and Vg;-donor complexes are abun- In the thickest freestanding 3Q0n sample, the concentra-
dantly created im-type GaN(see Sec. )l However, it was tion of Vg, decreased to 2 10*° cm3, perfectly matching
not clear if an isolate¥/g, is stable enough to survive during the total acceptor concentratih'®’ and the concentration
cooling down of the crystals without forming a complex with of the YL-related acceptors in these sampiessee also PL
donors noting that the stability of thés,D complexes is results in Sec. IV B

much higher. To address this problem, Saarieeml 2%’ In contrast with the above investigations where the YL
createdVg, in bulk GaN crystals, containing high concentra- correlated with concentrations &g, Oy, and Sg, Armit-
tion of oxygen, by 2-MeV electron irradiation at room tem- ageet al'® reported that the YL band is weaker in the un-
perature and subsequently annealed the samples at differeteped GaN sample with relatively higher concentration of
temperatures. The concentration d§, increased linearly oxygen andVg, as compared to the C-doped sample. This
with irradiation fluence up to #8cm2 The created result may indicate that thez, Oy complex(or the Vg Siga
Vs-Ga Frenkel pairs are expected to break at relatively lowcomplex which is expected to behave nearly identically but
temperature since the Ga interstitial is already mobile ats less probable to forjris not the only defect responsible for
room temperaturd: Annealing experiments demonstrated the broad emission near 2.2 eVirtype GaN.

that Vg, becomes mobile in a temperature window of 500—

600 K, a band which is much lower than the typical GaN 9. ODMR on the YL

growth temperatures. These results indicated that the isolated Glaseret al 1% getected two increasing luminescence

Vea would not survive during coolmg_down_of the samples resonances for the YL band. A strong and sharp resonance
and the observations should associate with other defects

. . With g;=1.9515+0.0002 and, =1.9485+0.0002 was attrib-
most probably with shallow donors that attract triply nega- : :
. . . o uted to the effective-mass donor, while a broader resonance
tively charged mobilé/g, by their positive charge. Another

; . ) with ¢,=1.989+0.001 andy, =1.992+0.001 was attributed
controversial question to be addressed is whetheWVhey .
o V. Sia, is preferably formed during growth if both shal- to a deep donor. The proposed model of the YL, as being due

low donors are present in | amounts. Calculation rto optical transitions from the deep donor to a shallow ac-
ow donors are prese equal amounts. Laicuiations p eceptor(accompanied by a nonradiative spin-dependent tran-
dict that the formation energy of thé; Oy complex is much

lower (see Sec. )l In line with this prediction, Oilaet al*?’ sition from tﬂ(lalggallow donor to a singly ionized double-
: P ’ : donor statg™" """ failed to agree with numerous results

d|scovereq that in Q-doped _GaN, either bulk_or epilayer, thesupporting solely the shallow donor-deep acceptor model for
concentration o¥/g, is very high(about 188 cm™3), whereas the YL band®”"®143-150n particular, transitions from the

in Si-doped GaN_gthe Qa vacancies are unde_tect&hxlm deep donor to the shallow acceptor would have an extremely
more than. 18 cm )- This result was naturally mterlp.reted low probability in undoped GaN due to negligible overlap of
as Ve, easily forming a complex with oxygen and failing to ¢ poje and electron wave functions at distant deep donors
complex with silicon. However, Uedonet al. " reported and acceptors.

that the concentration d¥g, increases with Si doping, al- Koschnicket al X% performed mapping of YL by ODMR
though one cannot rule out the possibility that the sampleger the sample area. The YL intensity was distributed uni-
had been contaminated with oxygen. formly, whereas the intensity ratio of the two dominant

~ In another report’* positron annihilation, secondary- 5pvRr signals(with g,=1.9515 and 1.989varied strongly.
ion-mass spectroscopiSIMS), and PL were employed 0 g experimental finding indicated that the two dominant

StEJO,'V theVegrelated defects in undoped and Si-doggedn-  opyR signals cannot belong to transition between two de-
taining also oxygenGaN, grown by MBE on GaN template fects which results in YL. The authors of Ref. 144 proposed
prepared by HVPE. From the analysis Wfand S param-  nat the resonances are due to two relatively shallow donors
eters, extracted from the 1Q?SIU’OH annihilation time eXPerlompeting for recombination with the hole bound to a deep
ments, Laukkanenet al.” have concluded that the ,ccenior As for the missing signal from the deep acceptor, it
Veatelated defect in the MBE-grown samples is not the,q speculated that it is barely seen as a weak broad signal
same as that observed in MOCVD layers. This new defectngerneath the donor signafé. Attribution of the signal
displayed properties similar to a vacancy cluster, and its CoNgith g,=1.952 to the shallow dondOy) has also been sup-

centration decreased with Si dop.iFﬁj.Interestineg, the YL norted by ODMR studies under high hydrostatic presifre.
intensity increased with increasing concentration of Si in

these samples, implying no connection between the vacanc
clusters and the YL band. Annealing experiments indicate
that the vacancy clusters are stable up to at least 1050 K, There have been many attempts aimed at revealing the
ruling out their identification as isolaté\d;a.131 Note that the origin of the YL band by intentional doping. Pankove and
vacancy clusters with open space larger than divacancigsdutchby'*® implanted 35 elements in GaN and 23 of them
(VgaVn) have also been detected by positron annihilation ined to a strong YL band peaking at 2.15+0.03 eV. Implanta-
undoped MOCVD-grown Gare® Finally, a decrease of the tion with carbon resulted in the strongest YL band, although
Vg related defects from more than@o 2x 108 cm2 has  the intensity of the YL band in the Li-, Be-, Al-, and Si-
been observed in the HVPE-grown layers when the distancdoped GaN was also very high® Skromme and
from the GaN/sapphire interface region increak8dThe  co-workerd®2%2also observed a substantial increase of the

0. Effect of doping on the YL
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YL band in GaN implanted with C or Be, but not with Ar, Al, What is firmly established is that the YL band in all
P, O, N, P, As, Ne, or Mg. Note that Dewsnip al’®® also  n-type GaN samples is related to transitions from the con-
reported an enhancement of the YL in Be-doped GaN. duction band or from a shallow donor to a deep acceptor. The

Ogino and Aoki® have established that C doping en- ionization energy of this acceptor is about 0.8-0.9 eV. Its
hances YL greatly, whereas Si and O doping did not affectapture cross section for holes is much larger than that for
the YL intensity in their experiment. Several other experi-electrons. Thus, it might be a multiply charged acceptor.
mental groups observed enhancement of the YL band ifrrom this point of view, th&/gshallow donor complex is a
C-doped GaN and attributed the YL band to C impurity or avery strong candidate. The shape of the YL band and its
complex involving carbor®®> 140164204206 A1thoyugh the  position in this case should be determined\ly due to its
peak position and shape of the YL band in the C-dopedstrong electron-phonon coupling. The situation is very simi-
samples were similar to those in undoped GaN, differentar to theVg shallow donor complexes in GaAs, where the
temperature dependencies for these parameters were othallow donors mostly change the charge staté/gf but
served in undoped and C-doped GHNIt appears that C barely affect the energy level and vibrational characteristics
introduces a defect contributing to the YL band in C-dopedof the defect® Similarly, the properties 0¥/, may not be
GaN, whereas th&gcontaining complex, such a&;, Oy,  Strongly affected by the strain field of a dislocation that may
is responsible for the YL band in undoped GaN, although thdrap the Vg containing complex. It is important to under-
position and shape of the YL from two different defects maystand that inVgD complex the transitions take place not
be quite simila® It is also plausible that the C-related de- from D to Vg, as often interpreted, but from a distant donor
fect also contain¥g, For instance, if th&/g,Cg.is formed  or from the conduction band to thg;,D complex because in
in GaN, it would have nearly the same properties/ggOy, ~ Such a complex the hole wave function would cover both
since both Q and G, are shallow donors. However, the defects.
first-principles theory predicts a low probability of formation
for Cg,in n-type GaN(Sec. I)).

The effect of Si doping on the absolute and relative in-
tensities of the YL band has also been studied extensively. In  Thick GaN layers grown by HVPE demonstrate substan-
concert with results of Pankove and HutcHByPai et al*®”  tially improved quality’ as determined by structural, elec-
reported a significant enhancement of YL in GaN after im-trical, and optical characterizations, and paved the way for
plantation with Si and postannealing. In several other invesinvestigating defects with more confidence. Liliental-Weber
tigations, Si doping caused an increase in the YLet al?'® showed that the dislocation density drastically de-
intensity/"**1"22%®mportant to note, however, is that the creases with increasing thickness of GaN. The concentration
ratio of the YL intensity to the near-band-edge emission in-of point defects, including impurities and Ga vacancies, also
tensity increased in some experimefits?*’but decreased in gradually decreases with distance from the GaN/sapphire
131,207,210 5r remained nearly unchang&dAt very interface’®?'7?*®Among thick GaN layers grown by differ-

B. Yellow and green luminescence in high-purity GaN

others,
high levels ofn-type doping(ny,>10'° cm™3), the YL inten-  ent groups, 200-300m-thick laser-separated freestanding
sity decreased in Si-dop®d**and Ge-doped Gal? The  GaN templates grown by HVPE at Samsung Advanced Insti-
suppression of the YL band has been attributed to the substitte of TechnologySAIT) in Korea have the superior quality
tution of Vg, by donors in Ga site$ to date, combining the highest bulk mobility of
Doping with another shallow donor, Gealso resulted in  electrons-**°"?%the lowest concentration of uncontrolled
an enhancement of the YL baAtf:***Chenet al?**reported  donors (0.6-1.8< 10 cm™3) and acceptors (1.7-2.4
that Se doping decreased the Ga/N ratio substantially ang 105 cmi3),2%619721%ery low density of dislocations near
moreover, they attributed the YL band to the Nntisite. It  the Ga facdless than 19cm2),2**?** and exceptional opti-
is obvious, however, that the concentration\tf, also in-  cal propertie$?*??*We studied PL from a few GaN tem-
creases with decreasing Ga/N ratio. Therefore, creation gflates prepared at SAIT and observed that PL results were
the Vg related acceptors is also able to explain the observedery reproducible in different samples. Some of these tem-
enhancement of the YL band in Se-doped GaN. plates were also studied by positron annihilatibhHall
What can be gleaned from the above discussion is thagffect!°®1%"?%and SIMS(Ref. 223 methods. The compre-
there is still no model which fully describes the defect orhensive study of very similar GaN templates allows us to use
defects that are responsible for the YL band in undoped othe results from various investigations in order to reliably
n-type doped GaN. On the one hand, there are extensive datmantify the PL results.
supporting the assignment of the YL band emission to a na- The low-temperature PL spectrum from the freestanding
tive defect, which also can be introduced by implantationGaN templates produced by SAIT contains multiple exciton
damage or irradiation. In this case, g, Oy complex is the  peaks above 3.3 e¥*??*the UVL band with the main peak
main candidate, as well a&;, and V5 Oy trapped at dislo- at 3.26 eV, and a broad yellow-green baffdg. 22. Very
cations or other structural defects. On the other hand, carbomeak BL (at about 2.9 eY and RL (at about 1.8 eY are
is a strong candidate for the YL-related defect in C-dopednasked by neighboring bands in these samples but can be
GaN. Although experimentally difficult, an investigation of detected under special conditiofie TRPL, under resonant
the YL band GaN with controllably different concentrations excitation of PL, or at intermediate temperatyrés room
of C and Vg, is desperately needed to delineate the rootemperature, most of the bands thermally quench. Only the
cause for the YL emission in GaN. near-band-edge emission peaking at about 3.41 eV and the
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FIG. 22. PL spectra from a freestanding GaN template at 15 and 295 K.

Exciton part at 15 K is cut in order to present better the defect-related band&./G: 24- Dependence of the integrated intensity of the YL and GL bands on
See Ref. 222 for details of the exciton part. excitation intensity. The points are experimental data obtained from decon-

volution of the spectra shown in Fig. 23 onto two baifdk and GL). The
solid lines represent a fit with the following parameter€,,;

broad yellow-green band can be observed at room temperai0**cm®s™, C,=2.5x 102 cnPs™, C;;=3.3x 107 cm’s™?, C,,=15

; i “emsl, B=5X107cmsl,  Na=1.5x10%cm3,  ny,=1.3
ture (Fig. 22. The shape and position of the broad band*10 cmrs™ ' A » Mo
(Fig. 22 P P X 10 cm 3. Also shown are the FWHM and position of maximuarfter

dePe”.d on the excitation intensity gnd excitation €NerYyeduction of 2 eV for appearancef the experimentally observed broad
while it can always be deconvolved in two bands, namelypand(points and the same values simulated by using the modeled shapes of
the YL band peaking at about 2.22 eV and the GL band wittthe YL and GL bands and their relative contributions. Reprinted with per-
a maximum at about 2.48 é%a,llz Below. the detailed re- mission from Reshchikoet al., Appl. Phys. Lett.81, 4970(2002. Copy-

' : . . ) right (2002 by the American Institute of Physics.
sults of study of the YL and GL bands in a high-purity GaN ght (2002 by Y
freestanding template grown by HVPE are presented. All the o ) )
results can be explained using a model whereby the YL an{'d excitation level. In contrast to the monotonic shift of the

GL are related to two charge states of the same defect, pr&.- band with excitation intensity, which is typical for deep
sumably theV; Oy complex. DAP transitions? a rapid shift of the band maximum be-

tween 1 and 10 mW/cfrhas been observeeFig. 23. Self-
consistent deconvolution of the broad band at different exci-
tation intensities revealétf that it is composed of two
Figure 23 shows the room-temperature PL spectrum of @§ands:(i) a nearly Gaussian-shaped YL band with a maxi-
GaN template at different excitation densities. The broadnum at 2.22 eV and FWHM of about 0.58 eV afid)
band maximum shifts from about 2.22 to 2.47 eV to ianeaS'Snghﬂy asymmetric GL band with a maximum at 2.48 eV
and FWHM of about 0.53 eV. With increasiri,,, the YL

1. Effect of excitation intensity

108 L T = 205 K GL ] intensity increases linearly and saturates abovg,
sesbos_ P tﬁ E =1 mW/cn?, whereas the GL intensity is approximately
[ =" sogog 2 N € e ] guadratic inPg,. at low-excitation densities and linear iy,
3 10° | o de T mWicm l.‘:‘ ¥ above~10 mW/cn? (Fig. 24. A consideration of the bal-
s 3 F oF N 200" é%'-; E ance equations, similar to those presented in Sec. A1,
5 10° - ’ = oi._‘ shows that the above behavior of the defect-related PL is a
L W 0 o hallmark of two charge states of the same def&ct.
%‘ , 1000 j’v° ] As one would expect from the viewpoint of probability,
S 10° [ v the concentrations of the acceptors binding one and two
k= A holes are, respectively, linear and quadratic functionBQf
T v v ﬁ . at low excitation intensities. Figures 23 and 24 demonstrate
10 R G B 4 the fit of rate equations, developed for the case of two charge
= s ] states of an acceptor, to the experimental dtThe con-
aln & ] . .
o' L. N L centration of the acceptor was estimated Bg=1.5
15 2 25 3 35 X 10 cm2 from this fit. This value is in excellent agree-

ment with the acceptor concentration in the studied free-
standing templates determined from the Hall-effect data
FIG. 23. Room-temperature PL spectrum of a freestanding GaN templaté2.4X 10'° cm™3) (Ref. 196 and with the concentration of

(Ga face at different excitation densities. Points are experimental @atly the Vg containing defects found for similar samples from

every tenth point is shown for claritysolid curves - fit using modeled YL ; I ; % 5 ~-3) 133
and GL bands with their relative contribution given in Fig. 24. Reprinted the positron lifetime eXpenmem@ 10" cm ) Other

with permission from Reshchikost al, Appl. Phys. Lett.81, 4970(2002. pgrameters, founq from the fitting, are given in the caption of
Copyright (2002 by the American Institute of Physics. Fig. 24. The assignment of the YL and GL bands to the

Photon Energy (eV)



061301-30 M. A. Reshchikov and H. Morkog J. Appl. Phys. 97, 061301 (2005)

120 0.8 100
N-face Excitation X
100 Energy (eV) 07} J80
- —3.403 1 ] &
3 ol Y e 3.348 P e g
s 80 \ — 3328 2 18
s 80 : L 051253 g
,é' 60. -_..' ".‘ -"3.31g 2 4 (")) -40&
(7] '_‘ ':5 ..."._ """"" 3.29 X - : E
é . iy L\ - 3257 2 04 f 24 8 2
£ s} 03+23 § 2 =
T : s ] B qJ0
20F 02722 3 ]
0.1 e '
0 Lo . ; 3.2 3.3 3.4
15 25 3 Photon Energy (eV)

Photon Energy (eV)

) - FIG. 26. Position of the broad band maximum, FWHM, and sample trans-
FIG. 25. PL spectrum in the defect range taken for below-band excitation aparency for the freestanding GaN template as a function of the incident light

different photon energies. The excitation density is about 0.2 W/&®-  energy at room temperature. The excitation density is about 0.2 W Tidre
printed with permission from Reshchiket al, Appl. Phys. Lett.78, 3041 full squares and triangles are for the Ga face. The open squares and triangles
(2003). Copyright(200]) by the American Institute of Physics. are for the N face. The solid lines are guides to the eye. Reprinted with

permission from Reshchikoet al, Appl. Phys. Lett. 78, 3041 (2001).

. . . Copyright(2001) by the American Institute of Physics.
2-/- and —/0 states of thé;, Oy complex is consistent with pyright 200 by Y

the obtained values of their capture cross sections for elec-
trons and holes. Indeed, electrons are much more likely cag;w,,. along with the transmittance of the sample. The varia-
tured by (Vs:On)° than by (Vs On)™, whereas the difference tion of the shape and position of the band strongly correlates
between(V,On)?~ and (Vg On)~ for the capture of holes is  with the transmittance curve. Féi,,.< 3.26 eV, where the
not so important. Further, the predicted energy separatiogbsorption coefficient is of the order of or less than 10%m
between the 2-/- and ~/0 states of tig.Oy (0.45 eV} the position of the band maximum saturates at about 2.2 eV,
(Ref. 22 is reasonably close to the difference in positions ofagnd the band FWHM is about 590 meV. Ftweyc
the GL and YL bandsabout 0.26 eV. >3.35¢eV, where the absorption coefficient exceeds
We observed similar transformation of the YL into GL —103 ¢m?, the position of the band maximum saturates at
band in several freestanding GaN templates, both at roogpoyt 2.43 eV, and the band FWHM is about 500 meV. For
and cryogenic temperatures, as well as in relatively thiry,, <326 eV, only a small fraction of the excitation light
high-quality GaN layers grown by HVPE on sapphire. How-is ahsorbed in the sample, while b, > 3.35 eV the ex-

ever, the GL band has never been observed in thin undopegiaiion light is absorbed in a thifof the order of or less than
GaN layers grown by MBE or MOCVD. The observation of 1 um) surface layer.

the GL band only in certain samples can be explained by the ahove observations were originally explaiffédy
higher purity of these samples. Indeed, saturation of theggming that two different defects are responsible for the
acceptor-related PL is promoted by low concentration of the/| 4nd GL bands. The YL-related defect was assumed to
acceptor, long lifetime of the acceptor-related @thich is 56 4 relatively high concentration in the firsirh from the
inversely related to the shallow donor concentraiand g, face whereas the GL-related defect was assumed to be
high efficiency of radiative recomblnatlofreqw.rlng low distributed uniformly throughout the bulk GaN. However,

diffusion | 57 Al th i the f di ffie model of two charge states of the same defect, presented
iffusion length.”” All these parameters in the freestanding above, can easily explain the results of resonant excitation.

fGalx templa]lctes grown bthAlT Sa'3t1i§fyh thle ﬁor}dirt]ions Setlndeed, the YL band dominates at resonant excitation below
orth above for observing the GL bandThe lack of the GL 3.3 eV because the absorption coefficient is very small at

band.in th.in GaN films with inferior quality could also be these photon energi i and the acceptors cannot be satu-
explained if theVe Oy complexes were preferably bound to rated. The GL appears at higher photon energies and domi-

: .88
d'S|0(.:at.'on§ that may affect the charge stat_e and ot_her Cr?ar'nates above 3.3 eV when the excitation power is high enough
acteristics of the defect. We should emphasize that in variou

i ) ! VaroUge cause the absorption of GaN increases markedly in this
GaN _sgmples different defects may contribute to emission 'Qangé“ and the defects can be saturated. Presented below
the visible range. are the results of a PLE study in a wide temperature range

o that are also consistent with the above model of the YL and
2. Resonant excitation GL bands.

Figure 25 shows the room-temperature PL spectrum Figure 27 shows the PLE spectra of the YL band in the
from a freestanding GaN template taken at different excitaGaN freestanding template at different temperatures. As in
tion energies. With increasing excitation energy, the specthe case of the YL band in the MBE-grown GaN layEig.
trum gradually shifts from about 2.2 eyellow emissionto  20), the PLE spectrum consists of two characteristic regions:
2.43 eV(green emissionon both N and Ga faces. Figure 26 a slow increase of the PL intensity with variation ode,
depicts the variation of the position of the band maximumfrom 2.7 to~3.3 eV which is attributed to the resonant ex-
and its FWHM as a function of the photon excitation energycitation, and a fast increase at higher photon energies which
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10° - fit, was tentatively attributed to a barrier in the adiabatic
3 Sample S73 %o potential of the defecf® We can suggest the following in-
I a ?‘E‘ 1 terpretation of the decrease of YL intensity of about 5 times
@ 10} v 15K oo 3 with decreasing temperature. Similar to predictions \gy,
S f 2 50K o x Ok in GaAs??® Ga vacancy in GaN may have a metastable state
] ! ; 100K x along one of the adjacent N atoms. If the barrier in the
<= 10% L 200K B X 3 ground state is small enough, reorientation between the four
2> E D 295K o X e8 3 ’ - ; ,
@ i . equivalent configurations would be allowed above some
9‘5 ol critical temperaturgfor instance, above 50 K whereas in
5 10k the excited statéa hole bound to the accepjahe barrier
o ; might be too high, so that reorientation of the distortion is
- not observed even at very high temperatures. We assume
10" | T that, as in GaA§’ the effect of Q donor on theV, distor-
26 EY) T3 32 34 3.6 tion is weak, especially in the ground state of the defect.

Assuming that the minima of three equivalent configurations

lie 15 meV below the minimum of the fourth configuration in

FIG. 27. PLE spectra for the YL in the freestanding GaN template at dif-the ground state, and that excitation of only the defect dis-

ferent temperatures. The solid curve is a Gaussian fit with maximum at 3.325rte( alonge axis leads to the radiative recombination while

eV and FWHM of 0.52 eV. Reprinted with permission from Reshchikov th t of the th fi ti diati

al,, Mater Res. Soc. Symp. Pro693, 16.19 (2002. e rest of the three configurations are nonradiative, we can
qualitatively explain why the intensity drastically changes at

. . . . 30-50 K. In this picture, the defect in potentially radiative
is attributed to the interband transitiotf8 The resonant part state may reorient into nonradiative state and get trapped in it

of the PLE spectrum was fitted with a Gaussian curve wit

the same parameters as for the YL band in the MBE-growhrgor long at low temperature.

sample. In the PL spectrum of the freestanding GaN at reso-

nant excitation we also resolved the RL baifiy. 28, ap-

pearing as a weak shoulder to the YL band in Figs. 22 an®. Time-resolved PL

23. We did not observe the GL band at resonant excitation. It

appeared only at high excitation intensities and at photon A Pulse nitrogen laser was used in the T'?f'— experi-

energies corresponding to strong absorption. This observalents to excite the freestanding GaN tempfate:*while

tion agrees with the assignment of the GL band to anotheile GL band was detected for short delay tirfigs to 10ps),

charge state of the YL-related defect that is difficult to satufor longer delay times the GL completely disappeared and

rate with holes by resonant excitation. the YL emerged due to a much slower decay. The low-
While the YL band intensity under resonant excitation intemperature TRPL spectra at different delay times are shown

the MBE-grown sample was completely independent of temin Fig. 29 in comparison with the SSPL spectra excited with

perature (Fig. 20, it sharply changes in the temperature nitrogen and He—Cd lasers. For short times following pulsed

range of 30-50 K in the freestanding template, being temeéXxcitation, the GL band with a maximum at about 2.45 eV

perature independent at higher and lower temperatifigs dominates the PL spectrum at 15 K. The shape and position

27).1% An activation energy of 15 meV, determined from a Of the GL band remain nearly unchanged up to about 10
us—~“However, at longer delay times the GL band disap-

pears, giving way to the YL band peaking at 2.2 eV. Also, the

Photon Energy (eV)

120 RL band observed at about 1.8 eV and the BL band observed
[ ! at about 2.9 eV could be seen as shoulders of the YL band
100 |- 7 ] and the UVL band at long delay timéBig. 29.
- [ / ] A striking feature of the PL behavior is a clearly visible
3 80 |- ,’ ] persistence of light emission after the excitation is com-
; A ! ] pletely turned off. The PL intensity decay of the green-
g 60 - LS ,’ ] yellow band at 2.2 eV, in comparison with that of the BL and
1] - Ny ] UVL bands at 15 K, is shown in Fig. 30. The decays are
f 40 — \\// I nonexponential as would be expected for the DAP transitions
a : N 21 in low-temperature PL of GaN. The time dependence of the
20 / \\ & y emission at 2.2 eV exhibits a steep drop betweer? add
[ /’ N 1 10 s followed by a nonexponential decay, which is slower
Ol 10 IV S thant™. Remarkably, in the same time interval the GL trans-
16 18 2 22 24 26 28 forms into YL, as shown in Fig. 29. It is clear that the PL

Photon Energy (eV) decays below and above s at 2.2 eV are associated with

. e g | § two different emissions, namely, GL and YL bands, respec-
FIG. 28. PL spectrum from the freestanding GaN template excited with.: :

below-band-gap energ{3.44 e\) at 50 K. Points—experiment. Dashed htlvely' A fast quenChmg of the.GL band and a \./ery slow
lines—Gaussians peaking at 1.86 and 2.27 eV and having FWHM of 39¢i€cay of the YL band are consistent with the assignment of
meV. The solid curve is the sum of two Gaussians. these bands to two charge states of the same defect, presum-
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FIG. 31. Population of an acceptor with holes after excitation pulse in the

r ] DAP model(Ref. 79 with the same parameters as in Fig. 30. Note Yhat,

10-1 : pPE® o : covers the range estimated for different acceptors in GaN. Reprinted with
E 3 permission from Reshchikoet al, Physica B340-342 444(2003. Copy-

right (2003 by Elsevier.

1078 s e samples because the concentration of defects and compensa-
1.5 2 25 3 tion ratio are very small. Furthermore, there is no experimen-
Photon Energy (eV) tal evidence for shallow traps in GaN. However, the DAP
_ _ ‘ mechanism looks very attractive because in the studied high-
FIG. 29. Steady-state PL spectswlid curve$ obtained from a freestanding . :
GaN under excitation with pulsed nitrogdBS-N and cw He—Cd(SS- purity samples the distances between donors and acceptors
HeCd lasers, and time-resolved PL spectra at different time dé[ayists. are large enough to provide long-lived PL in conditions of
T=15 K. Reprinted with permission from Reshchikev al, Appl. Phys.  very low concentration of free carriers at low temperatures.
Lett. 83, 266(2003. Copyright(2003 by the American Institute of Physics. The decay curves were fitted by the Thomas—Hopfield
expression for the case of low compensafiiq. (17)] with
ably (Vg On)% and (Vg On) 2, respectively? The RL  Np=1.8X 10* cmi 3, ap=25 A, andW,,,, being the only fit-
and BL bands also exhibit a persistent behavior, as can hbting parametef13 The calculated curves with three values of
seen in Fig. 29. Whax are shown in Fig. 30 as typical examples rather than
Several mechanisms may lead to persistent PL. The moshe best fit. The fitting parameters are reasonable and close to
common ones are DAP transitioF?spotential fluctuationé?®®  the parameters found earlier for DAP transitions involving
and trapping and detrapping by shallow tréﬂsWe may different acceptors in Gall. As may be seen, the curve
completely neglect potential fluctuations in the studiedshape is not very sensitive Wi, especially for the values
of Wy above 10s Nevertheless, we may conclude
qualitatively thatw,,,, for the GL is apparently very large, of
102 rrmrrm ey the order of 18-10'° s71.*%13 pevyiation of the UVL and
YL emission decays from the classical DAP-type decay for
times above 10 $Fig. 30 can be explained by a redistribu-
tion of electrons thermally emitted to the conduction bafid.
For the case of long delay times, an electron may thermally
escape from a particular shallow donor and be captured by
another shallow donor. If the electron is captured by a donor
located closer to a neutral acceptor, the recombination will
occur faster. Otherwise it will be emitted again to the con-
duction band and captured by another ionized donor. This is
— W =3xi0’s" a re_asonab_le explanation for the shallow DAP transition in-
max volving a simple acceptor. In contrast, the acceptor respon-
""" Wmax=1x109 s" sible for the YL band is negative when it binds a hbfeand
I B S RIS I its Coulomb potential would repel free electrons emitted
107 10% 10® 107 10! 102 from the donors. Therefore, we may expect slowing down of
Time (s) the YL recombination when the emission of electrons from
the shallow donors becomes efficidéfdr times above 10)s
FIG. 30. PL intensity decay of the UV(3.25 eV}, BL (2.9 eV), and GL-YL It is interesting to note that for the studied freestanding
(at 2.2 eV} in freestanding GaN grown by HVPE. The curves are calculatedGgN about half of the deep acceptors responsible for the YL
using Eq. (17 with the following parametersNp=1.8x10°cm™, 2  pang are filled with holes 1 min after ceasing the excitation
=2.4 nm, andW,,,,=1C°, 3x 10’, and 10 s™%, as shown in the figure. Re- .
printed with permission from Reshchiket al, Physica B340-342 444  light, and about 20% of the acceptors would hold the hole
(2003. Copyright(2003 by Elsevier. even after 1 KFig. 31.***
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FIG. 33. PL lifetime(pointy as a function of inverse temperature for the
Photon Energy (eV) main PL bands in freestanding GaN: UVL bafat 3.28 eV}, BL band (2.9
eV), GL band(2.43 eV}, and YL band(2.21 e\j. Variation of the inverse
FIG. 32. Steady-stateSS PL spectrunt(solid line) and PL spectrum at time  free-electron concentratiofsolid line) is also shown for comparison. Re-
delays of 10°, 10°°, 10%, and 10° s (open pointin freestanding GaN at  printed with permission from Reshchikat al, Physica B 340-342 448
100 K. Effective lifetime is also show(tlosed points Reprinted with per-  (2003. Copyright(2003 by Elsevier.
mission from Reshchikoet al., Physica B340-342 448(2003. Copyright
(2003 by Elsevier.
sity but also the effective PL lifetim¥. The obtained capture

coefficients for the UVL, BL, and YL bands of about 2
X10%? 4x10% and 710 cm’/s, respectively, are
With increasing temperature, the DAP transitions givenearly temperature independent and agree with the values
way to transitions from the conduction band to the sameobtained for thin GaN films on sapphit@.7x 107*?, 3.9
acceptorge-A type in undoped GaN’ As this takes place, X103 and 6.2< 10714 cm?/s, respectively®’
the PL spectrum remains almost unchanged due to the small In contrast to the UVL, BL, and YL bands, the PL life-
binding energy of the shallow donor, but the PL decay ap+time for the GL band is temperature independent from 30 to
proaches the exponential I&WFigure 32 shows the PL spec- 70 K and increases by 20 times at room temperatig.
trum at different delay times after the pulse excitation at 10@3). This type of the PL lifetime variation is completely dif-
K. The UVL band decays exponentially with a characteristicferent from the behavior described by HEGQ) for the e-A
time of about 10* s, revealing the BL band at about 2.9 eV transitions, although the decay of the GL band is exponential
which decays at a slower rate. Similar to the low-temperaturén the temperature range of 30-300 K. We attribute this un-
case(Fig. 29, the shape and position of the GL band remainusual behavior to an internal transition associated with the
nearly unchanged up to about 2&, but at longer delay defect’®
times the GL band disappears, giving way to the YL band. At We propose that the acceptor responsible for the GL
100 K, the PL decay at 2.43 eV clearly contains two expo-band has an excited state close to the conduction band. De-
nential components:® The one with the characteristic time pending on the temperature and concentration of free elec-
of 3.5x10°°s is attributed to the GL band, and the othertrons in the conduction band, the plausible mechanisms of
with the characteristic time of 1)61072 s is attributed to the the GL-related recombination ar@ig. 34 (i) transitions
YL band (Fig. 32. from distant shallow donor€DAP-type), (ii) internal transi-
The effective lifetime, defined in Sec. Ill B, is plotted tions from an excited state, afidl ) transitions from the con-
as a function of photon energy in Fig. 32. Two branches of duction band directly to the ground state of the acceptor. At
between 1.8 and 2.7 eV are related to overlapped GL and Ylery low temperatures, there are almost no free electrons in
bands that have very different lifetim&s.To a first approxi- the conduction band, and thus photogenerated electrons may
mation, the lifetimes are independent of the photon energyprimarily be captured by shallow donors. The contribution of
for all defect-related PL bands in the freestanding GaN temthe internal and e-A type transitions would be very small,
plate, including the RL band below 2.0 eV observed as and therefore the GL would be predominantly due to the
shoulder to the YL band and having the slowest decay. FigbAP recombination. At elevated temperatu(@8—70 K), the
ure 33 shows the PL lifetimes for the UVL, BL, GL, and YL concentration of the free electrons increases front® 10
bands at different temperatures. For transitions of electronalmost 18° cm™ due to the thermal escape of electrons from
from the conduction band to the acceptors, the PL lifetime ighe shallow donors to the conduction band. Consequently, the
inversely proportional to the free-electron concentration DAP channel is basically blocked, paving the way for inter-
(Sec. lll B). The variation of the PL lifetime for the UVL, nal transitions, as free electrons can easily saturate the ex-
BL, and YL bands is consistent with E(R0) up to tempera- cited state of the acceptor binding two holes. At even higher
tures where the holes escape to the valence band from themperature$70-300 K, electrons are able to escape from
acceptors, resulting in quenching of not only the SSPL intenthe excited state to the conduction band. Thus the increase of

4. Effect of temperature
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FIG. 34. Schematic of transitions responsible for the GL band in high-purity 29 3 31 3.2 33
GaN. e.s. is the excited state of the acceptor, therefore the transition e.s Photon Energy (eV)

— A% is of intracenter type. SD stands for the shallow donors, and the tran-
sitions involved are distant DAP transitions. The dashed lines correspond tBIG. 35. UVL band in undoped GaN at 15 K. Points are from experiment.
less probable transitions, whereas the solid lines show the dominarifthe dashed line is a modeled shape of the zero-phonoark). The solid
transitions. line is a fit accounting for LO phonon replicas having intensities of 0.4,
0.097, 0.022, and 0.004 with the shapes identical to the modeled shape of
o . . the ZPL. The ZPL and donor-bound-exciton peaks are located respectively
the PL lifetime for the GL band observed in this temperaturey; 3 286 and 3.475 eV in this undoped GaN layer grown by MBE on

range(Fig. 33 can be explained by the escape of electronssapphire.

from the excited state located about 30-40 meV below the

conduction band. Further, this escape at room temperature §y the electron-phonon coupling for more localized carriers
so intense that the transitions from the conduction band dithole bound to the accepiorand the effect of the loosely
rectly to the ground state may dominate. Very large values ohound electron on vibrational properties is negligible. Some-
the electron-capture cross sections for transitions from th@mes the DAP and e-A bands can be delineaféd?®23!
shallow donors and from the conduction band to the acceptafowever, it is usually a challenging task to attribute the PL
level responsible for the GL band in freestanding GaN havgyand to the DAP or e-A transition from the PL spectrum
been reported.****These values are consistent with the as-ajone. For instance, the position of the PL peak may be af-
signment of the GL band to théz.Oy complex in its 0/=  fected by a strain in the epilayer grown on foreign substrates,
state.”” Note, however, that the existence of an excited statgoncentration of the shallow donors and free electrons, and
close to the conduction band is surprising for a neutral centefinally, by saturation of PL intensity from distant pairs in the

which is the(VgOn)° complex when it binds two holes.  particular excitation conditions employed. Only a compre-
hensive PL study encompassing different excitation intensi-
C. Ultraviolet (shallow DAP ) band ties, temperatures, and time-resolved PL would allow delin-

eation of the DAP and e-A emissions. The term “DAP band”
universally adopted for the characteristic PL band with the
eq)ain peak at about 3.27 eV in GaN is not good also because
ost of the PL bands in undoped GaN at low temperature

the zero-phonon linéZPL) and LO phonon replicas, respec- arise from the DAP-type transitions due to the relatively
! large activation energy of shallow donors. For these reasons,

tively, of transition from a shallow donor to a shallow accep- L )
y P we suggest the term “UVL band,” and where it is possible

tor. While the main candidates for the shallow donors are . . :
Sig, and Q, (with activation energies of 30 and 33 meV, we require that the DAP- or e-A-type transitions are speci-

. : . fied. Below, we review the experimental results associated
respectivel§®®), assignments of the shallow acceptor in un-' ’ .
. : . ith the UVL band in undoped GaN where the shallow ac-
doped GaN are controversial, as discussed in Sec. IV C 3. . . . -
P ceptor is not clearly identified. When GaN is lightly doped

The DAP hypothesis for this PL band has b full -7 . .
firn?ed by )t/gr?wpeersa:urztdegljsenden?nPL aS?UdieSn al#g (t:i(r)r?ew'th Mg, an enhancement of the UVL band is observed since
resolved P12 Dingle and llegen?®® observed characteris- MJca IS the shallow acceptor. Although in some undoped

tic nonexponential decay of the PL intensity after pulseGaN samples Mg, may be present and responsible for the

excitation, as well as narrowing of the PL band and shift toUVL ban_d, in this seciion we W|II_restr|ct our dlscus_smn to
lower photon energies after ceasing light. These are the diéhe nom|_nally u_ndoped_ GaN, _wh|le t_h(_a UVL band in GaN
tinguishing features of the distant DAP recombinatidn. doped with Mg is considered in detall in Sec. VB 1.

The DAP transitions involving shallow donors usually
give way to the e-A transitions at elevated temperatures a& Steady-state PL
free electrons thermally released from the shallow donor to A typical shape of the UVL band in the case of the e-A
the conduction band recombine with holes bound to the samiansitions at low temperature in the MBE-grown GaN con-
acceptor. The shape of the e-A band is usually very similar tists of a sharp peak at 3.286 eV followed by a number of
the one of the DAP band involving a shallow donor, becaus&.O phonon replicas, as shown in Fig. 35. Positions of the
the shape of the defect-related PL band is largely determinegeaks are independent of the excitation intensity in the range

The shallow DAP recombination in undoped GaN was
studied in detail by Dingle and Ilegerﬁzsg. Those authors
have observed PL peaks at 3.2571, 3.1672, and 3.0768
having the identical radiative lifetimes and assigned them t
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FIG. 36. Transformation of the UVL ban¢e-A related in GaN with

FIG. 37. PL spectrum of the UVL band at different temperatures in free-
temperature.

standing GaNempty squargsand in the GaN overgrown on the freestand-
ing GaN template by MBEHfilled circles. Excitation density is 100 W/cfn
Reprinted with permission from Reshchiket al, Appl. Phys. Lett. 79,

2 . .
of 107%-100 W/cnf with the accuracy of 1 meV. Accounting 3779(200)). Copyright(2001) by the American Institute of Physics.

for the residual strain in approximatelyu®a-thick GaN lay-

ers grown by MBE in which all PL peaks are shifted by 4

meV to a higher energy compared to the positions in relaxethat the position of the ZPL for the e-A emission was tem-
bulk GaN, we estimated the energy separation between theerature independefithin an accuracy of-6 meV) in the
band gap in GaN and the ZPL in a set of more than 10ange from 15 to 200 K while the band gap reduced by 25
samples as 221+3 meV at 15 K. This value can be considmeV in this temperature range. The larger valueEgfre-
ered as the low-temperature binding energy for the shalloworted earlier for the UVL band in undoped GaN layers
acceptor involved in the UVL in undoped GaN. grown by MOCVD on sapphire substrat&€98 me\j (Ref.

A few LO phonon replicas at energy separations that ar§5) can be explained by neglecting the temperature depen-
multiples of 91.7+0.3 meV are clearly visible in Fig. 35. The dence of the density of states in the valence bawgd,In-
intensities of the peaks are, in descending order, 1.0, 0.%leed, if we neglect the temperature dependence of the pa-
0.17, 0.06, and 0.02 for the lines with=0, 1, 2, 3, and 4, rameter Q; in Eq. (6), the best fit would yield E,
wheren defines the number of LO phonons involved. We=195+5 meV instead of 170 meV.
deconvolved the PL spectrum in Fig. 35 into a series of If the n-type GaN is nondegenerate, at sufficiently low
bands shifted by 91.7 meV with exactly the same shape buemperatures the e-A emission gives way to the DAP emis-
different intensities(the dashed curve in Fig. 35 shows a sion involving the same acceptor because the free equilib-
simulated single bandThe relative intensities of the lines rium electrons freeze-out, while the photogenerated electrons
after deconvolution are 1.0, 0.4, 0.097, 0.022, and 0.004are captured much faster by shallow donors than by
which are close to the theoretical ratios between intensitieacceptor§.7 Conversely, an increase in temperature causes
of the phonon replicas if we use E@4) with S=0.4, result-  replacement of the DAP lines by slightly shifted e-A lines. A
ing in ratios of 1, 0.4, 0.08, 0.011, and 0.001. Note that eaclransformation of the DAP band into e-A band with increas-
single band in this spectrum is broadened due to couplinghg temperature in high-purity GaN is shown in Fig. 37. The

with phonons other than LO phonons. e-Atransitions begin to dominate at temperatures above 30 K
With increasing temperature from 15 to 110 K, the UVL when the concentration of the free electrons exceeds
band associated with the e-A transitions broadég. 36), ~10% cm 3. Considering the separation between the DAP

although its integrated intensity remains nearly unchangedand e-A peaks in the low-excitation liniat about 3.256 and
At higher temperatures, the UVL band quenches and com3.282 eV, respective)yand accounting for the average ki-
pletely vanishes at room temperature. From the fit, with thenetic energykT/2) of free electrong1.5 meV at 35 K and

aid of Eq.(6), to the experimental data for GaN layers grown the effective Coulomb interaction in DARbout 7.5 meV for

by MBE on sapphire we obtaineB,=170 meV andC, Np=2x10cm™), we estimated the ionization energy of
=10 cm’/s. These values are nearly identical to those rethe shallow donor a€,=32 meV??? This value is very
ported for the UVL band in undoped GaN grown by close to the binding energy of they@lonor in GaN*>°
MOCVD.®" The apparent discrepancy between the value of Differentiating the DAP and e-A recombinations can be
E, obtained at 15 K from the position of the e-A peék accomplished not only by recognizing their different energy
~220 meV} and the acceptor activation energy obtainedpositions and the distinct temperature dependence of their
from the quenching dependen¢E70 meV) at least in part intensities in a PL experiment. In addition, such a delineation
can be attributed to the variation of the activation energycan be done by their different behavior with increasing exci-
with temperature. This assumption is consistent with the factation intensity or by analyzing the time-resolved PL data.
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Time Delay (s) studies the observed decay of the UVL band at low tempera-
102 10° 102 10* 10°° tures has been nonexponent{akually in the microsecond
TAc i I I I R I Ik B I rang®. The typical intensity decay curve for the UVL band is
* shown in Fig. 17 in comparison with the decays of other PL
by B

NI

bands present in the same sample. The PL decay at 15 K has

La RARRE RARY

%: 3.28 ¢ ] been fitted to Eq(17) using the model of distant DAP tran-
e E 3 sitions involving shallow donors and shallow acceptors. The
2 i E value of W, for the shallow acceptor, a parameter propor-
@ 3.27 - 2 E tional to the capture cross section of the acceptor as dis-
Q E 3 cussed in Sec. Il B, is of the order of 467 which is larger

'3:\3 526 DAP zg%* E than for other radiative acceptors in undoped G&N.

o <P fF 3

QQ* * The PL decay curve becomes nearly exponential with
e : : -
2 increasing temperature when the DAP transitions are re-
3,25 Ead sk ssund e ssund cound e s placed b%/ the e-A transitions mvolvmg_ the same shgllqw
“10® 10 107 1072 10° acceptoﬁ The temperature dependencies of the emission
lifetime for the UVL band, in comparison with the other
bands in undopech-type GaN grown by MOCVD and
FIG. 38. Positions of the ZPL of the UVL band in undoped GaN as aHVPE, are shown in Figs. 19 and 33, respectively. The ef-
function of excitation intensity in the steady-state @lled points, bottom  fective lifetime of the UVL band has a weak temperature
scalg and time delay after excitation puls@pen points, top scale ;
Squares—3@m-thick GaN layer on sapphire substrate, triangles—200- dependence between 50 anq 1]f0 K, but it sharply dl’OpS at
thick freestanding GaN template, both grown by HVPE. The e-A line iST>110 K due FO the thermahza_t'on of holes from the shal-
detected at~3.282 eV while the DAP line position varies from 3.253 to low acceptor, in agreement with E422). The electron-
3.269 eV depending on experimental conditions. Reprinted with permissior@apture coefficien€,, and the electron-capture cross section
from Reshchikowet al, Physica B340-342 444 (2003. Copyright(2003 o. for the UVL band have been estimated ﬁS?+O 9
by Elsevier. n -
X102 cm’s? and (2.8+0.6 X10*cn?, respectively,

. . 87 . .
The above-mentioned differentiation is in part rooted in theWIth the aid of Eqs(20) and(23).™ The obtained relatively

statistical distribution of the DAP separatioi$° For distant large values ofC, and o, for the shallow acceptor as com-

DAP the dependence of the emission enefgyon the pair pared to other radiative acceptors in undoped GaN can in
separatiorR is given b)79 part be due to a weaker localization of the bound hole. In

majority of investigations, the decay of the UVL band in

hw=E. —E-—E,+ q_2 29) undoped GaN is reported to be relatively slGwthe micro-
9 b AT R’ second rangeand usually nonexponential at low tempera-

) tures. In contrast, Chtchekinet al*? reported a lifetime
where E; is the band gapEp and E, are the donor and o\, 0.5 ns for the UVL band in undoped GaN grown by
acceptor binding energies, respectively, is the low-  \5cyp. we should note that the shape of the UVL band in
frequency dielectric constant, amlis the electron charge. ,» particular investigation deviated substantially from the

The last term represents the Coulomb interaction reSUItIn%ommonly observed one, necessitating the consideration that

from the interaction of ionized donors and acceptors. With, o S0 line or its LO phonon replica might be respon-

increasing separation, the lifetime of radiative transitions be-Sible for the very fast decay of the UVL line at about 3.26—
comes longer. Thus, close pairs would saturate at lower e 29 eV in Ref. 142 '

citation intensities in experiments with variable excitation The UVL band transforms with delay time in a high-

intensity and emit at shorter times in TRPL expenments.purity freestanding GaN template. The ZPL corresponding to

C_on.seql_JentIy,. the D(;A‘P band blue—zhlf:]s:fwnh |r;10r(TaS|ng €Xthe DAP transitions gradually shifts from 3.266 to 3.253 eV
citation Iintensity, and it narrows and shifts to the lower en-, ., ine interval from 10° to 10 s after pulsed excitation

ergy with time delay after e:xcitation.with a single pulse of Fig. 38. The shift is consistent with Eq29), according to
!Ight because the close pairs experience stronggr CoulomBrich for short delay times the recombination in nearby

d di . di e | rrb'airs experiencing a stronger Coulomb interaction domi-
pared to more distant pairs according to E2p). Examples | ;o5 Besides the DAP peaks, the e-A emission is observed
of th_e shifts O.f ”‘9 UVL band with Increasing excitation in- i, the 7P| at about 3.282 eV followed by at least two LO
tensity and with time delay after pulse excitation are show honon replicas

?n Fig._ 38. Similar shifts of the UvL band with excitation Interestingly, both the DAP and e-A emission lines of the
intensity have also been reported in Refs. 116 and 232. AdUVL band can be detected at delay times longer than 1 s

dltlonalfm;‘]orrzapon a.bOUtl thg t.ypt; ofljr\ilssgtloré and pt?rant‘)'after the excitation pulse, while beyond 10 s the UVL emis-
eters of the defects involved in the and can be Objon vanished!®* These phenomena have been explained
tained from time-resolved PL, as discussed below.

in Ref. 114 as follows: The DAP transitions easily persist up
to 1-10-s delays because a substantial part of the acceptors
holds photogenerated holes for a very long tifRey. 31) due
Transient behavior of the UVL band in undoped GaNto large DAP separations in this sample. The relative contri-
has been studied extensivEfy'3114.14218822822928% most  pution of the e-A transitions increases significantly in the

T
Loes

Excitation Density (chmz)

2. Time-resolved PL
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FIG. 39. PL decay for the DAP transitioffilled pointy and e-A transitions L
(empty pointg of the UVL band in freestanding GaN template. Reprinted 1 1 1 3 1 L

b
with permission from Reshchikost al, Physica B 340-342 444 (2003. 750 850 950 1050
Copyright (2003 by Elsevier. MAGNETIC FIELD (mT)

. . 18 . FIG. 40. ODMR spectra at 24 GHz detected on the UVL b@td3.27 eV
time interval between and 1 s. For Ionger delay times, for several orientations of the applied magnetic field in(te20 plane(0°

the intensity of both DAP and e-A lines decays exponentiallyrefers to thec axis). The thick black curve&displaced vertically for clarity
with a characteristic time of 5 @ig. 39. Such decay of the are simulations of the low-field line shapes for resonance SA. Reprinted
e-A emission can be explained by a low concentration of thé(vith permission from Glasest al, Phys. Rev. B68, 195201(2003. Copy-
A ) . fight (2003 by the American Physical Society.
equilibrium electrons in the conduction band. Indeed, by tak-
ing ng=10" cm3 which corresponds to approximately 20 K
for the studied sampl€? and C,=2x 1012 cm?/s*> we
obtain 7=5 s from Eq.(20). The fast exponential decay of
the DAP peak at>10 s (Fig. 39 can be understood by
considering that the e-A transitions deplete the holes fro
the shallow acceptor levels. Note that for the BL, YL, and hall i in the d ited lavef®
RL bands, the deviation from the nonexponential PL deca); allow acceptors &-in the deposited layer.

due to the above-mentioned reason is expected at longer The_ OD.MRI spec;run_}hc%nta}[med ItWt;) Iltémlneice”nce-
times, in accordance with the much lower eIectron-capturéncreas’Ing signaléFig. 40. The first one, labeled as shallow

. : donor (SD), was nearly isotropic withg,=1.952 andg
cross sections for the corresponding accepttrs:* : I L
P 9 =1.949 and has been assigned to shallow donors. The second

one, labeled as shallow accept@A), shifted rapidly with

magnetic field(Fig. 40, i.e., with variation of the angle be-
Optically detected magnetic-resonance studies usuallfween the magnetic field and tleeaxis. The angular depen-

analyze the value and angular dependenceg faictor of the  dence of theg factor for resonance S#Fig. 41) was fitted

defect-related signal, enabling in some cases identification ofiith the expression

the defects involved in PL process. From the symmetry con- 2 2 1/2

siderations, supported by calculations, Malyshetvall®® 9(6) = (g cos’ 6+ g cos’ )%, (30)

predicted that the ground-staddactor of an acceptdiunless  whereg, andg, are theg values with magnetic-field vector

it is very deepin wurtzite GaN should be highly anisotropic, aligned parallel and perpendicular to thexis, respectively.

namely,g,# 0, g, =0, whereg, andg, represent thg fac- Good fits have been obtained wigh=2.193+0.001 and,

tors for the magnetic-field vector aligned parallel and per=0," in remarkable agreement with the theoretical predic-

pendicular to the axis, respectively. However, until recently tion for the shallow acceptor in Gal® Glaseret al**° sug-

the experimentally foungd factor for such acceptors as Mg gested that the electric fields generated by high concentration

and Zn in GaN was isotropic and close dg Note that in  of charged donors and acceptors in Mg-doped GaN and high

other semiconductors with similar structure such as Cds andensity of dislocations may be responsible for the random

6H-SIiC, theg factor of the shallow acceptor is indeed highly distortions, leading to the previously observed nearly isotro-

anisotropic®™*~2*® Malyshev et all®® assumed that unex- pic g factor in less pure sampléshown in Fig. 41 for com-

pected isotropy is the result of spontaneous local strain fieldparisor). Those authors have also attributed the asymmetric

due to the Jahn-Teller effect. Remarkably, Glaseal!®®  broadening of the SA signal at>25° to residual random

have discovered a high anisotropy of the shallow acceptor istrain fields and simulated the broadening in this assumption

high-purity GaN by using the ODMR technique. They stud-(Fig. 40.

ied a 6um-thick Si-doped layer grown on a freestanding Among the candidates for the shallow acceptor in un-

GaN template and observed a strong increase of the UVdoped GaN, Mg, Cy, and Sj are commonly regarded as

band compared to the unintentionally doped GaN. The UVL

band has been attributed to DAP-type transitions involving a

shallow donor(Sig, and possibly Q) and shallow acceptor,
n%dentified as §j, although those authors could not rule out
the possibility that unintentionally introduced carbon created

3. ODMR and identification of the shallow acceptor
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25 ———r—r——T—T—T— T T under UV illumination. To avoid further confusion, we im-
® GaN:SIHVPE GaN mediately clarify that the BL band in Mg-doped GaN has
6.-_0:5 -— = GaN:Mg/ALO, distinctive features, in particular, a large shift with excitation
o 20F ‘~;:'““*'----+--------1 intensity, and is assigned to transitions from a deep donor to
2 > the Mg, shallow acceptoSec. VB 3. The BL in Zn-
>6’ ., doped GaN, having a characteristic fine structure in rela-
5 15F R . tively pure samples, is attributed to transitions from the con-
‘g ~ duction band or shallow donors to the Zn-related acceptor
8 ‘\ (Sec. VA. In undoped GaN, the transitions are the same
< 10} AN . as in GaN:Zn, and apparently the acceptor is the same. Fi-
5 \\ nally, the blue bands with a metastable behavior are related
s \\ to different defects, as discussed in Sec. IX. Below the prop-
@ o5t \\ 7 erties of the stable BL in undoped GaN are reviewed.
\\\
0.0 1 ) 1 1 1 i 1 Q- N 1. Steady—state PL
0O 10 20 30 40 50 60 70 80 90 _
Angle from c-axis (deg.) A broad BL band centered at 2.88-2.90 eV is often ob-
served in the PL and CL spectra of undoped and Si-doped
FIG. 41. g values of ODMR signal SAin homoepitaxial Si-doped GaN layer n-type GaN grown by MOCVD or

(circleg and those found previously for Mg shallow acceptors in Mg-doped |\/pg 71:102.103,116,151,153,155,180-182,189,191,237-4 5| band,

GaN heteroepitaxial layersquaresas a function of the anglgd) between . . L. .
magnetic-field vector and theaxis. The dashed curves are fits to the data similar in energy position and shape to that observed in un-

[see Eq(30)]. Reprinted with permission from Glaset al, Phys. Rev. B doped and Si-doped GaN, has also been observed in high-
68, 195201(2003. Copyright(2003 by the American Physical Society.  resistivity C-doped GaN®* In one investigatior*° a slight
deviation has been observed in that doping with C introduced
most reasonable. The former impurity is clearly responsiblé BL band peaking at approximately 3.03 éSec. IV D 4.
for the shallow acceptafand the UVL banglin GaN lightly ~ AS shown below, the BL band in undoped or Si-doped GaN
or moderately doped with Mg. In nominally undoped GaNis due to transitions from the conduction band or a shallow
samples, Mg may be due to contamination of the reactoglonor to a relatively deep acceptor having an ionization en-
from previous growths using Mg. However, the undopedergy of about 0.34-0.4 eV.
GaN sample studied by Glaser all% has been grown in a One of the fingerprints of the BL band in unintentionally
MOCVD reactor where Mg had never been introduced as &oped GaN is the fine structure observed at low temperatures
dopant source. The observation that the UVL band signifiin high-quality GaN samples®*®*The fine structure repre-
cantly increased after doping with Si apparently indicatessents a set of sharp peaks associated with local and lattice
that Sj is also a shallow acceptor with possibly a high con-phonons (Fig. 42. The set is identical among different
centration. Jayapalaet al>*! also observed an increase of samples. An analysis of the spectra from several samples has
the UVL intensity with Si doping and attributed it to the demonstrated®**that the fine structure is formed by a su-
formation of the Sj acceptor. As for carbon, there is no clear Perposition of two series of sharp peaks. The energy separa-
evidence that it forms a significant amount of the shallowtion between peaks in the first set is 36+1 meV. This set is
acceptors § in undoped wurtzite GaN. Apparently there is repeated at the energies of the LO phottbig. 42. Obser-
no correlation between C doping and presence of the Uvlvation of the fine structure enables one to determine the vi-
band in wurtzite GaN®*31%4\ote, however, that Geas-  brational characteristics of the defect in its ground state. The
ily incorporates in cubic GaN, where a gopdype conduc- first sharp peak at 3.098 eV is attributed to the ZB}) of
tivity had been reported with C dopingec. V). At this  the 2.9-eV band. Its replicas at the energy multiples of
stage we may conclude that the UVL in undoped wurtzite36+1 meV are attributed to transitions involving a local or
GaN is related to i or Cy residual acceptors, unless the pseudolocal vibrational mode of the acceptor. Repetition of
sample is contaminated with Mg. this set in 91-meV intervals demonstrates that the coupling
with both local and lattice phonons is relatively strong for
the deep acceptor involved in the process. In the case of two
D. Blue luminescence band vibrational modes, the intensity of the phonon replica corre-

The BL band peaking at about 2.9 eV in GaN, similar tosponqling_ to the 6emission onh local andn lattice phonons,
the notorious YL in this material, has attracted substantialVmn 1S given by
attention of the semiconductor investigators for many years. s
This is in part due to the controversial assignment of its =~ Wnn>* ——
origin and important role that the related defect plays in
GaN. The BL band is often observed in undoped, Mg- andvhereS; andS, are the Huang—Rhys factors describing the
Zn-doped GaN with very similar shape and position. Thecoupling with two vibrational modes. An example of the PL
reported values of the energy position of the BL band vanpand shape obtained by using E§1) with S;=1.5 for the
from 2.7 to 3.0 eV. There is also evidence that in somdocal phonons an&,=2 for the lattice LO phonons is shown
samples the BL band, usually peaking at 3.0 eV, bleachem Fig. 42 by a solid curve.

, (31
min!
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Photon Energy (eV) FIG. 43. Temperature-induced variation of the intensity of the BL band in

MOCVD-grown GaN. The solid curves are the best fit for the samples RK93
’ 1) and RK120(2) by using Eqs(6)—(10). Reprinted with permission from
FIG. 42. PL spectrum of the BL band in undoped GaN sample at 13 K an . )
excitation density of X 10™* W/cn?. Two sets of sharp peaks with energy Z%S(‘jhcrk‘)'k% a;d Kprotkg\r/], Phyls's R?Vt' B4, 115205(2009). Copyright
separations of 36 and 91 meV are seen. The zero-phono(Zifie energy (2009 by the American Physical Society.
is 3.098 eV. The solid curve is the fit using E®1) with S;=1.5 andS,

=2 and simulated shape of the no-phonon transitideshed curve The . . .
inset shows the shift of the peaks with excitation intensity for the BL andloo_200 Kthe intensity of the BL band is nearly temperature

shallow DAP bands. Reprinted with permission from Reshchigoul, J.  independent. At higher temperatures, a thermal quenching is
Appl. Phys. 87, 3351(2000. Copyright(2000 by the American Institute of ~ observed, as displayed in Fig. 43. Employing a fit to the
Physics. experimental data for undoped GaN grown by MOCVD on
sapphire(Fig. 43 with the aid of Eq.(6), Reshchikov and
With increasing excitation power, a small shift to higher Korotkov®’ obtained Ea=340+10 meV and C,=(9+4)
energies has been observed for both the sharp peaks and ferl0"” cm?/s. In general, the quenching of PL banchitype
the band as a whol&® The shift averaged over several sharp semiconductor does not necessarily indicate that holes are
peaks of the 2.9-eV band is shown in the inset of Fig. 42 inthermalized to the valence band. In an alternative model,
comparison with the shift for the ZPL of the UVL band. The the bound holes do not escape to the valence band but non-
observed small shift, as well as the similarity of the shifts ofradiatively recombine with free electrons in the conduction
the BL and UVL bands, indicates that both bands arise fronband. In the latter case, the activation energy is simply the
DAP-type transitions involving the same shallow donor.  energy separation between the adiabatic potential minimum
The position of the acceptor levEl, can be estimated of the excited state and the crossover point of the adiabatic
from the position of the ZPL with respect to the band edgepotentials of the ground and excited states. However, the
From the energy position of the donor-bound exciton line inquenching of the BL band is clearly caused by the escape of
the analyzed sample8.480 eV, the gap width(Ey) at low  holes from the acceptor to the valence band. Indeed, the ob-
temperature is estimated as 3.5181é§/Iaking the ioniza- served increase in the intensity of the YL band in a tempera-
tion energy of the shallow doné&, reduced by the Coulomb ture range corresponding to the quenching of the BL band
interaction as approximately 20 meV under low-excitation(Fig. 15 strongly indicates that a redistribution of holes
rate, and taking the ZPL d&,=3.098 eV, the acceptor en- which are released to the valence band from the BL-related
ergy level is estimated a8,=E4—Ep—E(=0.40 eV This acceptor takes place.
value is close to the thermal ionization ener@pproxi- The peak position of the BL band at about 2.88 eV at
mately 0.34 eV obtained from the PL quenching analy§7|s. low temperatures remains almost unchanged or even shifts
Note that in the temperature range where the PL quenchinglightly to higher energies with increasing temperature from
occurs (200-300 K, the value ofE, may differ from that 13 to 380 K while the band gap decreases by about 100
derived at low temperatures. Note also that the activatiomeV in the same temperature range, as depicted in Fig. 44.
energy of about 0.38 eV would be obtained from the Arrhen\Weak temperature dependence is typical for defects with
ius plot of quenching aT >200 K if one ignores the tem- strong electron-phonon coupling and may be quantitatively
perature dependence of the effective density of states in thexplained within the framework of the one-dimensional CC
valence band’ model discussed in Sec. Il C. This model suggests, in par-
The temperature dependence of the intensity, positiortjcular, that the width of an emission band related to a deep
and width of the BL band has been studied in Refs. 67, 116point defect is determined by the strength of the electron-
and 160. The intensity of the BL band increases with increasphonon coupling and by the energy of the zero vibrational
ing temperature from 10 to 40 K in the samples with highstate of the defect. The FWHM of the band in the case of a
QE of this bandFig. 15. This phenomenon is explained by strong electron-phonon coupling is described by E2f).
redistribution of holes that are released from the exciton disFrom the best fit to the experimental data regarding the tem-
sociation between accepté?sOver the temperature range of perature variation of the bandwidth, which is shown in Fig.
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490 7 ) o T i valence band, in accordance with E@2). The electron-
< 28 S48 2,0%"° 1 capture coefficien€C,, and the electron-capture cross section
s ALy 2% & b YN :
g Opme?®moy o, 4 o, have been estimated for the BL-related acceptor as
= ' el P00 oy (3.9¢04x 108 cmPs? and (2.1+0.2X102cn?, re-
£ a0t . S - spectively, by using Eq$20) and (23).8"1
73 --Gap width ~ Evoluti f th band with ti ft L
- 0 2.2 eV band ~ 1 volution of the BL band with time after an excitation
g -80F e 25eVband N . pulse at 15 K in GaN layer grown by MOCVD is shown in
o L 4 29eVband N Fig. 18. There is no shift within an accuracy of 30 meV, in
-120 N T agreement with the assumption that the donor involved in the
0 100 200 300 400 DAP transition is shallow. In pure enough GaN samples
Temperature (K) grown by HVPE, the BL band as well as the YL band could

be observed long after the excitation is completely turned
FIG. 44. shift of the BL band maximurttriangles with temperature. The  off.**4 This observation is not surprising for such a pure GaN
shifts of the YL (2.2 eV) and GL3 (2.5 eV) bands in GaN grown by = gamnje where according to Fig. 31 about half of the accep-
MOCVD are shown for comparison. Reprinted with permission from Resh- . o
chikov et al, Physica B 273-274 105 (1999. Copyright (1999 by  tors bind holes at least few seconds after pulsed excitation.

Elsevier.

3. Spatially and depth-resolved cathodoluminescence
45, the energy of the effective vibrational mode for the ex-

; o .
cited dstatebof ;ge BL‘%}? Isted ar:: cep:]@rwp, has been esti- d band in undoped and Si-doped GaN has also been studied by
mated to be meV.- Note that this is some average CL in a scanning electron micrOSCOF(SEM).ml,lSZ The

value, since the two-mode oscillation has been reduced to tI“§EM images showed round and hexagonal hillocks with

effective one-dimensional oscillation in the fitting. sizes ranging from about 5 to 40m 182 The BL band was
strong at hillocks and it almost completely vanished at the

2. Time-resolved PL hillock boundary, whereas the YL band and the excitonic

Transient behavior of the BL band has been studied ir{em|ssl|é)ln were distributed more uniformify. In another

undoped GaN arown by MOCVIRefs. 87 and 188and stud_y,__ BL and YL decorated the gr_ain_ bo_undaries with BL
HVPEllA,ZZSAt I?)w tempyeratures['ghe decay of the&SL band exhibiting a more homogeneous distribution than YL. The
is nonéxponentia‘[Fig 17), in agreement with the model of decoration of boundaries or hillocks indicates a nonuniform

the DAP transitions including shallow donors. From the fit—dIStrIbUtlon or segregation of point defects in the GaN layer.

; ; - Depth-resolved CL has been used for depth profiling of
ting with the aid of Eqs(16) and(17), the value ofW,,,, has i .
begen estimated aslg7 (s‘l)for trerCceptor involvengxin the BL and YL in undoped GaN*'®* Fleischeret al.* ob-

188 The PL decay becomes nearly exponential Withserved an increase of the YL intensity and a decrease of the

transition. BL intensity in direction from the | face to th
increasing temperature when the DAP transitions are re- intensity in direction from the layer surface to the sap-

. : 183 ;
placed by the e-A transitions involving the same Shallothlre substrate. Herrera Zaldivat al.””" observed nonuni-

accepto?.7 The temperature dependences of the emissiorflorm in-depth distribution of YL and BL with the intensity
lifetime for the BL band in undoped-type GaN grown by increasing towards the surface and near the substrate-layer
MOCVD (Ref. 87 and HVPE™ are shown in Figs. 19 and Interface. Tothet al*®% reported on the evolution of the CL

intensity with electron irradiation time for YL, BL, and near-

The spatial distribution of defects responsible for the BL

33. The effective lifetime of BL has weak temperature de-b d-ed A dooed GaN. At 4 K. | " f
pendence between 50 and 200 K and sharply drop$ at and-edge emission in undoped GaN. At , Intensities o

=200 K due to escape of holes from the acceptor level to thQOth the YL and BL bands decreased with the duration of thg
electron-beam exposure, whereas the UVL band and exci-

tonic emission enhanced. Those authors attributed the ob-

AR served phenomena to the electron-beam-induced diffusion of
— 500 L 0 2.2 eVband P O and H and proposed that oxygen is involved in the defect
% ¢ 2.5 eV band responsible for the YL band and hydrogen is involved in the
£ 4 2.9 eV band 3 BL-related defect® Note, however, that the accumulation
g of charge at the surface due to illumination or electron irra-
% 400 - 7 diation may also affect the evolution of the emission, as dis-
u§_ cussed in more detail in Sec. IX.

b
3000- - é i '1'0' -t '1'5' = '2'0' Y 4. Origin of the BL band in undoped GaN

T2 (K112) The BL band in undoped GaN is caused by transitions
from the shallow donorgat low temperatuneor conduction
FIG. 45. Temperature dependence of FWHM of the BL béridngles in band(at elevated temperatuje® a relatively deep acceptor
gomdparison with the gependences gor thledﬁﬂl ev) anf; Gb|-3 5(225)5 9\2 having an ionization energy of about 0.34-0.40 eV. Although
ands in GaN grown by MOCVD. The solid curves are fit by wit ; : ; ;
the following parametersiV(0) =380 (1); 390 (2); 340 (3) meV. iwg=52 th!S. picture S.hOUId be regardgd as well eStab“Sheq’ we wil
(1); 40 (2); 43 (3) meV. Reprinted with permission from Reshchikeval, ~ cfitically review two alternative mlggels-. To eXp!a|n PLE
Physica B273-274 105(1999. Copyright(1999 by Elsevier. spectrum of the BL band, Yangt al.”” attributed this band
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to transitions from the resonant state of @cated 0.25 eV

above the conduction-band minimum to g0y acceptor 100

level located 0.8 eV above the valence band. We note that the F

resonant excitation of the BL band with above the band-gap 3 gg |

photons is very unlikely due to the large absorption coeffi- s i

cient at 3.54-3.75 eV, and the peak in the PLE spectra ob- %‘ 60

served in Ref. 158moving from 3.54 to 3.75 eV with varia- g

tion of the emission energy from 2.75 to 2.91 )eis € 40}

apparently some feature of the scattered light. In another g [

report, Kaufmannet al'’? suggested that the BL band in 201"

undoped or Si-doped GaN is due to transitions from a deep o L2 ~. B,
donor to the shallow acceptor. This model is unacceptable for 1.5 2 2.5 3
undoped GaN where the overlap between the wave functions Photon Energy (eV)

of a hole bound to the shallow acceptor and electron local-
|z_ed _at a de_Ep donor would b_e extremely S_ma” to explam thgapphire(H966 for ug excited athwe,=3.41 eV. The points are experimen-
high intensity of the BL band in samples with concentrationsia| data taken aP.,.=1 (1) and 0.001 W/crh (2). The curves are self-

of acceptors in the #8-cm3 range®’**° consistent deconvolution of the experimental curves into two béad’L
Various proposals have been made as to the nature of tHth @ maximum at 1.92 eV and a GL with the maximum at 2.39.eV
defect responsible for the BL band in undoped GaN. The BLE?OT”ESS VEVghGF(’ZQgg]')SS'm from Reshchikev al, Mater. Res. Soc. Symp.
band was attributed to g related compleX! in particular, ' ' '
to V. Oy (Refs. 153 and 242and Vg H,.*2° Although the
band is often observed in Si-doped GaN, it is not enhanced In GaN samples grown by HVPE, the RL band peaking
by Si doping7.l This band should not be confused with the at about 1.85 eV and having a FWHM of about 0.4 eV is
BL band in GaN heavily doped with Mg, to be discussed inobserved if the YL band is sufficiently weak, as displayed in
Sec. V B 3, and with the band peaking at about 3.03 eV irFig. 131*?* |n some HVPE-GaN samples, the RL band
C-doped GaN™ The clue for the origin of the acceptor can appears as a shoulder to the YL band and can be resolved
be found in the fact that the BL band with the aforemen-only at very low excitation intensitied=ig. 46), because the
tioned properties was observed only in GaN grown byRL band usually saturates at very low excitation intensfties.
MOCVD or HVPE but never in the layers grown by MBE. In the high-purity freestanding GaN templates, the RL band
Therefore, it is unlikely that a native defect is involved. could be detected as a weak shoulder to the YL bidid.
Moreover, we doubt that hydrogen is involved in the defect22) and it is better resolved in the below-band-gap excitation
complex;®® because the BL band has not been revealed iase(Fig. 28. The effective lifetime of the RL is the longest
GaN layers grown by MBE with ammonia as the nitrogenamong other defect-related PL bands in the visible part of the
source. spectrunt®*??8For example, at 100 K the lifetime of RL is
The most plausible explanation for the BL band in un-gpout 5 ms in a freestanding templdEgg. 32, resulting in
doped GaN is contamination with Zfsee Sec. VAL**®  the smallest electron-capture cross-section coefficient of 2
Very large hole-capture cross section for this acceptor< 10714 cmd/s 2?8 In sufficiently pure GaN, the RL band can
(~107"3 cn?) explains why the BL is often observed in GaN pe observed seconds after the excitation ptis&-*see Fig.
samegkza% with the Zn concentration 6f10" cm™® and even 1 in Ref. 114 for the 20@um-thick freestanding GaN tem-
less?” We may Speculate that GaN can be Contamlnateq”ate and 3qtm-thick GaN |ayer grown on Sapphire_ A\/ery
with Zn from impure gases used in MOCVD and HVPE |ong lifetime of the RL band explains why it saturates at very
growth or from intentional Zn doping sometimes used in thejow excitation intensitie$Fig. 23. No energy shift of the RL
buffer layer for improved growth. band was detected with delay tirg;"***indicating that
the RL band is due to transitions from a shallow dofetr
low temperaturesor the conduction ban¢at elevated tem-
peraturesto a deep acceptor level. The ODMR studies have
also revealed that the RL band in GaN grown by HVPE is
The RL band with its emission in the range of caused by transitions from the shallow donors to a deep-level
~1.5-2.0 eV is less studied and less common in undopedefect at low temperaturés! Owing to a nearly Gaussian
GaN as compared to the YL, BL, and UVL bands. The en-shape of the RL band, we conclude that the electron-phonon
ergy positions of the RL band differ in different reports, andcoupling is very strong for the deep acceptor involved, and
it appears that several defects contribute to emission in thigs ZPL should be near 2.2 eV. Therefore, the acceptor level
energy range. We have observed a few RL bands having veig located at about 1.2—1.3 eV above the valence band. Deep
different properties. In this section, the RL band observed agnergy position of the acceptor level is consistent with the
room and cryogenic temperatures in GaN grown by HVPEPL intensity being independent of temperattifet* 189228
and MBE is discussed, while Sec. IV F deals with specificThe above-analyzed RL band should not be confused with
red and green bands observed only in Ga-rich GaN grown bthe very short-livedthe lifetime is 12 nsbroad band peak-
MBE at relatively low temperatures. The red band observedng at about 1.93 e¥® The latter has been attributed to
in the Mg-doped GaN is discussed in Sec. V B 4. recombination of excitons bound to a neutral defect céfiter.

IG. 46. Room-temperature PL spectrum of GaN layer grown by HVPE on

E. Red luminescence band
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FIG. 47. Room-temperature PL spectra of GaN layers grown by MBE on

sapphire. Oscillations with a period of 100150 meV are caused by inter- . .
ference from the 1.5-2.fm-thick films. Sample svtl703 is a representative FIG. 48. PL spectra from Ga-rich GaN layers grown by MBE on sapphire.

sample with a strong YL band in the PL spectrum. T=15K.

In undoped GaN samples grown by MBE, we observedMaximum at about 2.35 eV, as illustrated in Fig. 48. To avoid
broad emission bands at 1.8-2.0 eV with their intensitie@nY confusion with the GL and RL bands observed in GaN

being independent of temperature in the range from 15 t§0Wn by HVPE(Secs. IV B and IV i we label these bands
300 K (Fig. 47). Similar to the RL in GaN grown by HVPE, @S RL2 and QLZ, respectively. We have studied the RL2 qnd
these bands saturated at low excitation intensities due to -2 bands in about 50 GaN samples grown by MBE in
very long lifetime of the luminescence. It is not clear if this Ga-rich conditions. Most of the layers exhibiting these PL
emission has the same origin as the RL band in GaN growRands were deposited on sapphire, although the same emis-
by HVPE, and even how many bands related to differenfiOn bands were observed in the layers grown on SiC, ZnO,
defects contribute to the broad emission at photon energie@d LiGaO substrates, as well. AIthouglh the relative intensi-
below the YL band. We proposed that the point defect refi€S of the RL2 and GL2 bands varied from sample to
sponsible for the YL(presumably containinyg,) may pro- sample, as.shown in Fig. 48_, their energy position, shape,
duce emission similar to the YL band but shifted if this de-2nd properties were reproducible. The FWHM of these bands

fect is trapped by different kinds of extended defé@slote IS about 240-340 meV, which is much smaller than the
that a broad emission in the red part of the spectfomaxi- ~FWHM of the YL or GL bands in GaN grown by HVPE. The

mum at 1.66 ey has also been observed in Ga-lean layerdnt€nsity, energy position, and shape of the GL2 and RL2
grown by MBE by Brillsonet all’® bands remained nearly unchanged after removal of the top

The RL bands in the MBE- and HVPE-grown GaN and 0.2-0.5um layer of GaN by wet chemical etching. This ob-
the GL band observed in high-quality HVPE-grown GaN servation indicates that the associated point defects are bulk

whose intensities are nearly independent of temperature frofffP€; and they are more or less uniformly distributed in depth

. 250
15 to 300 K, should not be confused with the RL2 and GL2through the GaN film. Oghers, namely, Hofmaeinal. ™" and
bands in Ga-rich GaN to be discussed below. Skromme and Martine? apparently have studied the same

bands in GaN. Below we review the main properties of the
RL2 and GL2 bands. Preliminary investigations dealing with

F. Red and green luminescence bands in Ga-rich GaN ;
RL2 and GL2 bands have been the topic of Refs. 99 and 117.

grown by MBE

The YL band dominates the visible part of the PL spec-
trum in most of the GaN samples grown by MBE. However,
with increasing lI/V ratio the relative contribution of the YL With increasing excitation intensity in the range of
band decreases, and other defect-related PL bands could th&®“-100 W/cnf, the RL2 and GL2 bands do not shift
be detected in the PL spectrdiit'’ Extremely Ga-rich con-  within an accuracy of 5-10 meV, as displayed in Fig. 49.
ditions can be easily obtained in MBE growth by using a rfThis is the first indication that those bands are not caused by
plasma as a source of nitrogen with much reduced N flonDAP-type transitions. Moreover, since these bands dominate
and by reducing the growth temperatﬁ‘l*%.The surface of in the high-resistivity GaN samplgsvith ny~ 10'° cm™ or
the samples grown under such conditions is often coverelitss at room temperatyrethe equilibrium concentration of
with Ga droplets, and the samples are usually highlyelectrons at shallow donors is negligible, while the DAP tran-
resistive?®*" most likely due to self-compensation. The ex- sitions involving deep donors are usually characterized with
citon emission is usually very weak in these samples, whilesery large shift of the PL band with the excitation intenéf"ty.
two characteristic PL bands often dominate the visible part oHofmannet al**° also observed no shift of the red band with
the low-temperature PL spectrum in such samples: a red maximum at 1.8 eV in GaN layers grown by MBE. How-
band peaking at about 1.8—-1.9 eV and a green band with aver, those authors assumed that this band results from the

1. Effect of excitation intensity
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FIG. 51. PL spectra of the Ga-rich GaN laysample svt591lat different
temperatures.

long lifetimes of the RL2 and GL2 are responsible for their
saturation at relatively low excitation intensities.

DAP-type transitions involving deep donors and deep accep-
tors. The intensities of the RL2 and GL2 bands saturate at
extremely low excitation intensities, which represent a devia=2. Effect of temperature

tion from the behavior of the majority of PL bands in GaN.

The main difference of the RL2 and GL2 bands in Ga-

Figure 50 shows the variation of the QE of these bands Wm?ich GaN grown by low-temperature MBE from their color
excitation density. While the PL intensity of these bands is«yins” in GaN grown by HVPE lies in their behavior with

linear in the low-excitation regime up te 10°% W/cn?, at

temperature. Both the RL2 and GL2 bands quench at tem-

higher excitation densities the intensities of both PL bandperatures above 100 K, and nearly disappear at room tem-
saturate, and their QE gradually decreases. In contrast, theerature, as displayed in Fig. 51, whereas the intensities of
intensity of the exciton emission increases superlinearly, athe RL, YL, and GL bands in HVPE and MOCVD and
least forPe,.> 101 W/cn?, giving rise to increasing QE, as N—rich-MBE (_BaN are nearly independent.of temperature. An
shown in Fig. 50. The superlinear increase of the excitorincrease of intensity of the RL2 band in the temperature
ecinn - - - ety range of 10-60 K has been reporteéd**°Hofmannet al*>°
emission is consistent with the high resistivity of the ana- : .

lyzed samples, where a bimolecular process is expected f
the near-band-edge emission. As shown in Sec. IV F 3, very
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sumed that the RL2 band is due to transitions from a deep
onor to a deep acceptor, and thermal release of electrons
rom the shallow donors to the conductance band followed
by their capture by deep donors enhanced the RL2 band. We
proposed earlier that the enhancement of the RL2 band could
indicate the presence of a potential barrier in the excited state
of the defect!” however, now we revise that proposal. Care-
ful measurementst very low excitation intensitieshowed

no increase in the intensity of the RL2 band in the tempera-
ture range of 10-60 K. The reason for the PL intensity in-
crease reported in Ref. 117 was the fast variation of the RL2
lifetime at temperatures below 60 (see Sec. IVF B The
saturation of the RL2 band at 10 K begins at much lower
excitation intensities as compared to that for 60 K. There-
fore, an increase of the PL intensity with heating the sample
from 10 to 60 K observed in Ref. 117 is artificial and caused
by the choice of the excitation intensity which is not suitable.
The GL2 band is independent of temperature between 15 and
100 K because its lifetime is nearly constant in this tempera-
ture rangegSec. IV F 3.

Above 100 K, the bands thermally quench, as depicted

in Fig. 52172°%In several samples, the quenching activation

FIG. 50. Variation of quantum efficiency of the RL2, GL2, and exciton €N€rgy Ex_was estimated from a fit to the following

emission bands in the Ga-rich GaN layer with an excitation density at 15 Kexpressio

r.'fSl
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FIG. 52. PL intensity(in log scale vs inverse temperature for the RL2 and
GL2 bands. The solid lines are calculated curves using(82). with the
activation energy(E,) of 115 meV (1) and 100 meV(2) for the RL2 and
GL2 bands, respectively.

FIG. 54. Temperature dependence of the FWHM of the RL2 and GL2 bands
in Ga-rich GaN. The curves are fit by E6) with the following param-
eters:W(0)=250 meV andiwg=23 meV (GL2); W(0)=300 meV andiwg

=33 meV(RL2).

IPL(o)
IPt= BV (32) Il C. In the simplest case, the electronic state interacts with
1+Cexp<— —A> a single localized vibrational mode of frequeney. The
kT maximum of the PL band is observed at a photon energy

equal to the difference between the adiabatic potentials for

whereC is a constant, and the values of 115+10 meV for they,q ground and excited states as characterized by transition
RL2 band and 120+20 meV for the GL2 band has been deap iy Figs. 11 and 12. Due to the zero-level oscillations of

duced. , _ the defect and large shift of the adiabatic potentials, the PL
The GL2 band shifted to a higher energy by about 10-34,5,4 has a relatively large width even at zero temperature.

meV with increasing temperature from 10 to 200 K, while \y;, jncreasing temperature, the higher phonon states of the
the position of the RL2 band remained nearly unchanged iR, iiteq state are occupied and the width of the PL band

this temperature range, as displayed in Fig. 53. Th‘?ncreases in accordance with H@6).
temperature-induced shift, opposite to the shift of the band The temperature-induced variations of the FWHM of the
gap (which decreases by about 30 meV in this temperaturgy) » and GL2 bands are shown in Fig. 54. From the fit of the
range, is typical for defects with strong electron-phonon experimental data by Eq26), the energy of the averaged
coupling” and can be quantified by Eq28) if the local phonon mode in the excited stafayt, is estimated to be 33
phonon energies are known. _ _meV for the RL2 band and 23 meV for the GL2 band. The
The PL spectrum and the temperature-induced behaviQgyes off;w¢ are much smaller than the LO phonon energy
of PL for defects with strong electron-phonon coupling canyt 91 meyv and are attributed to the local vibrational modes
be described in terms of the CC motiéf” discussed in Sec. o he defects. Note also that these values are much smaller
than those for other broad PL bands in undoped &&Nve
A M B o s can approximately estimate the strength of the electron-
[ ] phonon coupling by assuming for simplicity that the vibra-

24 ',,x,x,xgx!xﬁ"":”“"’(‘ N E tional frequencies in the ground and excited states are the
T 3 same?’ Indeed, forkwg=fiwd=fiwy andS,;=Sum=S, one can

=~ s e GL2 (sv1369) ] find from Eq.(26), with parameters listed in the caption of
L 22} 4 GL2 (svt385) g Fig. 54, thatS~ 20 for both bands. This value indicates that
s E x GL2 (svt410) ] the electron-phonon coupling for the studied defects is very
E - o RL-2 (svt3895) E strong (S>1), a feature which is also confirmed by nearly
e oL o RL2 (s"ti’g;) 3 Gaussian shape of the bands. More information can be ex-
% b v RL2(sv409) tracted from the analysis of transient PL which is the topic of
& . N . PO discussion below.

A
1.8 L vV 8 v 9.V F —: .
o O c "o o 3 3. Time-resolved PL

500 250 300 The transient behavior of the GL2 and RL2 bands differs
from those for the GL, YL, BL, and UVL bands discussed in
Secs. IVA5,IVB3,IVC 2, and IV D 2. During time inter-
FIG. 53. Temperature dependence of the peak position of the RL2 and GLYalS between 2 and 508, the RL2 agzd GL2 bands do not
bands in Ga-rich GaN. shift within the accuracy of-10 meV?>? Both bands decay

NI PRSP EPUERrT
0 50 100 150
Temperature (K)
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exponentially, at least in the range between 20 and40@t

shorter times faster background largely contributes and dis- r  PL band (sample) 1
torts the spectrum. The absence of a noticeable shift with 10°L ¢ RL2 (s"‘i%) 3
delay time and exponential decay indicate that the DAP na- - : 2 gt'g ((::ttuo)) . ]
ture of these bands is very unlikely. The characteristic life- =2 [ 4 GL-2 (svi369) L ]
time for the GL2 band(about 0.25 myis invariant with 3 2 ] f ]
increasing temperature from 15 to 100 K or excitation inten- g 10 3 ~ 2
sity from 10 to 10'° electron-hole pairs per pulse per cubic 2 A
centimeter. In contrast, the lifetime of RL2 band decreases 2 L ,} LA

almost two orders of magnitudérom 110 to 2pus) with -g T - & __
. . o - E Ay AAA LA l“ 1
increasing temperature from 15 to 100 K, and it increases by ; s e )
about a factor of 1.5 when the excitation intensity is reduced & P37 R et ]
by a factor of 100 at 15 K. Note that while the lifetime of the -

RL2 band substantially decreased in the temperature range of 10° Lo b
15-100 K, its integrated intensity after each pulse remained 26 28 3 32 34 36
nearly unchanged in this temperature range due to an in- Photon Energy (eV)

crease in the peak intensity in the PL decay curve. This be-
havior is Comp|ete|y different from the transformation of the FIG. 55_. PLE spectra_at 15 K for the RL2 and GL2 bands in Ga-rich GaN.
The points are experimental data. Curve 1 represents a part of the PLE

PL decay due to escape of a hole to the valence band Whes ectrum for the RL2 band in the sample svt591 measured with excitation

the peak intensity remains unchanged and only the lifetim@y xe lamp. Curve 2 is the PLE spectrum of the sample svt369 at 295 K and

varies with the activation energy corresponding to the ion+epresents the noise signal. Curves 3 and 4 are calculated Gaussians with

ization energy of the bound ho[eee Eq.(22)]. Such a be- maxima at 3.10 e\3) and 3.38 eM(4) and FWHM of 372 me\(3), and 204
L . meV (4). Reprinted with permission from Reshchiket al, Mater. Res.

hawqr |nd|cat§s that the (l:ap.ture cross section for el'ectrongoc' Symp. Proc680, E5.6(2001.

on this center increases with Increasing temperature since the

capture cross section is inversely proportional to the PL

lifetime ®” Nearly exponential increase of the capture cross> Origin and model of the GL2 and RL2 bands

section is expected for repulsive multiply charged cerftéfs. An analysis of the peak position with excitation intensity
We may expect the following temperature dependence of thgnq with delay time in transient PL may reveal whether the

PL lifetime #(T) in this case: transition is of the DAP nature or not. In particular, DAPs

213 T, )\ 3 involving deep donors are characterized by an enormous
) exi?) , (33)  shift of the PL band with excitation intensity when the latter
is varied in a wide rang%z. The absence of noticeable shift of

where T, is the effective temperature characteristic of theth® RL2 and GL2 bands with excitation intensity or with

material and the centét>?>* The experimental data were delay time, and nearly exponential decay of the PL intensity
fitted by Eq.(33) in Ref. 252, andkT,=2.5 eV has been N @ wide time window, allows us to conclude that these
obtained. A similar temperature dependence of the lifetimdransitions are not DAP type. The intense RL2 and GL2

has been reported earlier for the capture of electrons by thgands, exhibiting slow exponential decay, cannot be attrib-
doubly charged center Agin Ge?>® uted to transitions from the conduction band to the defect

level or from the defect level to the valence band as well,
since in high-resistivity GaN, free nonequilibrium carriers
would be captured rapidly by other defects or form excitons
on a time scale of the order of T8 s. The only remaining
4. Resonant excitation of the GL2 and RL2 bands possibility is that RL2 and GL2 bands are due to internal
transitions in some defects. Gaussian shape of the bands in-
The PLE spectra of the RL2 and GL2 bands are showrlicates that in both cases the carrier is strongly localized at
in Fig. 559 The RL2 signal is very strong when it is excited the defect providing a strong electron-phonon coupling.
with below the band-gap energpote the very small thick- While discussing the type of possible transitions related
ness of the studied sample3he PLE spectrum can be de- to the studied defects, we should note that the observed val-
convolved into two Gaussian-like band&ig. 55. This  ues of activation energies for thermal quenching of the RL2
means that the adiabatic potential of the excited state of thand GL2 bandsabout 100-140 meNare surprisingly small.
associated defect has a complex shape and possibly contaifgpically, the activation energies in thermal quenching cor-
two minima. Above 100 K, the resonantly excited RL2 bandrespond to escape of nonequilibrium holesectron$ from
guenched with an activation energy of about 120-140 meMhe defect level to the valendeonduction band (see Sec.
very similar to the results obtained under the above-gap exl A 2). However, for defects with very strong electron-
citation. phonon coupling another mechanism of PL quenching is
In contrast to the RL2 and other bands in Gae Secs. more plausiblé>® This mechanism comprises nonradiative
IV A6 and IV B 2), the GL2 band lacks the resonant excita- recombination of carriers at the defect site followed by emis-
tion part in its PLE spectrunfor it cannot be distinguished sion of a large number of phonons. For defects with such a
from the noise levglat iwe < 3.2 eV (Fig. 55.%° guenching mechanism, most of the recombination processes

oT) = TO(T_O
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FIG. 57. PL spectra of undoped GaN samples grown by MOCVD on sap-
0 phire. T=200 K.
Generalized Coordinate

FIG. 56. An example of the CC diagram for the GL2 and RL2 bands iniMPlantation-induced na_-tive (_jefects, rather than being di-
Ga-rich GaN. Transition 1 corresponds to excitation of the e-h pair; transitectly related to the Mg impurity. Note that we observed the
tion 2 corresponds to capture of carrier by defect in its excited state an¢s|. 2 band in Mg-doped GaN grown by MBE in Ga-rich

relaxation of the lattice around the defect; PL involves emission of a photo e : - :
(vertical transition 3 and relaxation of the lattice followed by emission of rbondltlons’ along with the broadened UVL band described in

phonongtransition 4; thermal excitation of the defect up to crossover point Sec. VBS3.

(transition § results in nonradiative recombination with emission of many

phonons(transitions 6 and ¥ E, is the barrier height for the nonradiative

recombination. Zero-phonon energyfg=E,-E;. G. Other broad bands in undoped GaN

One of the less common PL features in undoped GaN is

occur nonradiatively even at cryogenic temperatures, so that rarely observed green PL band peaking at 2.5%%gince
the defects act as killers of the PL efficiency. The ratio of thethe properties of this band are different from those of the GL
radiative to nonradiative processes, at low temperatures band in high-purity GaN grown by HVPE and the GL2 band
may be roughly estimated utilizing the approximate expresin Ga-rich GaN grown by MBE, we label it GL3. The spec-
sion y=E,/E, (see Fig. 56°°° which givesy<7% for the trum of the GL3 band in comparison with the YL and BL
studied PL bands. Note that the radiative QE of the GL2 andbands is shown in Fig. 57. The quenching of this band at
RL2 bands varied from 0.05% to 0.5% in different samplestemperatures above 300 K with an activation energy of about
we investigated. Therefore, the defects that are involve®.58 eV is attributed to thermalization of holes from the ac-
could be very efficient in reducing the PL emission in Ga-ceptor level to the valence ban¥f. The GL3 band blue-
rich GaN. shifted by about 10 meV with increasing excitation density

We assume that defects responsible for the RL2 and GL&om 10 to 10 W/cn#, indicating that at low temperatures
bands are native defects or complexes related to excess Ghjs band apparently involves transitions from a shallow do-
presumably deep compensating acceptors. Indeed, theser to a deep acceptor. In contrast to the GL band in GaN
bands were observed only in high-resistivity Ga-rich samplegrown by HVPE, the intensity of the GL3 band increased
where the YL band, attributed to the Ga vacancy-related adinearly with excitation intensity. From the temperature de-
ceptor, disappeared. Gas a good candidate since it is pre- pendence of the peak positidRig. 44 and FWHM(Fig. 45
dicted to be a double acceptor with a large outward relaxef the GL3 band, the adiabatic parameters of the related deep
ation around it and with the energy level close to the middledefect have been evaluat&d.In particular, the ZPL energy
of the band gafisee Sec. Il B It is possible that the RL2 and the Huang—Rhys factor are 3.0+£0.05 eV and about 10
and/or GL2 band results from transitions from the excitedfor this PL band-®
state of this defect to the ground state. Alternatively some  In 1-2um-thick GaN layers grown by MBE on 5-10-
complex defects may be responsible for the PL bands digim-thick HVPE-GaN layers with underlying sapphire sub-
cussed in this section. strate, or on 20@m-thick GaN templates, we sometimes

Hofmann et al?*° apparently observed the RL2 band observed a broad band peaking at about 2.6 eV, see Fig. 58.
(and did not observe GL2 bandh the MBE-grown GaN For its aquamarine color, we refer this band as the aquama-
contaminated with oxygen and carbon in the uppermine luminescencé€AL) band®’ The AL band was observed
10'% cm™® range and suggested that,C, donors and in several samples grown at relatively low temperatures un-
VeOn Or VeSic, acceptors could be responsible for this der Ga-rich conditions. Often, the AL band appeared in the
band. Unfortunately, the conditions used during growth, sucliayers whose surfaces were covered with Ga droplets. How-
as Ga- or N-rich conditions, were not revealed. Skrommeever, removal of excess Ga from the surface did not affect
and Martine2® observed redat 1.73 eV and greerat 2.35  the AL band intensity, indicating its bulk origin. At low tem-
eV) bands after implanting Mg into GaN. We assume thatperatures, the AL band has a maximum at 2.55-2.56 eV and
these were the same RL2 and GL2 bands caused ke FWHM of 380-400 meV. With increasing temperature,



061301-47 M. A. Reshchikov and H. Morkog J. Appl. Phys. 97, 061301 (2005)

120 —r—————————————— H. Characteristics and identification of radiative

[ ——sviB44 (15 K) ] defects in undoped GaN

F - = svi857 (15K) R . .
100 1 & sviB44 (295K) ] There have been numerous reports regarding the optical

[ - V857 (205 K) /£ data on defects in undoped GaN, much of which are either

:; 80 - incomplete and/or perhaps compromised by artifacts induced
= r by experimental conditions such as high excitation intensity,
g. L
2 60 1 bad thermal contact between the sample and the sample
g : holder, lack of calibration of the spectral response, presence
= 40+ of other artifacts, etc. Consequently, we will quantify here
o : only the bands measured under the same experimental con-
20 ditions in our laboratory. The main characteristics of the PL

bands in undoped GaN, such as the radiative efficiency, peak
position, width, zero-phonon transition energy, typical life-
time, and activation energy, are given in Table Ill. Also tabu-
lated are the estimated capture coefficients for electrons and
FIG. 58. Normalized AL band in GaN films grown by MBE on i+  holes by the radiative acceptors where the estimates are pos-
HVPE layer(sample svt85rand on 20Q:m HVPE freestanding template ~ sjple. The hole-capture coefficients have been evaluated from
(sample svig4fat 15 and 295 K. the temperature dependence of the defect-related PL intensity
in its quenching region using Eq$)—(10) while accounting
the AL band broadens, and its maximum gradually shifts tdor the QE and PL lifetime. The electron-capture coefficients
higher energies with a total shift of 80-90 meV up to roomhave been evaluated from a TRPL study by using £0).
temperature(Fig. 58. Note that the band gap shrinks by Most of the PL bands are attributed to unintentionally
about 65 meV in this temperature range. The AL bandntroduced or native acceptors. In particular, the UVL band is
guenches at temperatures above 260 K with an activatiorelated to a shallow acceptor, the origin of which is still a
energy of about 0.5+0.1 eV. With increasing excitation den-opic of considerable debate. The shallow acceptor in ques-
sity from 10* to 10 W/cnf?, the AL band shifted to higher tion is Mgg,in Mg-doped or Mg-contaminated GaN, as will
energies by about 20 meV. The YL band could be detected ibe shown in Sec. V B 1. However, in undoped GaN the ac-
these samples only as a shoulder to the AL band at loveeptor in question may be $or Cy. The deeper acceptor
excitation intensities. Although the shape and the peak posiabout 0.34-0.4 eV above the valence baisdattributed to
tion of the AL band are close to the characteristics of the GLunintentionally introduced Zn impurit§see also Sec. V A)1
band in a freestanding GaN template and the GL3 band iThe YL and GL bands in high-quality GaN grown by HVPE
GaN layers grown by MOCVD, we distinguish these threeare attributed to the two charge stats- /- and —/0 of the
bands for their different characteristics, as described Vg Oy acceptor. In less pure sampl&;,-containing defects
above. bound to structural defects.qg., dislocationsmay contribute

2 25 3
Photon Energy (eV)

TABLE Ill. Parameters of the PL bands in undoped GaN analyzed in our laboratory.

PL Growth Q.E? Peak position FWHM ZPL Ea ch Winax Lifetime C, Gy
band method (%) (eV) (eV) (eV) ev) (K) (shH (ns) (em*s?)  (cmPs?
T (K) 15 300 15 300 15 15 360
UVL MBE, 10 3.26 3.26 022 130 %0 n.et 3 4x 1012 1x10°®

MOCVD,
HVPE
BL MOCVD, 20 2.88 2.86 0.34 0.38 3.100 0.40 200 710 n.e. 10 K108 9x 107
HVPE
YL MBE, 10 2.20-2.30 2.20-2.30 0.4-0.5 0.4-0.5 2.64 0.86 600° 1(.e. 400 X104 3x107
MOCVD
YL HVPE 2 2.22 0.58 n.e. 1500 %1018 3.3x107
GL HVPE 2 2.48 0.53 2.9-3.0 n.e. 3.5 X202 15x107
RL HVPE 0.1 1.85 0.5 ~2.2 ~1.3 n.e. 5000 X104
RL MBE 0.1 1.8-2.0 0.5 2.2-24 11-13
RL2 MBE 1 1.79-1.88 0.3 100 110 2
GL2 MBE 1 2.34-2.38 0.22-0.25 100 110 2
GL3 MOCVD 5 2.51 2.53 0.39 0.48 ~3.0 ~0.5 280
AL MBE on HVPE 10 2.56 2.63 0.38-0.41 0.47-0.5%2.9 ~0.6 260 n.e. 20 ~10°

*The highest QE at low temperature.

PCritical temperature above which the quenching takes place.
°At 300 K or atT,, whichever is smaller.

dn.e.=n0nexponenti:~,1l
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TABLE IV. Low-temperature parameters of the PL bands and related defects in doped GaN.

PL band Maximum ZPL Ea Selected
Dopant label (eV) (eV) (eV) Refs.

BL 2.88 3.100 0.40 199 and 267
7n GL 2.6 2.85 0.65+0.1 264

YL 2.2 2.48 1.02+0.05 264

RL 1.8 2.08 1.42+0.08 264

UVL 3.26 3.26 0.2 82, 199, and 312
Mg BL 2.7-3.0 ~3.0 0.2,0.4 56, 82, and 308

RL 1.7-1.8 309 and 354
c BL 3.0-3.05 136 and 376

RL 1.64 2.0£0.2 1.5+0.2 204
Be UVL 3.38 3.38 0.1 203, 382, and 383
Ca GL 2.5 2.8-29 0.6-0.7 202 and 387
Cd BL 2.8 2.937 0.56 202 and 388
Mn IR 1.27 1.6-1.8 1.8 396 and 393
Hg GL 2.43 ~2.7 0.8+£0.2 123
As GL 2.6 2.952 0.56 202 and 397
P BL 29 3.200 0.31 202 and 403

to the YL, as discussed in Sec. Il E. Note that the role of C inVg,Te,s acceptor responsible for the broad 1.2-eV band in
the YL band remains questionable. We assume that the-type GaAs’ Holes are captured very rapidly, in less than
deeper acceptor, responsible for the RL band, is also a com~1 ns, by the acceptors, while the PL lifetime is quite long
plex containingVg, A variety of the RL band positions in which ranges from microseconds to milliseconds. This ratio
GaN grown by MBE may reflect the influence of different determines the balance of carriers in undopeigpe GaN:
structural defects on this acceptor. Although the data regardhe lifetime of nonequilibrium holes is less than | ns, and the
ing the GL3 and AL bands are not exhaustive, it is clear fromcompetition for these holes dictates the quantum efficiency
the already available studies that these bands are due to traior each recombination channel.

sitions from shallow donor&t low temperaturesor the con-

duction bandat elevated temperatude® some deep accep- V. INTENTIONALLY INTRODUCED IMPURITIES AND

tors. Two PL bands in Ga-rich GaN grown at low NATIVE DEFECTS

temperature by MBE, namely, RL2 and GL2 bands, have

verv special properties and have been tentatively assianed to In this section we discuss the luminescence data related
Y sP prop Y 9 Eo impurities and native defects that are intentionally intro-

internal transitions in some deep defects. Probably, theuced or created in GaN. The main characteristics for the

quenching of these defects is not followed by the release YUminescence bands and related impurities in GaN in terms

e ion o momatain et et atsoraased) i peak posiion, measured or expectd enery posior
P f the zero-phonon transitions, and activation energy of the

Wl_th emission of a large number of phonons. These defectae]cects involved are summarized in Table IV.
might be native and related to excess of &ag., Gg or
some complex The exact microscopic origin of the defects
in undoped GaN is not yet clear and would be a subject o
future investigations. Doping of GaN with Zn results in semi-insulating mate-
The concentration of the dominant radiative acceptors imial with a room-temperature resistivity up to 2@ cm,
undoped GaN varies typically from 0cm™ (in the free-  which makes it attractive for high-power microwave devices
standing templat@sto about 167 cm™3 (in thin layers on  which require high-resistivity buffer layef8® Moreover,
sapphire substrateln the freestanding GaN templates from well before the conductivep-type GaN became available,
SAIT, the dominant acceptor ;. Oy complex at a density green and blue LEDs were fabricated by using insulating
of about(1-2) x 10* cm3. By using Eq.(15), we can to a  GaN:Zn?*°**°Note, however, that in the early stages of GaN
first order estimate that these samples also contain abogtrowth, doping with Zn often could not compensate uninten-
10'%, mid-10*, and~ 10 cmi 3 of acceptors responsible for tionally introduced shallow donors, so that GaN:Zn often
the UVL, BL, and RL bands, respectively. Large capture coremained degeneratetype 26262
efficients for holes and small capture coefficients for elec-  Monemaret al?**?** have established that Zn doping
trons support the assignment of the majority of the broad Plintroduces four acceptorlike centers in GaN responsible for
bands in undoped GaN to acceptors. The hole-capture coethe broad redRL), yellow (YL), green(GL), and blue lumi-
ficients are consistent with the theoretical values for the mulnescencéBL) bands peaking at about 1.8, 2.2, 2.6, and 2.9
tiply charged accepto@.SimiIar values of the hole-capture eV, respectively. Among those four peaks, the one receiving
coefficient (107—10°® cm®/s) have been obtained for the the most attention is the BL band with a characteristically

f\. Luminescence in Zn-doped GaN
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FIG. 59. Low-temperature PL spectrum of undoped and Zn-doped GaN

layers grown by HVPE on sapphire. The intensity is normalized at maxi-FIG. 60. Excitonic region of the low-temperature PL spectrum of undoped

mum of the BL band. and Zn-doped GaN layers grown by HVPE on sapphire. The intensity is
normalized at maximum of the ABE line.

very bright emission dominating the PL spectrum at moder- o ]

ate (<10 cm3) doping level£®12%3As will be shown be- localization energy of 23+1.5 meV with respect to the fhee
low, the BL band in Zn-doped GaN apparently has the sam&Xciton(Fig. 60.*%%°"***Scattered data for this value in the
origin as the BL in undoped GaN grown by MOCVD and literature(from 19 to 34 meV (Refs. 262 and 270are prob-
HVPE (see Sec. IV D. A word of caution is that this peak @bly related to broadening of the exciton lines in low-quality

should not be confused with the BL band in Mg-doped GaNncrystals. The Zn-related exciton lines, including phonon rep-
which is discussed in detail in Sec. VB 3. licas, are very strong in the Zn-doped layer, and their shape

and energy positions coincide with the corresponding lines in
undoped GaN. Note that an observation of the strong Zn-
related ABE lines in undoped GaN always correlates with the

The BL band in Zn-doped GaN has been observed irobservation of the strong BL band in these sampigs®®
degeneraten-type materiaf®* 2% as well as in insulating Although the BL band in Zn-doped GaN can be attributed
layers?45:258:259.261.263.26{|aqams et al?®2 reported that the with certainty to the same acceptor as that in undoped GaN
BL band maximum shifted from 2.91 to about 2.81 eV with (Sec. IV B), below we will present the main features of the
increasing Zn doping, presumably due to the presence dBL in Zn-doped GaN because high concentration of defects
several defects. In another study, the energy position of thand different positions of the Fermi level can affect the PL
BL band was nearly independent of the doping Ié9&lln  properties markedly.
moderately doped GaN sampl§Zn] <10 cm®) the BL a. Effect of temperaturé’he thermal quenching of the BL
band always appeared at 2.88+0.04eV at lowband inundopedGaN always takes place above 200 K with
temperature’®261:263265-26Ramarkably, the shape and en- an activation energy of about 340-380 meV. In sharp con-
ergy position of the BL band in lightly Zn-doped G4NZn]  trast, a wide variety of the activation energies and tempera-
<108 cmi™3) coincide with the parameters of the BL in un- ture ranges of the quenching can be found for BL in GaN:Zn.
doped GaNFig. 59.1992%5Even the fine structure observed In some Zn-doped samples, the BL band quenches above
in the best-quality crystals, including the zero-phonon line at~200 K with an activation energy of about 330
3.100 eV}99%%0%435 jdentical to the phonon-related structure meV2*12°%%’yet activation energies of about 130 mé&je-
in undoped GaN described in Sec. IV D 1. This observationduced from the data for the sample Zn-V in Fig. 15 of Ref.
as well as other arguments given below, strongly suggest363 and 640 meV(Ref. 267 have been also reported. In
that the BL in undoped and Zn-doped GaN have the samsome samples, the quenching of the BL band is negligible at
origin and caused most likely by Zn. room temperatufé®?**and even at 500 K'*

Another supporting evidence that the BL bands in un- A significantly different temperature behavior of the BL
doped and Zn-doped GaN samples have the same origin faband has been observed from two sides of the GaN:Zn layer
lows from the analysis of the excitonic part of the PL spec-([Zn] <10 cm™3) grown on sapphire by HVPE’ In con-
trum (Fig. 60). It is well known that excitons can be bound to trast with the insulating nature of the main part of the 10-
a Zn acceptotwhich is responsible for the BL bahdesult-  pm-thick GaN:Zn film(resistivity of ~10° 2 cm at 300 K,
ing in the acceptor-bound-excitdABE or A°X) emission at  the ~0.2-um-thick region close to the sapphire substrate was
about 3.46 eV, followed by strong LO phonon highly conductive(~3x 1072 ) cm), with an estimated con-
replicast®9200-242267=2"0rhe exact energy position of the centration of free electrons well above@nm32"? Since
ABE line is sample dependent in strained layers grown orthe PL signal is collected from a depth of about 100—-200 nm,
sapphire, whereas in strain-free GaN it is located at 3.455 ethe effect of Zn doping on GaN with large concentration of
and, in fact, represents a tripﬁ-f\"ﬁThe Zn-related ABE has a free electrons(backside and high-resistivity GaN(front

1. Blue luminescence band
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FIG. 61. PL spectra of high-resistivity Zn-doped GaN grown on sapphire
(front side at different temperatures. Excitation density is 0.1 W7cRe- . o »
printed with permission from Reshchikat al, Mater. Res. Soc. Symp. F_IG. 62.' L_ov_v-temperature PL spectra at different excitation |ntgn5|t|es from
Proc. 693 12.10 (2002. high-resistivity GaN:Zn layer grown by HVPE on sapphifeont side.

side could be compared by exciting and collecting the PLearly in the case of the degenerate GaN:Zn and increased
signal from either the top surface or the interfacial regionsuperlinearly (with a power 3/2 in the case of semi-
next to the substrate. A strong BL band dominated the Plinsulating GaN:Zn(Fig. 62.?°” This observation can be ex-
spectrum from both sides of the sample, although the energylained as follows: The intensity of the acceptor-related PL
position of the BL band from the backside was shifted todepends only on the concentration of photogenerated holes,
higher energies, presumably due to high concentration ofvhereas the exciton or near-band-edge emission intensity is
electrons in the degenerate near-interfacial layer. The depeproportional to product of photogenerated holes and free
dencies of PL intensity on temperature are quite different foelectron$’ In the degenerate-type layer, the concentration
two sides of the GaN layéP’ The dramatic decrease of in- of free electrons is independent of the excitation intensity up
tensity of BL in semi-insulating GaN:Zn, top surface, be-to sufficiently high excitation levels. In the insulating layer,
tween 200 and 260 K can be seen in comparison with théowever, the concentration of the free electrons increases
other PL bands in this sampl(€ig. 61). After quenching of  with excitation for all excitation levels employed. A very
the BL band afT>200 K, the RL band peaking at 1.8 eV broad near-band-edge emission peak extending well above
and the GL band peaking at 2.4 eV emerge. The large actthe band gap also confirms a high concentration of free elec-
vation energy for quenching of BI640 me\} when it is  trons in the interfacial layef’
observed from the front side contrasts a small activation en- The shift of the BL in undoped GaN with excitation
ergy of 250 meV for quenching of the BL band associatedntensity is very small, similar to the shift of the UVL band
with the backside. This is a very intriguing experimental ob-attributed to the DAP transitionéSec. IV D 1. In lightly
servation that needs to be explained when sufficient data a@n-doped GaN, a very similar shift has been established in
available. We have tentatively attributed the rapid quenchinghe samples exhibiting the BL band with a characteristic fine
to thermally activated transfer of the bound holes to somastructure**?°°In some investigations, the excitation inten-
associated nonradiative defects, the exact mechanism and thigy was reported not to affect the energy position of the BL
origin of which are uncle&®’ band in GaN:Zrf®*?"3In contrast, others reported a substan-
In spite of the shrinkage of the energy gap in GaN, thetial UV shift (about 50-70 meYin the insulating GaN:Zn
BL band with no substantial shift has been reported in somgamples when the excitation intensity was varied by more
publications with increasing temperature up to 300than a factor of 1§>**?®*and the dynamics of the shift was
K.261:283.285n other reports, even a shift to higher energiessample dependeff’ It was suggested that pinning of Zn
by about 50 meV has been reporf8&?°’ The invariance of acceptors to dislocations and the effect of the latter on the
the BL position with temperature is similar to the behavior orenergy levels of the acceptors cause the broadening and shift
the BL band in undoped Gal¥Fig. 44, whereas the shift to of the BL band in GaN:Z%?®" The results of annealing
higher energies could be related to a high concentration oféxperiments using the Zn-implanted GaN could also be ex-
defects or presence of potential fluctuations in Zn-dopegblained by assuming that Zn ions are gettered at
GaN. We will discuss possible reasons of the large shifts oflislocations’’* However, similar shifts of the BL band have
the BL band with temperature in Se¢.A 1 b after present- also been observed in nearly dislocation-free bulk GAN.
ing the effect of excitation intensity on this band. We suggest that the DAP-type recombination involving sev-
b. Effect of excitation intensitfthe intensity of the BL eral donors and the same Zn acceptor may be responsible for
band increased linearly with the excitation intensity over athe observed shifts. Indeed, in undoped GaN the Fermi level
wide rangez,al'zmwhereas the exciton emission increased lin-is close to the conduction band and the shallow donors are
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mostly filled with electrons at low temperatures. The prob-
ability of the DAP transition decreases exponentially for
deeper donors due to a smaller overlap of the electron and
hole wave functions. Note also the relatively high concentra-
tion of shallow donors in undoped GaN. Therefore, the con-
tribution to the BL band from deeper donors may be ne-
glected inn-type conductive GaN. In contrast, the shallow
donors may contribute much less due to their smaller occu-
pancy in semi-insulating GaN:Zn. The transitions from +
deeper donors are slower and, hence, with increasing excita- F > ’%
tion density the intensity of transitions involving the deeper ol 3 ]
donors would begin to saturate at relatively lower excitation 10 3 i 1354 ]
levels, causing a shift of the broad band with excitation in- F 1721 4]
tensity. Another manifestation of this effect is the shift of the 107 b il s
PL band with the delay time, as discussed below. 107 10°° 10° 10" 10°

c. Time-resolved PLTRPL studies have revealed a nearly Time (s)
exponential decay of the BL band in GaN:Zn with a lifetime
of about 300-400 n&>?*® which is independent of Zn FiG. 63. PL intensity decay of the Blat 2.9 eVf in undoped (1011,

doping?®? Slower decays have been observed in insulatingsi-doped(1721), and two Zn-doped560 and 139%GaN layers grown by

GaN:Zn.245’261'267Some of the experimental observations a _HVPE on sapphire. Note the logarithmic scales. Reprinted with permission
P . . P from Reshchikowet al, Mater. Res. Soc. Symp. Pro693 12.10 (2002.
pear unusual and need further explanation. According to Eq.

(20), the PL lifetime should be inversely proportional to the
electron concentration in-type GaN. In the semi-insulating up to 50 meV at 1Qus after the excitation pulse in semi-
material, however, the lifetime may be sensitive to the exciinsulating GaN:Zn. These shifts are consistent with the
tation intensity since the latter may affect the concentratiormodel that several donors with ionization energies up to
of electrons in the conduction band. However, the decay ofbout 100 meV contribute to the PL decay in high-resistivity
the BL in high-resistivity GaN:Zn did not change when the GaN:Zn. Note that the origin of the shift of the BL band with
excitation intensity was varied by a factor of 8" More-  excitation intensity is different in Zn- and Mg-doped GaN, as
over, similar lifetimes(300—-400 ns have been obtained for discussed in Sec. V B 3.
the conductiven-type GaN:Zn samples with the free-electron d. Resonant excitation and vibrational propertidone-
concentrations of ~10"8 cm™ (Ref. 266 and (1-6) mar et al®® investigated the BL band in Zn-doped GaN
X 101 cm3.%°2 Earlier, we suggested that BL in GaN:Zn in- under resonantbelow-band-gap excitation. In the PLE
volves transitions not from the conduction band but from thespectrum related to the BL band, a steep increase of the
excited state of the Zn-related defect, which would result in aoptical cross sectiofiabout four orders of magnitugidnas
lifetime independent of carrier concentration. However, nowbeen observed at photon energies between 3.0 and 3.25 eV.
it is firmly established that in undoped and lightly Zn-dopedThis PLE spectrum has been attributed to transitions from
GaN the BL band is caused by transitions from the shallowthe Zn-related acceptor to the conduction bafdwith the
donors(at low temperatuneand from the conduction band aid of an analysis of the absorption spectrum, Moneetar
(at elevated temperatude the Zn-related acceptor. More- al.?®* have also estimated the absolute value of the optical
over, in different semi-insulating GaN:Zn samples the decayross section for the BL band as approximately'§@nr.
of the BL is not identical, as displayed in Fig. 63. In this  Although Monemaret al?**%%* identified the type of
figure we also show, for comparison, the decay of the BLtransitions in GaN:Zn and thoroughly examined the role of
band in undoped and Si-doped GaN samples with concentréhe electron-phonon coupling in these transitions, their quan-
tion of the shallow donors of 810" and 3x 10" cm™, titative results regarding the vibrational characteristics need
respectively. The decays are nonexponential as it is expectead be revised in light of the recent data. It is well established
for the DAP recombination at low temperatures.rstype  that interaction with loca(~36 me\) and lattice(91 me\)
conductive material, the decay rate correlates with the conghonons is responsible for the characteristic fine structure of
centration of shallow donorg§see Sec. IlIB. In semi- the BL band in undoped and Zn-doped GHRI}**?The
insulating Zn-doped layers, the decay is distinctive for eacthigh-energy side of the BL band contains sharp peaks while
sample because the distribution of the shallow and not verthe low-energy side is structurele$sg. 42, similar to other
shallow donor states may be different in these sanfﬂFes. classical cases of the electron-phonon coupling in
Similar to the TRPL results on the BL band in undoped GaNsemiconductord’® The fine structure observed in Ref. 263
(Sec. IV D 2, the lifetime of BL in GaN:Zn decreases above may actually be some sort of artifact rather than the result of
~200 K with an activation energy of about 300—400 n?éYV, the electron-phonon coupling for the following reasofis:
consistent with Eq(22). The energy separation between peaks is 74+2 meV, which is
No shift in the BL band with delay time has been de-different from the known phonon modes in Gal¥i;) the
tected in degenerate GaN:Z#f.In contrast, Kharet al®®>  peaks at the low-energy side are better resolved than those at
observed a redshift of20 meV after 0.8s, as well as two the high-energy side, which contradicts the common
peaks in the TRPL spectrum. We also observed a redshift afbservations!®#7® (iii) the zero-phonon line is very broad
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(>100 meV}, which is contrary to the typical the presence of several Zn-related centers with closely
examples;*®27® and (iv) the fine structure is visible up to spaced energy levels but different saturation propefies.
room temperature whereas it usually disappears at relativelyhese broad bands could be selectively excited by photons
low temperatures. with energies below the band gap. From an analysis of the
e. ODMR and defect identificatioVhile PL studies are band shape, the RL, YL, and GL bands have been attributed
capable of revealing the type of transitions, and sometimet acceptors with estimated binding energies of 1.42+0.08,
the type of defects involveddonors, acceptors, singly or 1.02+0.05, and 0.65+0.08 eV, respectively?®* Monemar
multiply charged, the ODMR studies are able to establish et al®®® speculated that the RL, YL, and GL bands may
the symmetry and microscopic origin of defects. The result®riginate from the three charge states of the, Ztceptor.
of ODMR investigations involving the BL band in Zn-doped Boulou et al**® observed shifts of the BL, GL, and YL with
GaN have been reported in Refs. 277 and 278. In one ofxcitation intensity in GaN:Zn, as well as nonexponential
these studies Kunzet al?’’ detected two magnetic signals decay of these bands after pulsed excitation, and attributed
on the BL band in GaN:Zn. A weaker, nearly isotropic signalthese bands to distant DAP transitions. Linear polarization of
with g=1.95 has been attributed to the effective-mass shalthe GL band in electroluminescence has been reported and
low donor. A stronger signal withg;=1.9992) and g, attributed to superposition of polarized emission fromsZn
=1.9922) has been attributed to Zn acceptor. Thus, transiand Zn,.?®*We observed also persistent luminescence effects
tions from the shallow donor to the Zn-related acceptor afor the GL band in semi-insulating GaN:Zn.
low temperatures, as deduced earlier from the PL studies,
have been confirmed by the ODMR study of Kunegral.
Hai et al?’® also observed the above two signals associate§- Luminescence in Mg-doped GaN

with the BL band in GaN:Zn(with g,=1.951 and =2.012, Magnesium is the most critical impurity in GaN because
respectively. However, they have also detected a sigi@d it js the only dopant that enables one to obtain reproducible
beled as Ga-lrepresenting the characteristic fine structurep.type GaN. Although Mg, is a shallow acceptdf??*the

of a single Ga atom. The axial symmei®y, of this center  galy attempts with Mg doping were not successful for most
has been established from the angular dependence stuqﬁ@y two reasons(i) Hydrogen which is always present in
Fr(_)m these data, the Qa-l center has been a_ssigne(g to OCVD and HVPE growth passivates Mg by forming elec-
axial complex of Gawith another defect, possibly Z: trically and optically inactive complex&8 and (i) heavily
Note that the spectral dependence of the ODMR signal Ga-dgped GaN is notorious for self-compensatibhater it was

is consistent with the position and shape of the BL band inyetermined that passivation with H during growth is, in fact,
these samples. . favorable for obtaining high-conductivitp-type GaN. In-

It may be concluded that the BL band in undoped ancyeed, a lack of shift of the Fermi level towards the valence
Zn-doped GaN is caused by transitions from the shallow,ang due to H passivation facilitates incorporation of Mg, as
donors or the conduction-band electrons to the acceptor levgiscussed in Sec. 11 €0 Postgrowth treatments allow the
associated with Zn. However, the symmetry and exact Miggnversion of the high-resistivity as-grown GaN:Mg into

croscopic structure of this acceptor remain unknown. TheOCOnductivep type. Hydrogenated Mg can be activated by
retical calculations predict that Zgis an acceptor in wurtz- annealing at temperatures above 600 °C%8%2% py

; ; At ,279 !

ite GaN with an activation energy of 330-400 niéV: electron-beam irradiatiof?>**?or even by UV illumination

This value is consistent with the position of the ZPL of the 5 temperatures above 5002%®. In contrast, self-

BL at about 3.1 eV******%|t is possible that the acceptor compensation is a permanent effect and cannot be changed
responsible for the BL band is just €p while the Ga-1 by annealingper se In GaN:Mg grown by MOCVD, the
defect is indirectly involved in the recombination process,concentration of free holes at room temperature reaches its
but not necessarily in all samples. Hydrostatic pressure exnaximum value at about #cm for a Mg concentration
periments revealed that the shift of the BL band in Zn-dopegyf apout 3x 10° cmi3. and it decreases with further increase
GaN is similar to that of the GaN band gap with presstte. of Mg concentratior(l,:ig. 64).2%

This also confirms the model of transitions from the s not well established which levels are introduced by
conduction-band or shallow donors to the Zn-related accenyhich defects in GaN as a result of Mg doping. The only

tor. Assignment of the BL in Zn-doped GaN to the e-A or fimly established fact is that Mg doping efficiently intro-

contrasts the attribution of the BL band in Mg-doped GaN.qf —200 meV2872%8 Assumption that Mg doping introduces

The difference between these two models is discussed igptically active deep acceptdf&?262°%has not been con-

more detail in Sec. VB 3. firmed by experimental results which are presented below.
Instead, one or more compensating deep donors are formed
at high doping levels, affecting the optical properties of
Much less is known about other PL bands in GaN:Zn.GaN:Mg.56’82'172'190'294'300‘303'3%e origin of the compensat-
The RL, YL, and GL bands, peaking at 1.8, 2.2, and 2.6 eVjng donors is still a topic of considerable debate.
respectively, appeared and sometimes dominated in heavily A study of optical emission in Mg-doped GaN helps us
Zn-doped GaN®*?**All three bands are broad due to strong to understand the material properties and defect formation in
electron-phonon coupling. Large shifts of the YL band with p-type GaN. It is well established that upon low and moder-
excitation intensity and temperature have been attributed tate doping with Mg, a strong enhancement of the UVL band,

2. Green, yellow, and red luminescence bands
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FIG. 64. Room-temperature concentration of free holes in Mg-doped Gal\g
as determined from the Hall effect vs concentration of Mg obtained from
SIMS measurements. The solid line is a guide to the eye. Reprinted wit
permission from Oblolet al,, J. Cryst. Growth195 270(1998. Copyright
(1998 by Elsevier.

IG. 65. Low-temperaturg4.2 K) PL spectrum of a Mg-doped GaN
ample. Reprinted with permission from R. Stepnievedkal, Phys. Status
olidi B 210, 373(1998.

_ _ GaN3*3*2Those high-qualityp-type GaN layers with low
representing a relatively sharp peak at about 3.26 eV folgoncentration of Mg~ 10" cm3) have been grown on bulk
lowed by a few LO phonon replicas, takes GaN platelets. The near-band-edge spectrum contained a

lacel99201:295.298.305-304 5 certain doping level, the peaks i in®°
place: 30'3 30% ; p donor-bound-exciton lin®“X at 3.472 eV, a strong acceptor-
of the UVL band broaden, redshfft*>***and apparently pound-exciton line\’X at 3.467 eV, and a series of lines with
transform into a single structureless band peaking at aboytyyHM of the order of 1 meV. The latter has been attributed
3.2 eV ’9 ’ _’3 3983 urther, at cconcentrations of Mg to DAP transitions with different separatio(Big. 65. The
above 16° cm™ a broad BL band with a maximum at about energy positions of the DAP-related lines and their relative
2.7-2.9 eV emerges aggztggpslgﬂlg/ dominates the PL spectrufintensities remained unchanged versus Mg concentration.
of heavily doped GaN?*******%t was noted that, while with increasing temperature, th&X line and its phonon
the BL band emerges as the dominant transition, the holpepnca diminished at about 32 K, while the DAP-related
concentration saturates and decreases with further Mg dopines remained well resolved at least up to 38K The
ing, suggesting a self-compensation proéé’_%§everal In- transition energy for each DAP emission depends on the pair
vestigators also noted that potential fluctuations may be suliseparation due to the Coulomb interaction between ionized
stantial in heavily doped GaN and must be taken intocenters in the final state of the recombination process accord-
accounf’??9%:3% Potential fluctuations appear in highly ing to Eq.(29). The dependence of the DAP transition ener-
compensated or heavily doped semiconductors as a result gfes versus reciprocal DAP separation is a straight line, as
random distribution of charged impurities such as donors angnown in Fig. 66, which enables one to determine the static

1 . . . 1
acceptors® In an n-type material the potential fluctuations gielectric constants=9.6) and the sum of the isolated donor
are usually screened by free electrons. However, in heavilgng acceptor binding energi€296 me\j.>'? The analysis of
Mg-doped GaN having almost no equilibrium holes, espethe pair spectra revealed that donors and acceptors involved
cially at low temperature, one may expect significant potenin the DAP emission are located in different sublattices. It is
tial fluctuations. Existence of several types of deep donor?empting to identify them as Mg and Q,. With a well-

may further complicate the analysis of the PL data. determined binding energy of \0(33 meV),?* the Mgs,
Below we present an analysis of the Mg-doped GaN in

some detail. Ironically, several mechanisms, such as DAP

transitions, potential fluctuations, presence of several defect 3.40
levels in the band gap, and polarization effect in macrode- )
fects, may exhibit very similar behavior in the PL spectrum
of GaN:Mg. In Sec. V B 6, we discuss possible transitions ;3'35
and assignment of the main PL bands in Mg-doped GaN. 0,
53.30
1=
1. Ultraviolet luminescence band in lightly Mg-doped ‘_% 3.25
GaN )
The UVL band in Mg-doped GaN is very similar to the 3'28 ! L
UVL band in undoped GaN. This property may indicate that -00 0.05 A 0.10 0.15
different shallow acceptors, such as Ma@nd Sj;, manifest 1/Rn[ ]

themselves Slmllarly. n GaN' HOWGY.er’ the fine struc'_ture _OfFIG. 66. Variation of the energy of the DAP transitions vs the reciprocal
the UVL band_assomated with transitions betwe_en pairs WithhAp separation for the Mg, acceptor in GaN. Reprinted with permission
fixed separation has been observed only in Mg-dopedom R. Stepniewsket al, Phys. Status Solidi B210, 373 (1998.
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binding energy of about 260 meV can be deduced. Note that 2

even in the purest GaN crystalghich at present are free-

standing templates grown by SAIT, Kopeaith donor con-

centration of about X 10'® cm™3, the average separation in 1.5

DAP is about 200 A. Therefore, the Coulomb shift of about

60 meV is expectedFig. 66 for distant pairs forming a %

broad zero-phonon peak of the UVL band that is usually ; r

observed at about 3.26-2.27 eV in GaN. Note that the bind-

ing energy of Mg, determined from the energy position of 05 L

the e-A transition of the UVL band in lightly Mg-doped GaN )

(224 meV (Ref. 199 is also affected by the Coulomb inter-

action between shallow acceptors and ionized donors in 0 L i il T
GaN:Mg. 102 10" 10 10" 10" 107 10'®

The UVL band related to the Mg acceptor is the domi-

nant PL band in lightly and moderately doped GaN:Mg with
—3199,201,295,298,305-307,313

Mg concentrations below-10° cm FIG. 67 Expected tvoical itude of potential fluctuationspity
- . 67. Expected typical amplitude of potential fluctuationspitype
When the concentration of Mg becomes comparable to th%aN:Mg with the combined concentration of donors and accepltbrs

concentration of residual shallow donors, usually=1¢18 10! and 16°cm.
1010 cm ™3, Mg-doped GaN becomes semi-insulating.

Substantial potential fluctuations may arise in such a material
due to inhomogeneous distribution of charged defects and
low concentration of free carriers.

Concentration of free carriers (cni®)

ho=Ey- 2y, (36)

in the case of transitions from the conduction band to the
valence ban®**or by

2. Effect of potential fluctuations on PL hw=Eqg~(Ep+En) -2y, (37)

It is important to consider the effect of potential fluctua- in the case of DAP transitioris;"*'>**"**§vhere the param-

tions on the properties of Mg-doped GaN while interpretingeter y was estimated from Eq34). Equations(36) and(37)

the experimental results. Potential fluctuations originatingare obtained assuming that after excitation the photogener-
from the Poisson distribution of charged point defects play @ted electrons and holes relax quickly to the potential
very important role in the properties of Compensatedminima and maxima of the conduction band and the valence
semiconductor€* In Mg-doped GaN significant potential band, respectivelyFig. 68. Then they recombine with the
fluctuations are expected because the concentration of frg@obability determined by the degree of overlap of the wave
carriers is usually too small to screen them. In the limit of afunctions of the recombining carrief$**°In the case of the
high degree of compensation, the amplitudand sizer of DAP recombination, the photogenerated carriers are first

a typical potential fluctuation can be expressett as captured by donors and acceptors, resulting in an additional
terms in Eq.(37). In both cases, the spatial separation of the

e NZB - . o o .
_%/ (34) recombining carriers results in diagonal transitions with re-

3 duced energy and slower dynamics. Increasing the excitation
" intensity flattens the potential fluctuations according to Eq.
re=N"°p2?, (35  (34), and the PL bands shift to higher photon energies, ap-
_ . . , proaching the shape and position ascribed to uncompensated
=N, + - ;
whereN;=N, +Np is the combined concentration of accep cemiconductofO82316319 ¢ to1 o e above argu-

tors and donors ang is the con_centratlon of free carriers. ments that Eqs(36) and (37) can be used only when the
The other parameters have their usual meanings. As can be : _
. . . . wave function of at least one carrier is large enough, namely,
seen from Fig. 67, the typical fluctuation amplitude can be o . :
. . .. comparable to the spatial size of potential fluctuations.
very large in Mg-doped GaN, commonly characterized with
N;=10°-10° and having concentration of free holes less
than 138 cm™ at room temperature. With decreasing tem-
perature, the potential fluctuation amplitude and size dra-
matically increase due to strong temperature dependence of
the free hole concentration. Evidently the increase of the
amplitude is limited by the band-gap energy because the
screening increases with the Fermi level approaching the va-
lence and conduction bands at the extreme points. -
The effect of potential fluctuations on PL in compen-

sated semiconductors has been studied within the framework _ _ _

of the above concept both theoreticﬁ?ly and FIG. 68. Schematic representation of bands and qlgfect levels in the presence
. 2,314-3201 . of long-range potential fluctuations under conditions of PL. The arrows

eXpe”menta”)?- he energy of the emission has beeniygicate diagonal transitions resulting in redshifted PL bands. Photogener-

simulated by the following expression: ated electrons and holes are shown as filled and empty circles, respectively.

I dmege
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10 ——rrrem— e — semiconductor with potential fluctuations may resemble that
] of the DAP transitions. In particular, the PL decay becomes
sl - slow and nonexponential in compensated semiconductors
due to spatial localization of carriet®>* In the case of
potential fluctuations the PL bands are blurred and shifted to
lower energies for low excitation intensities because the tran-
sitions are diagonal, as shown in Fig. 68. In the case of DAP
transitions the PL band also has the lowest energy at low
excitation intensity when the most distant pairs essentially
contribute to the PL spectrum. With increasing excitation in-

29/, {(meV/nm)
(=]

1 10" cm™ tensity, the bands in a compensated semiconductor shift to
0 ” ” " "16 '" 18 higher photon energies due to screening of the potential fluc-
107 107 10~ 10" 10" 10 tuations by photogenerated carriers. Similarly, the DAP
Concentration of free carriers (cm~) bands shift to higher photon energies with increasing excita-

tion intensity. However, in the DAP case the origin for the
FIG. 69. Estimated average slope of potentials in compenspge  shift lies in the saturation of the PL emission from distant
Si‘o'\'lngol‘éV':'nJhleéocgnTg'”Ed concentration of donors and acceptars Niairs The distant pairs contribute at lower photon energies

Y ' due to a weaker Coulomb interaction as compared to the

close pairs that contribute at higher energies due to a stronger

In the case of giant potential fluctuations in GaN:Mg, aCoulomb interaction. The transitions between distant pairs
sizable portion of free carriers would be captured by donorsire relatively slow due to a smaller overlap of the carriers’
and acceptors before they thermalize to the potential minimwave functions, which result in earlier saturation with in-
or maxima. The broadening and shift to lower photon enercreasing excitation intensity. In spite of the apparent similar-
gies at low excitation intensities would be governed by thety of PL behavior in the two aforementioned cases, there is
ratio between the wave-function size and the slope of thén important difference. In the DAP transitions the undis-
potential at a particular point. The larger this ratio, the largeitorted positions of the defect levels correspond to the limit of
the broadening and the shift would be. The average slope dpw excitation intensity when the Coulomb interaction ap-
the potential, 3/r,, calculated from Eqs(34) and (35) for ~ proaches zero. In the case of potential fluctuations, the un-
typical concentration of defects and free carriers in GaN:Mgdistorted positions of the defect levels correspond to the limit
in PL experiments is shown in Fig. 69. Special attention musef high excitation intensity when the potential fluctuations
be paid to the following two feature§) The potential slope Vanish due to screening by photogenerated carriers. The
is typically very small so that the wave-function size of the DAP transitions in a compensated semiconductor may ex-
order of 1 nm or less can hard|y cause any br()adening anﬂibit effects due to both potential fluctuations and the Cou-
shift of the PL bands more than 10 meV due to potentialomb interaction in which case the analysis becomes more
fluctuations.(ii) The slope of the potentidhcreaseswith ~ complicated. Serendipitously, there is one particular case in
increasing carrier concentration, i.e., with increasing excitawhich the role of potential fluctuations and the effect of the
tion intensity. This means that with increasing excitation in-Coulomb interaction can be clearly separated. This is the
tensity, we would expect the shift of the PL bands not tocase of the DAP transitions involving deep donors in
higher but to lower photon energies, unless the waveGaN:Mg.
function and fluctuation sizes are comparable. However, in Deep donors and the Mg acceptor in GaN have high
all reports on the BL in GaN:Mg, increasing excitation inten-localization of the bound carrieréhe Bohr radius is less
sity resulted in shifts only to higher energies. The questiorfhan 1 nm for both As a result, the transitions between such
then arises whether there are no potential fluctuations if€ep donors and the Mgacceptor become efficient only at
GaN:Mg or the aforementioned concept is inapplicable. Thdigh concentrations of the donors and acceptossially well
concept of the long-range potential fluctuations, develope@bove 16°cm™) when the overlap between the carriers’
by Shklovskii and Efro¥ is well validated, but in the case of Wave functions becomes significant. The average separation
wide-band-gap semiconductors with relatively deep defect? Pairs,Ry, can be estimated S
levels _it can only be used for a qualitati_ve interpretation. It is R, = (27NN, (38)
most likely that the short-range potential fluctuatfis re-
sulting in transitions between local minima and maxima playwhich results inR,,=12—25 A for typical concentrations of
a more important role in the broadening and shifts of the PLMg acceptor (10'%-10%° cm™3) in GaN:Mg. The potential
bands in GaN:Mg. Moreover, the effects caused by potentiadlrop over such distances due to the long-range potential fluc-
fluctuations and the DAP nature of transitions are very simituations does not exceed 4—7 meV for typical excitation in-
lar, as will be discussed in more detail below. tensities below 10 W/cfcorresponding to a photogener-

It is very difficult to distinguish the DAP transitions and ated free-carrier density of at most'¢@m=. This is the
transitions between carrie(Bee or boungthat are localized upper limit of the contribution of the potential fluctuations to
by potential fluctuations. The electrons inside the potentiathe broadening of the PL band. Note that the shifts related to
valleys and holes inside potential hills are spatially localizedthe screening of the potential fluctuations would be even
resembling point defects. Therefore, the signatures of PL in amaller since the transitions with smaller and higher energies
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would have almost the same probability. In sharp contrastsamples, drastically decreased after annealing 4roiNO,,
the shifts due to Coulomb interaction in such pairs can béut it slightly increased after annealing in the,Nj
enormoug?** According to Eq.(29), the saturation of dis- atmospheré? In a control experiment aimed at the UVL
tant pairs, separated by about 25 A, with excitation intensitypand in Si-doped GaN, the intensity of that band remained
and the resultant predominance of close pairs with a separ@early unchanged after annealing in all the aforementioned
tion of less than 10 A would cause shifts to higher energiesitmospheres. This observation led Gelhaueteai *2° to con-
by a figure exceeding 100 meV. The shift can be amplified bytjude that the shallow donors have different origin in Mg-
the presence of several deep-level defects, howeveriori  and Si-doped GaN. While the Si doping introduces a stable
it is not known which DAP transition would saturate first. In SiGa donor' dop|ng with Mg in hydrogen atmosphere may
contrast to the deep DAP transitions, the PL bands related tgsyit in the formation of th&/y-H complex, assumed to be
the DAP transitions involving shallow donors in GaN can g shallow dond¥ that can dissociate during thermal anneal-
experience relatively large shifts due to potential quctuations’fng in a hydrogen-free atmosphéf8. Shahedipour and
(since the wave function of the electron bound to the shallowyesseld® also observed a decrease of the UVL band inten-
donor is large as compared to the shifts due to Coulombsity (up to a factor of 10D after annealing the Mg-doped
interacéizon(limited by the ionization energy of the shallow GaN at 650 °C in a nitrogen ambient. The BL band markedly
dono. enhanced and replaced the UVL band after annealing. Inter-
. . estingly, the sample grown in a hydrogen-free atmosphere
zgqxpggdGiﬁvba”ds in compensated and heavily (with only the nitrogen carrier gagxhibited only the UVL
band before as well as after thermal annealing in The
In addition to the UVL band, which transforms into a authors of Ref. 303 explained their findings on the premise
structureless band at about 3.2 eV, the PL spectrum of thgat H andVyH are the shallow and deep donors in the
heavily Mg-doped GaN usually contains the BL band, thepmg-doped GaN that are responsible for the UVL and BL,
energy position of which is sensitive to the growth and ex-respectively. It was suggested that while isolated hydrogen is
perimental conditi_ons. Le_zss common are reports about thgsmoved by annealing, thé,H complex is formed. In criti-
YL and RL bands in heavily Mg-doped GaN. The features of¢ism of that premise, we should note that isolated hydrogen
this type of material are considered in detail below. is not expected to be a shallow donor in GaN, and diffusion

a. Effects of growth conditions and annealiiie p-type ot 5 hydrogen atom towardé, is a highly unlikely process
GaN grown by MOCVD requires a postgrowth treatment for g, jn g thermal annealind. It is possible also that it is not

activating the Mg, acceptor. The BL band appears in the PLihe hydrogen-free atmosphere but the N-rich conditions that

spectrum of GaN:Mg only for high concentrations of Mg, revent the appearance of the BL band that may be related to
typically above 16° cm 356304308323 1though the BL band E)/N or theVN—rF()eﬁ)ated defects such a&Mge y
-

shifts wnh excitation intensity by up to 0.2 elsee Sec. In GaN:Mg grown by MBE, the postgrowth annealing is
V B 3 b), it should not be confused with a broad UVL band - .

eaking at about 3.2 eV in heavily Ma-doped GaN sam Iesnot necessary for obtaining conductipetype GaN (Refs.
b 9 ’ Y N azg P€S997 and 32Bunless hydrogen is present in the growth cham-

since these two bands often coexf&t’*324 297 .
Annealing at temperatures above 600 °C commonly con.per' Myounget al""" reported a broad emission band peak-

verts the MOCVD-grown GaN:Mg from high-resistive to ing at 3.18 eV in the MBE-grown GaN:Mg. With increasing

p-type conductivity. However, the effect of annealing on PI_measurement temperature, this PL band quenched and the

; : o BL band could be detected at room temperature. Lemiux
is not as straightforward as the conductivity. Early reports
d Y 4 F? al.* also observed the predominance of the UVL band in

suggested that while the resistivity of GaN:Mg drastically _ X
drops after annealing temperature is increased abovtYP€ GaN:Mg grown by MBE in contrast to the annealed

~500 °C and remains unchanged for annealing temperaturd3@N:Mg grown by MOCVD where the BL band dominated.
between 700 and 1000 °C, the intensity of the BL band peln another investigatiof?* the PL spectrum of the heavily
comes very strong only after annealing at an optimal temMg-doped MBE-grown GaN contained the UVL band but
perature(about 700 °C. Sheuet al2%8 also reported on the the BL band was barely resolved. This is in contrast with the
substantial increase of the BL intensity after annealing at aMOCVD-grown GaN:Mg where the BL band dominated in
optimal temperature, which in their case was 750 °C. Rethe cases of heavy Mg dopirig’ Alves et al*** attributed
markably, annealing in Njjambient at temperatures above the BL band to transitions from théy donor to the Mg,
400 °C resulted in a significant decrease of the BL intensityacceptor and argued that in the MOCVD growtl is abun-
and a drastic increase of the resistiVitfhe changes were dantly formed via the/yH complex which dissociates after
reversible with a change in the annealing ambient gas fronthermal annealing. The formation of the isolatéd is less
NH; to N,. Nakamura and Fosblconcluded that the BL favorable; therefore, in hydrogen-free MBE growth the con-
band is related to Mg, while passivation of GaN:Mg with centration ofVy is lower.
hydrogen is responsible for the decrease of its intensity when We observed both the BL and UVL bands in GaN:Mg
the annealing is performed in NH grown by plasma-assisted MBE method. Typically the BL
Annealing of moderately Mg-doped GaN grown by band dominates near the low-excitation limit, while the UVL
MOCVD in three different atmospherefN,, O, and band almost always dominates near the high excitation limit,
H,N,(5:95] revealed that the intensity of the UVL band, as displayed in Fig. 70. At high excitation levels a relatively
dominating the low-temperature CL spectrum in thesesharp line also appeared at about 3.45 eV which is attributed
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FIG. 70. Low-temperature PL spectrum of GaN:Mg grown by MBE at

different excitation intensities. Note the gradual shift of the BL from 2.85 to
~2.95 eV with increasing excitation density up to 0.3 W #cabove which
the UVL band and thé\’X line at 3.45 eV emerge with roughly quadratic
dependence of their intensities on the excitation density.

FIG. 71. Low-temperature PL spectra of semi-insulating GaN:Mg sample at
different excitation intensities. Reprinted with permission from Reshchikov
et al, Phys. Rev. B59, 13176(1999. Copyright(1999 by the American
Physical Society.

to recombination of excitons bound to neutral Maccep- photogenerated carriers.
tors. The effect of excitation intensity on the PL spectrum in ~ While the UVL band in GaN:Mg shifted notably with

Mg-doped GaN is discussed in detail below. excitation intensity only in selected sampféshe significant
b. Effect of excitation intensitin heavily Mg-doped GaN, shift of the BL band, typically of the order of 0.1 eV, has
large shifts of the PL bands with excitation intensity arebeen observed as its characteristic

. — 5
Commonly repoI.te(‘it-i,82,294,297 299,304,306 309,322,327,3%80me_ feature’

times the moving band was clearly detected as a single bandpproximately 0.2 eV have been reported in investigations
However, often times one cannot exclude a superposition oihere the excitation intensity changed several orders of mag-

6,82,294,296—300,304,307—310,322,323,329,§’1q”:tS as hlgh as

several bands in a continuous shift. nitude, as depicted in Fig. 7204310322\ hjle nearly all
The UVL band displaying the characteristic LO phonon
replicas was found to redshift and broaden with decreasing —— T T T T T T

excitation intensity. Dewsnigt al?%® reported that with in-
creasing concentration of Mg from >310Y to 7

X 10'8 cm2 the extent of blueshift of the UVL band in GaN
varied from 10 to 44 meV while the excitation intensity in-
creased by a factor of 100. Figure 71 shows another example
where the zero-phonon peak shifts from 3.27 to 3.22 eV with
decreasing excitation intensity X210* times® From the
characteristic shape, the UVL band is obviously caused by
transitions from the shallow donofsr the conduction band

to the shallow acceptors. Since the shift due to Coulomb
interaction in DAP cannot exceed the activation energy of
the shallow donor&® we regard the large shiftabout 50
meV) as a manifestation of potential fluctuatidtidn some
GaN:Mg samples, the UVL band appears as a structureless
broad band peaking at about 3.1-3.2°&%729°297:303y10st
probably, the origin of this band is the same as the UVL band
with the characteristic LO phonon replicd?**and the 24 26 2.8 3 3.2 3.4
broadness is caused by potential fluctuatinmdeed, the Photon Energy (eV)

shape of the band gradually transformed into the character- - _

istic shape of the UVL band with LO phonon replicas as the"!G- 72. Low-temperature PL spectra of semi-insulating GaN:Mg sample at

L. . L éé . . . different excitation intensities. Reprinted with permission from Reshchikov
excitation intensity increases.This effect is attributed t0 ¢ 4, phys. Rev. B59, 13176(1999. Copyright(1999 by the American

flattening of the potential fluctuations due to screening byPhysical Society.
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researchers who investigated the effect of the excitation intherein, revealing thg-type conductivity. However, invok-
tensity on the BL band attributed the BL band to transitionsing the concept of long-range potential fluctuations can eas-
from a deep donor to the shallow Mgacceptor, a contro- ily remove the discrepancy. The potential fluctuations divide
versy still remains about that assignment for the giant shiftthe sample into areas where the Macceptor is filled with
Most researchers propose that the Coulomb interaction in thieoles (in the hills and empty of holegin the valleys in
DAP is responsible for the shift in the BL dark, as shown in Fig. 68. Photogenerated electrons that are
bang82294:298.304.308.322.33Q hije others point to potential captured by the shallow donors can escape to the conduction
fluctuations as the main reason for the shift>’°As dis-  band since their activation energy is not too lafgessibility
cussed in Sec. VB 2, the strong Coulomb interaction beeof diagonal transitions leading to long carrier lifetimes en-
tween the deep-level DAP in heavily doped GaN alone carhances this probabilijy After multiple capture and thermal
explain the giant shifts of this band, whereas the potentiatelease, the electrons would be collected at the shallow donor
fluctuations perhaps play only a secondary role which can bstates in the valleys where there are no equilibrium holes.
negligible. Note that a good quantitative agreement betweeRecombination of the electrons from the shallow donors with
the BL band position and the room-temperature hole concerphotogenerated holes at the shallow acceptors in these areas
tration once obtained within the model of potential of the sample may be responsible for the quadrHiR;,.)
fluctuation§'®is apparently just a coincidence. In reality, the dependence of the UVL intensity. In contrast, electrons cap-
average size of the potential fluctuations in the analyzedured by deep donors cannot be thermally releaskes to
GaN:Mg is about 100 nm at room temperature which drathe larger activation energy and smaller size of the electron
matically increases as the temperature is reduced. The wawveave function, and therefore, the BL band will be observed
functions of the bound electron and hole are less than 1 nmmostly from the hills where the concentration of holes bound
so that their overlap at distances exceeding 100 nm is conte the shallow acceptor is abundant even in dark. Thus, the
pletely negligible. The scatter in the reported BL band posiBL intensity would increase linearly with the excitation
tion, which has been attributed in Ref. 310 to differentintensity.
screening effects, is apparently related to the scatter in the From an analysis of the PL spectra at different excitation
concentration of defects that affects the average pair separatensities, it can be concluded that at least in some GaN:Mg
tion in DAP. samples more than two ban@e above-discussed BL and
We can estimate the position of the energy level of theUVL) present in the photon range from 2.5 to 3.3 eV. Eckey
unperturbed deep donor responsible for the BL band in thet al>® resolved three broad bands in this range. In the limit
following manner. The Coulomb interaction term in EB9)  of low excitation intensity, these bands peaked at about 2.5,
for the DAP with an average distance of about 25 A for the2.8, and 3.0 eV, and all three bands substantially shifted with
typical concentrations of Mg in mid-1dcm™ can be esti- increasing excitation intensity, as displayed in Fig. 73. Those
mated as~0.1 eV. The energy of the ZPL for the broad BL three bands have been attributed to transitions from the three
band can be approximately estimated-a3.0 eV from the distinct deep donors to the shallow Mgacceptor. A broad
band shape in the limit of low excitation intensitisge Fig. band peaking at about 3.3 eV was observed as a shoulder on
72). UsingEy=3.5 eV for the low-temperature band gap andthe UVL band(see Fig. 718 Another broad band peaking at
EA=0.2 eV, we obtairE;=0.4+£0.1 eV from Eq(29). 3.0 eV was detected in GaN:Mg after electron
A very interesting observation regarding the effect ofirradiation®*>*?®The band gradually shifted to higher photon
excitation intensity on the BL and UVL structureless bandsenergies and reached 3.2 eV upon increasing excitation in-
in p-type GaN:Mg, which has long been reportédemains  tensity by a factor of 400. This 3.0-eV band has been attrib-
unexplained. Namely, the intensity of the BL band increasedited to transitions from a deep don@pparentlyVy) to the
linearly with excitation intensity, whereas the increase of theshallow Mgs, acceptof?®
UVL intensity was quadratiaf.3 We also observed similar de- c. Effect of temperaturdVith increasing temperature, the
pendencies in a few GaN:Mg samples grown by MB&Ee PL bands in Mg-doped GaN shift and quench. However, the
Fig. 70. From an analysis of the rate equatidmsthin the  temperature-related transformations are different for the BL
concept presented in Sec. Il) Awe expect that in conduc- band and the UVL band. The UVL band begins quenching at
tive p-type GaN:Mg the intensity of PL bands resulting from relatively low temperatures and by the time the room tem-
the transitions of electronéree or bound to the shallow perature is reached it either disappears under the tail of the
Mgg, acceptor level should increase linearly with excitationBL band?2>2°"%%r transforms into a structureless band at
intensity. Indeed, the concentration of holes bound to thebout 3.2 eV with its intensity reduced by a factor of about
Mgg, acceptor remains nearly constant in the nominal rang@é000 as compared to that at low temperafi§.The acti-
of excitation intensitiesand roughly equal concentration of vation energy of this quenching;200 meV, is similar to the
the compensating dondrsso that the intensity of the UVL values obtained for the UVL band in undoped and lightly
and BL bands should be proportional to the concentration oflopedn-type GaN®2>19313t may seem surprising that in the
the photogenerated electrons captured by the shallow arngiype GaN:Mg samplé&®23*3the UVL band quenches in a
deep donors. Therefore, pitype GaN:Mg, where the Fermi fashion similar to that im-type GaN. Indeed, one would
level is pinned to the shallow acceptor level, we expect a&xpect the abundance of holes at the shallowsMarceptor
linear I (P dependence for both the BL and UVL bands. sites at any temperature. Therefore, the thermal escape of
The above reasoning indicates that the observations in Re$mall fraction of the bound holes would not affect the PL
56 may seem to contradict the Hall-effect results containedhtensity of the UVL band up to room temperature. A pos-
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FIG. 73. Intensity dependence of the PL spectraitype GaN:Mg(a) measured with a cw-HeCd laser at up to 2 kWfciip) measured with the third
harmonic of a pulsed Nd:YAGyttrium aluminum garnétiaser with pulse intensities up to 5 MW/énReprinted with permission from Eckey al., J. Appl.
Phys. 84, 5828(1998. Copyright(1998 by the American Institute of Physics.

sible explanation based on the concept of potential fluctuaRef. 330 may be significantly underestimated since quench-
tions has been suggested in S&B 3 b. The UVL band ing was studied only up to 300 K, and the value in Ref. 310
dominates in the potential valleys, as shown in Fig. 68could be affected by the green luminescence dominating at
where the Fermi level is higher than the shallow acceptohigh temperatures in GaN:Mg samples codoped with
level. In this case, the Hall-effect measurements show a gooﬁi.31°'333Note also that potential fluctuations can also affect
p-type conductivity due to percolation of free holes betweernthe activation energy by reducing it due to possibility of
potential hills where they are abundant. A large redshift ofdiagonal transition& The potential fluctuations could also
the UVL band with increasing temperature that is observedesolve the following apparent paradox. While the UVL band
in selected GaN:Mg samples can also be explained in termguenches at low temperatures with an activation energy of
of the potential fluctuation model. It has been suggé%ted about 0.2 eV, the BL band in the same samples quenches
that thermal release of free carriers from the shallower shortenly above approximately 250 K with a much larger activa-
range wells and their percolation into deeper valleys action energyrfG'BZAIthough both bands have their roots in the
counts for the large temperature shifts of the UVL band insame shallow Mg, acceptor, the BL band does not quench
GaN:Mg. In this model, the shift increases with decreasingsimultaneously with the UVL band because it dominates in
excitation intensit)?,O which, in fact, has been observed not the areas with high equilibrium concentration of bound holes
only in GaN:Mg (Ref. 82 but also in Ge(Ref. 332 and (in potential hillg. In contrast, the UVL band dominates in

GaAs3®® the high-resistivity areagin potential valleys where the
The BL band intensity quenches only by a factor of shallow Mg;, acceptors bind only photogenerated holes.
about 10 up to room temperatui®>3?2and, therefore, it The BL band markedly shifted to lower photon energies

often dominates in the room-temperature PL spectrum oWith increasing temperatufé:?%>2%323et the shift was de-
heavily Mg-doped Gal§:®6:82:295-298.310313323.325.3¢0 acti-  pendent on excitation intensity, as depicted in Fig. 74. Note
vation energy of 0.35 eV has been obtained from the Arrhenthat, in contrast to the UVL band, the shift of the BL band is
ius plot in the temperature range between approximately 30@rger at higher excitation intensities. This observation has
and 380 K and attributed to the thermal release of electronbeen explained by the deep DAP character of the BL Band.
from the deep donor to the conduction b&Ad% In other  Emission from the closest pairs contributes more at the high-
studies, the activation energies of 029and 0.245°and  energy side of the band due to a stronger Coulomb interac-
~0.12 eV (Ref. 330 have been reported for quenching of tion and dominates at high excitation intensity due to higher
the BL band in GaN:Mg. Note that the value of 0.12 eV inrate of closer transitions. The closer pair emission would
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31 T in the BL band is a redshift of about 200 meV reported for
- X #v244 20 Wicnf) ] the BL band with time dela¥?° although that shift was also
[ +  #Y244 (0.35 Wien) attributed to a superposition of several PL bands in another
. ®  #5he4 (20 Wiem?) report>°*
S 3h O #She4 (0.035 W/em?) — From the time-resolved PL data at temperatures up to
L [T x ——E07eV ] 380 K, Gurskiiet al**’ concluded that a broad band at 3.05
= [*%ees o o X J eV, dominating at high temperatures and having nearly ex-
:g N ® - ponential decay with the characteristic time of about 200 ns,
829 x <® - is caused by transitions from a deep donor to the valence
Q. s * . 7 band inp-type GaN:Mg. This is a reasonable analog of the
< TRt X e . e-A transitions dominating im-type undoped GaN at high
d‘f L ooaGe © © G ©0° "6 + . X 4 temperaturegsee Sec. IVA L
i 28F—=—=wo o _ - 0% + - Only in one work, very fast(on the subnanosecond
B T~ =) 7 scalg decays of the BL and UVL bands intype GaN:Mg
[ DAY ] have been reported® These results contrast with very slow
5 S decays on the microsecond scale for the (Refs. 190, 335,
ozba s 1w a b e 1Y and 336 and were not confirmed by others. To explain the
0 100 200 300 very fast radiative recombination, Smi#t al?*° suggested
that the UVL and BL bands involve transitions from the con-
Temperature (K) duction band to the shallow and deep acceptor levels, respec-

tively. This model and very fast decay of the BL band are

FIG. 74. Variation of the BL peak shifts with temperature at low and high . . . .
excitation intensities. Variation of the band-gap width is also shown, shil‘tecfnconSIStent with most of the well-established features re-

by 0.7 eV for convenience. Reprinted with permission from Reshchitov garding this band in GaN:Mg. It is plausible that the fast
al., MRS Internet J. Nitride Semicond. Re4S1, G11.8(1999. decay of the BL band, reported in Ref. 296, is some artifact.
e. Effect of hydrostatic pressurAdditional data support-

. . . ing the models of the BL and UVL bands in Mg-doped GaN
quench at lower temperatures since in the closest pairs the . . .

. : ave been obtained from the hydrostatic pressure studies
donor level is closer to the conduction band. However, for

| ] ” h dshift i duced si h with which one is able to delineate the localized and delo-
ow excitation intensities the redshift is reduced since the 30,341 T ansitions involv-

ission f e di . ith . lomb i calized (shallow) electronic state
emission from quite distant pairs with weak Coulom Ir‘ter'ing shallow donors are expected to follow the pressure de-

action dominate; inlthis case.A.simiIar effect has preVious%endence of the band gap. On the other hand, transitions
been observed in Si codoped with donors and acceptors. involving deep donors tend to follow a weighted average of
d. Time-resolved PLTRPL studies on the UVL and BL  the various band extrema. For example, the pressure depen-
bands in GaN:Mg have been able to provide much needegdence of the PL bands originating from deep donors would
insight into the transitions involved in these emissionbe much weaker than the transitions involving shallow do-
bands:**3%3%53%9n moderately Mg-doped GaNwith p  nors. A linear pressure coefficient of about 35 meV/GPa for
~ 10 cm 3 at room temperatuyethe UVL band represent- the UVL band in GaN:Mg has been obtained which is very
ing the characteristic peaks with the zero-phonon line atlose to the pressure shift of the GaN band gap of about 40
about 3.26 eV decayed nonexponentially after the excitatiomeV/GPa*" The pressure coefficient for the BL band is
pulse®® The UVL band shifted to lower energies by about much smaller, about 20-26 meV/GF&>* This is consis-
35 meV after 5us following the pulsed excitation. Stragf ~ tent with the theoretical predictions for a deep donor in
al.®* attributed these observations to a manifestation of th&aN:"="""Itis also smaller than that expecfétiand ex- .
DAP transitions involving a shallow donor and the shallowPerimentally found pressure coefficient for a deep acceptor in
Mgga acceptor. We believe that the observed shift is too Iargémeped GaN which is 30+2 meV/GPd. Note also that

for the shallow DAP interpretation to be in effect and suggesE\leg a Iargr(]a r pLessureb::qeffg:lfe ntJ,[hswglIar to that oftthe GaN
instead that the potential fluctuations in these samples als And gap, has been obtained for the deeper acceptor respon-

. . . L ible for the BL band emission in Zn-doped GaN Thus,
contribute to the shifts and nonexponential recombination o . .
the UVL band he results of the hydrostatic pressure studies favor the model

L ) that the donor involved in the BL band emission is deep with
The decay of the BL band is in general relatively slow

. ) a localized wave function.
and nonexponentidf:19°39133533%1he |onger decay times

) f. Effect of electron irradiationSimilar to thermal anneal-
E:zzlgggglﬁaggbsewe‘j at the low-energy tail of the Blj,y |ow-energy electron-beam irradiati6hEEBI) converts

consistent with the deep DAP model. Shahe-pigh_resistivity GaN:Mg into conductivp-type GaN?** Af-
dipour and Wessel$® explained the nonexponential decay of ter a LEEBI treatment, the intensity of the BL band has been
the BL band within the Thomas—HOpfield model of distantreported to notab|y increaéd{oide et a|_300 studied the ef-
DAP transitions’’ The fitting was reasonably good for the fect of the LEEBI treatment on the luminescence spectrum of
DAP transitions involving a deep donor and the shallowGaN:Mg by using a very weak electron-beam current density
Mgg, acceptor, both with a Bohr radius of 5% Even a  of the order of 10° A/cm? and electron-beam energy in the
stronger indication for the deep nature of the donor involvedange from 0.5 to 5 keV. They observed a decrease of the BL
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band intensity by about 20% with electron exposure. Rebroader than that in the lightly Mg-doped GaN where the
markably, the UVL band increased by about a factor of 2UVL band dominate&’® Another possibility is that the spin-

after the LEEBI treatment of GaN:Mg samples. Koideé dependent capture of an electron from the shallow donor or
al.** explained the changes by dissociation of the MgH andhossibly from the conduction band to a deep donor first takes
VnH complexes under electron irradiation. Congruous withp|ace, followed by radiative transition from the deep donor
the assignments made in Ref. 303, these authors attributgd ihe shallow Mg, acceptor. In the case the first process is

the UVL and BL bands to transitions from the shallow donor, jetected by magnetic resonance the effective-mass resonance
which was assumed to be H, a_nd from a deep donor WhICQ/ould be observed in the form of increasing BL signal.
was assumed to béyH, respectively, to the shallow Mg

h. DLTS, positron annihilation, and the infrared spectfa.
acceptor.

DLTS study of undoped and Mg-doped GaN revealed a char-

By contrast, Gelhauseet al.>*” observed a drastic de- . )
crease of the UVL intensity under LEEBI treatment. Theacteristic deep level at 0.62 eV below the conduction
band®*’ The concentration of this defect increased from

UVL band decreased under electron irradiation only in as- -
grown GaN:Mg sample and in a sample annealed jH —2X10° to 3x10'cm™ after moderate Mg doping of
ambient. The effect of electron irradiation was negligible inGaN that remained type. Additionally, a defect level at
the GaN:Mg samples annealed in, Nr O, ambient. The ~0.4eV below the conduction band with a concentration of
same was shown to hold for the Si-doped samples before arbout 1% cm™ appeared in one Mg-doped sample. The cap-
after annealing. Those authors assumed that the shallow dture cross section is of the order of #bcn? for both of the
nor responsible for the UVL band in GaN:Mg samples is theaforementioned deep level¥.

VyH complex that can dissociate during LEEBI treatment.  Positron annihilation studies have shown that the cre-
Besides the bleaching of the UVL band, Gelhaus&n ation ofVg,is suppressed by Mg dopirg*°®**This result
al.®>%® detected an emergence of a broad band at arouni consistent with theoretical predictiotSec. I). When the
3.05 eV under electron irradiation. The broad band shiftedcermi level is close to the valence band during the growth,
from 3.0 to 3.2 eV with increasing excitation densityy a  donors, such as¥y, VyMg, or VyH, are more likely to incor-
factor of 400. That broad band has been attributed to tra“'porate in GaN, and not acceptors suchVag Positron an-
sitions from ageep donor, presumally, to the shallow  pihjjation experiments are able in principle to detect and dis-
Mdca acceptoﬁ The_ LEEBI tre_atment also shifted the B_L tinguish Vg, and Vy, as well as complex defects containing
band to lower energié® and activated a weak yellow lumi- these vacancies. However. the detectioNgin p-type GaN

nescengetibcirﬁég Ige?;itse?j Grﬁgl:'r\]ﬂe%:arrgsp;iz;ﬁee ODMR by positron annihilation is hampered even when this defect is
S egt.ra %easzred on the U\g/L and BL bands in GaN:M abundant. The reason lies in a small difference in the posi-
P Yo lifetime in defect-free aniy-containing GaN, as well

usually contain two lines: one witly,~2.1 attributed to . . o
Mge, and another withg, ~ 1.95-1.96 attributed to a com- as repulsion of positrons from the positively charged
pensating dondy*L:277309:343-345ne shactral distribution of defects*** Nevertheless, Hautakangaes al3* were able to

both signals reproduces the shape of the BL band with §€tect a neutraVy-related defect irp-type GaN grown by
maximum at 2.9 eV observed in heavily doped GaN:’l\‘}Fg. MOCVD. This should be contrasted with no vacancy-related
The Mg-related signal is anisotropic. The valuegjoiindg,  defects having been observeddttype GaN grown by MBE.
which are typically in the range of 2.058—2.114 and 1.94-The defect has been identified as the newfglgs, com-
2.022, respectively, are sample dependéhi®®3**=*More-  plex. Thermal annealing at 500-800 °C led to disappearance
over, the differencey,—g, decreases with decreasing detec-of this defect. A value of about 2.5 eV for the migration
tion energy across the broad BL baftd3*®The anisotropy energy of Vy has been estimated by assuming that the
of the g tensor, expected for the shallow acceptor in G&N, Vv Mgg, complex dissociates and, migrates to the surface
is reduced by symmetry-lowering local distortions originat-during annealing. The absence of thig-related defects in
ing from structural defects or random distribution of chargedp-type GaN:Mg grown by MBE has been attributed to better
impurities leading to potential fluctuatiofi®:***Note thatin  stapility of the Vy,Mgs, complexes when the Fermi level is
early studies the above-mentioned small anisotropy ofgthe ¢|ose to the midgap during the growth, a condition corre-
tensor of the Mg-related defect was inappropriately assignegponding to the MOCVD but not MBE growth conditions.

fo a so thought deep Mg-related levél:™ The nearly iso- Local vibrational modes of the Mg—H complex have
tropic signal withg~1.95-1.96 has been attributed to the been found in GaN:Mg at 3125 ¢ The hydrogen atom

shallow effective-mass donor in Gaf.”****Such an as- referentially incorporates at an antibonding site of the nitro-
signment is consistent with the attribution of the UVL band P y P 9

to transitions from the shallow donor to the shallow dg 96" at_om4.7'351 Consequently, the vibrational frequency is
acceptor. However, assignment of the donor-related signal {8/imarily determined by the N-H vibrational mode. Thermal
the shallow donor contradicts the above-described propertigdinealing converts the high-resistivity GaN petype con-

of the BL band ascribed to transitions from a deep donor téluctivity and results in a sizable decrease of this local
the shallow Mg, acceptor. One possibility is that the ODMR mode*® A series of local modes in the range of about
signal from the deep donor is similar to that from the2200 cm* was also detected in the Raman spectra of
effective-mass shallow donor. Note that this signal in theGaN:Mg and attributed to various defect complexes involv-
heavily Mg-doped GaN exhibiting the BL band is much ing hydroger?>>3>3

| 325
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4. Yellow and red luminescence bands tions from the shallow donor to the shallow Mgacceptor,

The YL band peaking at 2.2-2.3 eV usually vanisheswhich are responsible for the UVL band with the zero-
with Mg doping, in agreement with its attribution to the phonon line at about 3.27 eV and the characteristic set of LO

Vgcontaining defectésee Secs. IV A and IV B However, phonon replicas dominatéj) transitions from one or more
the YL band sometimes persists in GaN:Mg when the samplé€€p donors to the shallow Mgacceptor in heavily Mg--
remainsn type®*>*or semi-insulating. The weak YL band doped GaN are responsible for the dominant BL band which
appeared also after electron irradiatiorpefype GaN:Mg®?® shifts substantially with excitation intensitiji) the previ-

A relatively strong YL has been reported ftype GaN ously proposed model for the BL band as being due to tran-
grown by MBE>*® Note that the reports about the YL peak in sitions from the conduction band or from a shallow donor to

,286,295-300,30 :

p-type GaN are extremely rare and must be treated with ca® deep Mg-related d_efelé% N 2mu.st be rejected
tion. since it fails to explain very critical experimental observa-

The RL band having a maximum at about 1.7-1.8 eV islions, (iv) the BL bands in Mg- and Zn-doped or undoped
sometimes observed in heavily Mg-dopeg-type GaN have different origins, an@) potential fluctuations due
GaN302354.356Tha ODMR studies of this band indicate that {0 random distribution of charged defects play an important
the transition involves deep donors and the shallowgMg role |n_the PL properpes of heaVIIy Mg-doped GaN. Oth_er
acceptof® Two signals, namely, an isotropic one with deductions reported in the literature are more speculative.
=2.003 (from deep dondrand an anisotropic one wity,  Nevertheless, we briefly review them below for the sake of
=2.10 andg, ~2 (for the shallow Mg, acceptor have been ~Completeness. S _
detected for the RL barn¥® The RL band has also been There are strong indications that the dominant shallow

attributed to deep donor-deep acceptor transittéhd>* donor in Mg-doped GaN is hydrogen related, rather thap Si
or Oy as in the case of undopattype GaN>0%303325p

proposal that the shallow donorigH complex®**appears
much more likely than the assumption that isolated H is the
shallow donor®*%since the latter contradicts the expecta-
Codoping of GaN:Mg with shallow donors has beentons grounded in the first-principles calculatidfiss for
considered as a means to increase the solubility of Mg anghe deep donors playing an important role in self-
reduce its binding energy’ Through codoping with oxygen compensating the-type GaN:Mg, theVyMgg, complex?®*
the concentration of holes has been increased up to gng hydrogenatelly, (Ref. 303 are the major candidates.
X 10'® cm® while decreasing the resistivity of the GaN:Mg  vennéguést al**° have proposed that structural defects
sample down to 0.2) cm.™ " Incorporation of oxygen in  pyt not the point defects are responsible for the BL band in
GaN:Mg suppressed the BL band, and a broad GL emergegig-doped GaN. This supposition is based on the fact that
at 2.4-2.5 eV as a shoulder to the BL bantSimilarly, a high density(up to ~10* cmi3) of pyramidal structural de-
GL band appeared in GaN:Mg codoped with Si upon increasgacts appears in heavily Mg-doped G&N:**°2%¢The pyra-
ing the temperature up to room temperattitéwhile the BL mids represent Mg-rich inversion domaifg®®®3! and
intensity increased linearly with excitation intensity, the GL therefore may form potential wells with carriers due to the
intensity in O- and Si-codoped GaN:Mg increased superlinyolarization effect”****However, the attribution of the BL
early, asPg,, with n=1.4-1.7"* The intensity of the GL pand to diagonal transitions of free electrons from these
band increased with increasing temperature from 200 to 269uantum wells to the shallow Mg acceptors outside the
K. In an effort to explain this unusual effect, Hat al*>*  oyramidal defed®® fails to explain the relatively constant
proposed that the GL band arises from transitions between Bosition of the BL band(2.8+0.1 eV at low temperatures
metastable deep donor and the shallowgy@cceptor. Those  ang Jow excitation intensiti¢sin various samples with a
authors assumed that both oxygen and silicon would behavgrge scatter in the size of the pyramidal defects. Nonethe-
asDX centers in GaN, and theDX states form deep levels |egss, that accumulation of Mg at the pyramidal inversion do-

L 172
within the band gap. Kaufmanet al."* also observed the main boundaries can play a significant role in autocompen-
BL band (at about 2.8 eYand RL bandat about 1.8 eYin  sating Mg-doped GaR®

GaN:Mg codoped with Si. The red band has been attributed
to transitions from a deep donor to a deep acceptor.

5. Luminescence in GaN:Mg codoped with shallow
donors

C. Luminescence in GaN doped with other impurities

6. Identification of defects in Mg-doped GaN In Secs. V A and V B we considered the PL properties of

In spite of the plethora of activity, only two observations QaN doped with Zn and Mg in some detail. Below we re-

are well established, both from theoretical and experimenta\fIew the main contnbuuon; by shaIIo.w.dono.r‘f,, acceptors,
viewpoints regarding the defects in GaN:Mg: Mg doping other than Zn and Mg, and isoelectronic impurities to the PL
suppresse¥grelated defects which are commonrirtype in .GaN. Main contributions to the optl_cal transitions in tran-
GaN and introduces compensating deep donors(iana Mg sition and rare-earth elements are briefly mentioned as well.
atom replaces a Ga atom forming a shallow acceptor with an
activation energy of about 0.2 eV. 1. Doping with shallow donors

As for the optical transitions contributing to the PL spec- a. Silicon dopingSilicon is the major dopant fon-type
trum of GaN:Mg, only the following are undeniably estab- GaN since the electron concentration can be controllably
lished up to date(i) In moderately Mg-doped GaN, transi- changed from~10" to 2x 10'® cm 3 by varying the flow
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rate of SiH, in MOCVD growth® A similar case is applicable conduction band for hydrostatic pressures above 20 %Pa.
to MBE as well. The activation energy of Gidonor is 30 The pressure dependence of the YL band energy position
meV2*® Typically, the YL band intensity increases with Si experiences a change of slope at these presstiés)s con-
doping® 7113117220821 5\vever, at high doping levels the firming the attribution of the YL band to transitions from the
YL band intensity decreas@$® The initial enhancement of O donor to a deep acceptresumably \4,Oy). No other
the YL band with Si doping can be explained by an inadvert-PL bands related to O have been reported in the literature.
ent increase in the concentration of Mg related acceptors, c. Selenium dopindther dopants that have been at-
such asVg Oy and Vg Sig, facilitated by the shift of the tempted for achievingh-type conductivity are Se and Ge,
Fermi level to higher energies during growtbee Sec. )l both shallow donors when they replace nitrogen and gallium
Unlike Oy with features of @DX center(Sec.VC 1bh), Si5,  atoms, respectively. Free-electron concentrations of up to
behaves like a standard hydrogenic donor at high pressure$.7x 10 cm™3 (Ref. 213 and 6x 109 cm™ (Ref. 219
Silicon is an amphoteric impurity, and it may appear as ehave been reported with Se doping. The Ga-to-N ratio de-
shallow acceptor upon substituting a N atom. Although thecreased about 15% with increasing concentration of Se. Al-
first-principles calculationgSec. ) predict that in thermo- though the authors of Ref. 213 attributed the change in Ga/N
dynamical equilibrium the formation of Siis less probable ratio to the formation of Iy, defects, formation 0¥/, due to
than Sj,, there are a few experimental observations supportself-compensation is more likely in view of theoretical pre-
ing the existence of Qiacceptors in GaN. Consequently, the dictions(Sec. Il B. The YL band intensity increased with Se
intensity of the UVL band, which is attributed to transitions doping®**'* This is consistent with the YL band having
from the shallow donors to the shallow acceptors, increase¥c Telated defect origirisee Sec. IV A 1 Yi and Wessefs*
with Si doping'®®?*%In n-type GaN, the intensity of the suggested that the increase in electron concentration in
DAP transitions depends only on the concentration of thé€5aN:Se as the cube root of the$e partial pressure for,
acceptors involvedSec. Ill). Therefore, the enhancement of >2x 10" cm™3 is due to compensation by a triply charged
the UVL band indicates that at least some shallow acceptor¥ca Note, however, that the results of this experiment do not
incorporate as a result of Si doping. Moreover, the increas@rove that the compensating defect is the isolated triply
of the shallow acceptor concentration with Si doping is con-chargedVg, but not, for instance, the doubly chargég Oy
firmed by an increase of the emission intensity from the exIndeed, theN,=N3" dependence, wherne is the charge of
citon bound to the shallow accepfg}_ The Sj, acceptor the compensating defett is valid only for a nondegenerate
binding energy of 224 meV has been estimated from th&emiconductor, which may not hold fog>2x 10'® cm™2 in
position of the ZPL of the UVL band in GaN:$i* An  GaN.
ODMR study of Si-doped GaN has revealed a highly aniso- ~ d. Germanium dopingThe electron concentration in-
tropic resonance on the UVL bad® in concert with the creased from approximately o approximately 18 cm
theoretical predictions for an effective-mass shallow acceptowhen the flow rate of Gelwas varied by a factor of 100 in
in wurtzitic GaN108 MOCVD growth® The intensity of both the excitonic emis-

b. Oxygen dopingOxygen is a shallow donor in GaN sion and the YL band increased with Ge doping. Doping of
with an activation energy of 33 mé¥’ However, with in-  GaN with Ge above approximately 2?;03”1_3 leads to
creasing concentration of O, the associated donor levejuenching of the YL ban#.” Zhanget al*** argued that this
moves closer to the conduction band, merging with ingat effect is due to reduction of thég, concentration in heavily
>3x 10" cn3. Further, the Fermi level increases with in- G€-doped GaN.
creasing donor concentration to the point that for concentra-
tions of O exceeding 8 cm3 one may expect optical tran- 2. Doping with acceptors
sitions blueshifted by 0.1 e\the Burstein—-Moss shift?). a. Carbon dopinglncorporation of C in GaN introduces
However, the band-gap renormalizatiBheffectively com-  mostly G, acceptorgsee Sec. Il C Pwhich compensate the
pensates this effect, and consequently, a very small shift iesidual shallow donors, resulting in semi-insulating
observed for optical transitions in degenerate Gaf(D. GaN?**3">3"®However, as C doping is increased, the resis-
Note that the solubility of O in GaN is approximately tivity of GaN decreases, apparently due to the formation of
10" cm3, forcing the excess oxygen to form precipitates incompensating donoré®> Several deep-level defects have
surface microcavitied° been detected in C-doped GaN by thermally stimulated cur-

Sometimes oxygen is present in high concentrations iment spectroscop%l5 photoionization spectroscof}V, and
undoped GaN. For example, in bulk GaN grown under highdeep-level optical spectroscopy:*"® However, most of
pressures and at high temperatures the concentration of O tisese defects are apparently not directly related to catbon.
of the order of 18° cmi 33" The YL band is very strong in Several authors noted a correlation between the YL band
these bulk sampleag.2 The correlation between the intensity intensity and C doping (see also Sec.
of the YL band and concentration of O has been noted alstv A 10),%8135136.139.140.204-20t,5 g1 the properties of the
by Slacket al3”® This is in agreement with the attribution of YL band in undoped and C-doped GaN were apparently
the YL band to thevg, Oy complex(Secs. IVA and IVB.  different’*"'®* An enhancement of the YL band has also
Note that the concentration of boW;, and Q increases been observed in GaN after implantation with
with O doping(Sec. I). Oxygen in GaN shows characteristic carbon*?*19°2%However, ion implantation certainly creates
features of thédDX center. Namely, a strongly localized level other defects, such ags, which would result in the YL
associated with a distorted O configuration emerges from thband, along with many other possibly known and unknown
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defects. 107
The intensity of the UVL band apparently also increased a) (e,A% 3397V, 34726V
. 206 . 6 = “x
with C doping®® However, in another repoff? a broad blue 210° ) b and (A%)-L0 3386V
band peaking at 3.0 eV, instead of the UVL band, has beer 2 ’ 3.30eV ;

. g : 376 £ 108 DAP (?) 3.27V, A exciton
observed in the semi-insulating GaN:C. Seagenl” " at- & 10° 1 3.482eV
tributed this blue band to transitions fromzCdonor to G S o L4314y B exciton
acceptor. Polyakoet al**® also noted an enhancement of the g 1 \/\/r uill
blue band peaked at 3.05 eV in the GaN samples that wert .g 10° | LO Lo [LO
heavily contaminated with carbon. 2 LO Lo

Reuteret al”** observed a broad red luminescence band % ;42 |
[

with its maximum at 1.64 eV in C-doped GaN. This band
could be excited resonantly, and its excitation spectrum in- :
volved one or two broad bands in the range from 2.1 to 2.9 10° 4 b) DAP (Be) 3.38¢V
eV. The energy position of the ZPL for this red band has been
estimated at 2.0+0.2 e¥* When excited above the band
gap, the red band was buried under the stronger 2.2-eV YL
band.

b. Beryllium dopingBe is a potentiap-type dopant, par-
ticularly since it is expected to introduce the shallowest ac-
ceptor level in wurtzite GaNSec. I)). Although the theory
predicts substantial self-compensation of Be by deep donor:
during growth, experimental approaches used to incorporate

GaN:Be Sample 0021

-

DAP -1LO 3.2V
105 F

DAP - 2L.0 320V
lo4 4

lo! 4

Photoluminescence (arb. units)

102 4

GaN:Be Sample 0022

Be have been examined nonetheless. In particularetyu 10t " T
al.38%381 reported on an increase of the room-temperature 30 31 32 33 34 35 36
hole concentration up to 22610 (Ref. 38) and even to Encrgy (V)

8% 10 cm3 (Ref. 380 in Mg-doped GaN after implanta-

FIG. 75. Low-temperature PL from two Be-doped GaN grown by MBE.

tion with B_e' 203 s 382 383 Reprinted with permission from Ptadt al, Mater. Res. Soc. Symp. Proc.
Dewsnipet al,”” Sanchezet al,”™ and Ptaket al. 639 G3.3(2001).

observed the PL band that can be attributed to the shallow

acceptor level introduced by Bgacceptor in Be-doped GaN as it might be noise or some artifact of measurement.

grown by MBE, as shown in Fig. 75. The band represents a The enhancement of the YL band with its maximum at

set of peaks separated by the energy of LO phonon in GaN . . .
which is about 91 meV. The peak at 3.38 eV has been attrib'fElbOUt 2,2,V has been noted in GaN samples implanted with

ted to th X wransition from the shallow d tBe.123'199’2°1|t is quite likely that this transition is not related
;Jhg B; ;Ciiﬁ;f’eogg‘g%f‘sggans' lon from the shallow donor iy actly to Be but is caused by the implantation
a y

while the peak at 3.397 eV is damagel.%'zm'386 In the samples doped with Be during

thought to be due to the zero-phonon transition from they o,th “an enhancement of an emission in the visible part of
conduction band to the Bg acceptor?. The ratio between .o spectrum has also been repoA&d®2This emission rep-

the intensities of the ZPL and its phonon replicas is typical of.osented a very broad band peaking at 2.4-2.5 eV and is

the shallow acceptors with a small Huang-Rhys factor, simiy,oyght to be related to some deep level or levels apparently
lar to the case of the UVL band caused by the unidentifie¢tg,,sed by Be.

shallow acceptor in GaN described in Sec. IVC 1. The as-  : calcium dopingPankove and Hutchtfﬁ? Monteiro et
signment of the 3.38- and 3.397-eV lines to the DAP and e-Aa|_,387 and Chen and Skromf® studied PL from GaN im-
transitions has been confirmed by an analysis of their beha‘blanted with Ca. In two of these reports a strong green lumi-
ior —at different temperatures and  excitation nescence band with a maximum at about 2.5 eV appeared
intensities”*******The 3.38-eV peak decayed nonexponen-after the Ca implantation and subsequent annedfhiy, It
tially and shifted to lower energies with time following a should be noted that Chen and Skromffiebserved another
pulse excitation, as it is expected for the shallow DAPgreen luminescence band with a maximum at 2.35 eV in
transitions?®* From the energy position of the DAP and e-A GaN:Ca. However, those authors also noted that the 2.35 eV
peaks, the ionization energy of the geacceptor can be appeared in their semi-insulating GaN samples doped with
estimated as 100+10 meV, which is much lower than that ofvig and zn. Therefore, the 2.35-eV peak may not be related
Mgy’ %93 to Ca(see Sec. IV F on the 2.35-eV bandlvith increasing

In some investigation§,”** though, the 3.38-eV peak measurement temperature from 14 to 300 K, the green band
was not observed in Be-doped GaN at all. Instead, the UVLshifted from about 2.52 to 2.59 ¥ In another investiga-
band with the main peak at about 3.27 eV has been observeibn, Monteiroet al**’ proposed that the 2.5-eV emission is
which is apparently related to residual shallow acceptor irdue to transitions from a deep compensating donor located at
GaN (Siy, Cy, or Mgg, as discussed in Sec. IMCA tiny  about 0.6 eV below the conduction band to the Ca-related
peak at 3.35 eV observed in Ref. 385, which was attributecécceptor located at about 0.3 eV above the valence band.
to Beg, should be regarded with a good deal of skepticismThis assignment appears questionable because the deep DAP
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transitions are characterized with enormous shifts of the banenergies above 1.8 eV*>°* Note that when the GaN:Mn
with excitation intensitS? or with time following a pulse sample is codoped with Si, an electron is captured by a Mn
excitation®*® Note that no shift of the green band with exci- acceptor, transforming it into the Mh(d°) state.
tation intensity or time following pulse excitation was de-  Korotkov et al**® observed a PL signal related to Mn
tected in Ca-doped Gaf§’ We propose that the 2.5-eV band acceptor. That band appeared as a broad structureless band
is related to transitions from the conduction band, or shallowwith its maximum at 1.27 eV with a FWHM of about 0.26
donors at low temperatures, to the Gacceptor. If so, the €V. With increasing temperature from 13 to 300 K, the Mn
ionization energy of Cg, can be estimated at about 0.6—0.7 peak position remained nearly unchanged. A transient PL
eV. Indeed, the ZPL for the 2.5-eV band can be expected ditudy of this band revealed a very slow exponential decay of
2.8-2.9 eV from the shape of this band at low temperature.the PL intensity with a characteristic lifetime of about 8
d. Cadmium dopingCadmium at the Ga sit€Cdg,) isan  MS™ A sloyv_ exponential decay o_f t_he PL is Wpical of in-
acceptor. The PL due to Cd has been studied in Refs. 12§<?rnal transmo_ns. Consequently,. !t is most likely that the
202, 266, 388, and 389. Simply, doping with Cd results in the1,'27'ev band is c+aused by transitions of holes from the ex-
emergence of a broad blue band peaking at 2.7-2.9 eV. Lé:_lted states of M#, located close to the valence band, to its
5
gerstedt and Monem%F observed the fine structure on the ground’T level.

high-energy side of the band with the ZPL at 2.937 eV and a f'_ Other acceptor; in GaNn iddition to the above-
set of LO and apparently local phonon replicas. The ﬁnéﬂentloned acceptors in GaN, Pankove and Huttf tBxam-

structure, caused by electron-phonon coupling, is similar téned the effect of Hg implantation on the PL in GaN. Implan-

that in the Zn-related BL band, shown in Fig. 42, althoughtatlon of Hg resulted in a broad green band with a maximum

the energy position of the PL band in Cd-doped GaN iSat 2.43 eV. Assuming that this band is due to a transition

shifted to lower photon energies by about 0.1 283788 o from the conduction band or shallow donor to theddgc-

i ceptor, the activation energy of the glgacceptor can be
lower photon energy O.f the Cq related PL, as compgrgd tc()astimated as 0.8+0.2 eV based on the position and shape of
Zn-related PL, is consistent with the theoretical predlct|on§hiS broad band

for the ionization energies of these two acceptéBec. .
R Pankove and Hutchi$® also implanted several other el-
Il C 2). The ionization energy of Cd should be about 0.56— §;’ b

. ) ements in GaN that might possibly act as acceptors, such as
0.57 eV, provided that the assignment of the 2.937-eV peabu, Ag, Au, Sr, Ba, Li, Na, K, Sc, Zr, Fe, Co, Ni, Dy, and Er.
in Ref. 388 is acgurate. _All of these elements resulted in broad PL bands with

AL 77 K the time-decay of the Cd-related blue band iS45ima ranging from 1.5 to 2.2 eV. In all cases deep levels
nonexponential in the microsecond faﬁ@%-'\lo obvious 4y responsible for the observed PL. However, it is difficult
variation in the shape and position of this band has beey, gisiinguish the emission bands associated with these ele-
observed at different delay times following & pulse excita-ments from those arising from native defects formed by the
tion. It is possible that the transitions from the conductionjmp|antation damage. In the case of transition metals or rare-
band to the Cg, acceptor overlapped with transitions from earth elements, the emission in the red portion of the spec-
the shallow donors to the same acceptor cause the nonexp@um might also be caused by internal transitionsdior f
nential decay of P26 shells(see Sec. VCpb

e. Manganese dopingxtrapolating the carrier-mediated
magnetic interaction from dilute GaAs:Mn to GaN:Mn, Dietl
et al>*° predicted high-temperature ferromagnetism in dilute
Mn,Ga_,N with x=0.05 in assumption that the free hole
concentrations of the order of cm™ can be achieved in Isoelectronic impurities, such as &and R,, have been

such a material. This prediction paved the way for a plethorgonsidered as promising candidates for the mixed anion ni-
of activity for potential application of this material to spin- trige alloys such as Gadl,_, and GaBN,_,. However, for-
transport electronicéspintronicg. However, in contrast with  mation of deep levels in these alloys, attributed tq, Asd
GaAs where Mn is a relatively shallow acceptéEn  p, would induce discontinuous changes in the size of the
=~0.1 eV) which sets the stage for high concentration of freepgngd gap“.s

holes to be obtained at room temperature, the Mn level in  a. Arsenic dopingArsenic introduces a broad blue band
GaN is almost in the middle of the band g&p,***and one  with its peak at about 2.6 eV in Gal®2°22%7-4%; js ysu-
cannot expect any detectable transport of holes bound to thgly structureless, but a well-defined phonon-related fine
Mn acceptor even at very high concentrations of Mn. @taf structure has also been reporf8t.The intensity of the
al.*****have unambiguously demonstrated that in contrasp.6-eV band increases monotonically with increasing As
with GaAs?®® holes bound to Mn in GaN:Mn are located in doping®*®“® while the concentration of free electrons re-
the d shell. The Md*/2* acceptor level is located at 1.8 eV mains nearly unchangé"“°Several authors noted that the
above the valence barffd?*** Those authors also showed intensity of this band is nearly insensitive to temperature in
that the characteristic absorption spectrum with the ZPL athe range of~10-300 K3%"=% An activation energy of
1.42 eV, observed earlier by Korotkaat al,****%results ~50 meV has been estimated for quenching of the 2.6-eV
from an internal®E—°T transition in Mr#* (configuration  band between 100 and 300%’. Note that the total decrease
d*. The transition of holes from M to the valence band of the intensity in Ref. 397 was only a factor of 2; therefore,
has also been seen in the absorption spectrum for photdhe small decrease might be related to the variation in the

3. Doping with isoelectronic impurities
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FIG. 77. Low-temperature PL spectrum of the P-implanted GaN, showing
%he no-phonorfNP) line and its phonon replicas. Reprinted with permission
from Chen and Skromme, Mater. Res. Soc. Symp. Prpg3 L11.35
(2003.

FIG. 76. Low-temperature PL spectrum of the As-implanted GaN, showin
the no-phonorfNP) line and its phonon replicas. Reprinted with permission
from Chen and Skromme, Mater. Res. Soc. Symp. Prog3 L11.35
(2003.

modes’® The energy separation of 287 meV between the
ZPL and the free-exciton line yields the exciton localization
energy, provided that the blue-violet band is due to the iso-
eelectronic R bound excitorf>?

capture cross sectidhh,and the real quenching of this band
might take place above room temperature with yet an un
known activation energy.

A time-resolved PL study revealed that the decay of th
2.6-eV band is nearly exponential even at low temperatures . . o
with a characteristic time of about O p]s.397’399The lifetime 4 Radiative defects introduced by irradiation
decreased from 92 to approximately 77 ns with increasing Native point defects, such as interstitials and vacancies,
temperature from 8 to 100 K, and subsequently increased ugan be created by high-energy electron irradiation. However,
to 148 ns with further increase of temperature up to 308%. a threshold energy, of the order efl MeV, must be over-
Such a behavior of the PL is typical for internal transitionscome to produce atomic displacemettsThis forms the
rather than transitions involving the states in the conductiommotivation for using 1-2.5-MeV electrons in studies of de-
or valence bands. fects created by irradiation. To remove the additional crystal

Chen and Skromn?&’ observed the fine structure on the damage caused by irradiation the samples are subsequently
high-energy side of the blue band related to As implantationannealed before conducting the intended studies.
as depicted in Fig. 76. The ZPL was observed at 2.952 eV  The PL signal from defects created by electron irradia-
followed by two LO phonon replicas. Besides, the spectruntion has been a topic of investigation in a number of
contained peaks separated from the ZPL by 38 and 75 meXeports®:84182405-40%¢ particular interest, two infrared PL
that were attributed to other lattice phonon motfédf the  bands at about 0.85 and 0.95 eV emerge in the low-
2.6-eV band is due to the recombination of an exciton boundemperature PL spectrum after irradiation of GaN with 2.5-
to the As-related defect, as it was suggested in Refs. 20MeV electrons at doses above-10'®cm? at room
397, and 399, its localization energy can be estimated as 538mperaturd™18418540740 we former contains a sharp ZPL
meV which represents the energy difference between that 0.88 eV accompanied by a rich phonon structure. The
zero-phonon line and free-exciton lif%. However, if the latter is relatively broad and apparently structureless. Buy-
transitions from the conduction band to the As-related defecanovaet al*°® proposed that the 0.88-eV emission is related
were responsible for the 2.6-eV emission, the energy level ofo the internal transition between an excited and ground
the As-related defect would be at about 560 meV above thetates of a deep defect, but the identity of the defect was not
valence band. A more detailed analysis, including comparirevealed. Relying on the thermal quenching of this PL band
son of the PL lifetime with concentration of free electrons athaving an activation energy 630 meV, those authors con-
different temperatures, is warranted and would be able teluded that the excited state is close to the conduction band
provide the ultimate answer on identification of the 2.6-eVand, therefore, the ground state is located 0.91 eV below the
band in As-doped GaN. conduction band.

b. Phosphorus dopingmplantation of P in GaN results in Paramagnetic-resonance studies of the PL signal led to
a broad blue-violet luminescence band peaking at about 2.%e identification of the infrared bands. Four EPR signals
V123202403404 his hand quenched above 100-150 K with labeled L1-L4 have been observed via ODMR experiments
an activation energy of about 168-180 nf&¥Chen and in these band®-“%The L1, L3, and L4 signals correspond-
Skrommé® observed the fine structure of the blue-violeting to theS=3 centers were detected in the 0.95-eV band,
band in GaN:P, as shown in Fig. 77. The ZPL at 3.200 eV isvhile the L2 signal corresponding to tie 1 center matched
followed by two LO phonon replicag91 meV) and a few the 0.88-eV band extremely wéll> A well-resolved hyper-
other phonon replicas, separated by 39, 59, and 77 meV froifine interaction structure observed for the L3 and L4 signals
the ZPL, that have been attributed to various lattice phonoimdicates that interstitial Ga atofapparently by pairing with
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some other defekis responsible for the 0.95-eV bafif.in  whose wavelength is determined by internal transitions asso-
situ irradiation with 2.5-MeV electrons at 4.2 K resulted in ciated with the impurity while GaN acting as a hé¥tThe

the appearance of the 0.95-eV band while the 0.88-eV banlliminescence properties of the partially filledl ghell asso-
became abserit. Surprisingly, none of the L1-L4 signals ciated with rare earths, which is electrically shielded from
was detectable by ODMR in this case, implying that none otthe surrounding host material, are to a first extent insensitive

the related defects had been created immediately followingo the nature of the host. BIf&S™?! green??0:422-42¢
the 4-Kin situ irradiation. Instead, the effective-mass donorred,426‘435turquoise‘f36 yellow, and orangdeq‘7 colors of lumi-

and a new L5 signal were detected. The latter was unambigurescence from GaN doped with rare earth have been demon-
ously identified as the isolated Ea*ef'l Upon a low- strated. In GaN, Tif is commonly used for blue, & for
temperature annealing(below room temperatuye the green and infrared, and Euor PP for red emission.
effective-mass donor and L5-related signals quenched, while

the L1 and L2 signals emerged. This led Chewal® to  VI. DEFECT-RELATED LUMINESCENCE IN CUBIC GaN
conclude that G%T is formed by the low-temperature irradia-

. . . . The present review focuses mainly on wurtzite or hex-
tion, but it easily migrates and eventually forms complexes

. onal GaN, but we briefly review the defect-related PL in
with other defects at elevated temperatures. Therefore, bo@lgbic GaN below for completeness. The discussion is

the 0.88- and 0.95-eV bands are considered related to SOME.cmed useful for understanding the phvsi f defects i
complexes involving Ga interstitials. . g the physics of detects in
GaN, both with hexagonal and cubic symmetries, since de-
fects in these two lattice configurations are expected to have
many common features. Moreover, optical transitions in
wurtzite GaN are sometimes attributed to recombination in

Optical properties of transition metals and rare-earth elzypic inclusions, which necessities some level of knowledge
ements are mainly determined by internal transitions rathef, this |ess studied polytype.

than by transitions between the host bands and the defect Zinc-blende(cubic) GaN is a metastable phase. It is usu-
levels. The PL spectrum from transition and rare-earth eIea"y obtained by MBE growth on cubic substrates. The band
ments usually contains a set of sharp lines corresponding 9ap of cubic GaN is 3.300+0.004eV at low
optical transitions between different states of the metal io”temperatureés,&“g which is about 200 meV smaller than

The energy positions of these lines for a particular metal varyhat in hexagonal GaN. This material is attractive, in particu-

only weakly between different semiconductors. For this reatar, due to high mobilities and controlled doping concentra-
son we confine the review of the PL from transition andijons of free carriers already achieved in bathand p
rare-earth elements to a brief listing of the relevant referyyeg#40.441
ences with only minimal comments.
a. Transition metalsMetals Zn, Cd, Hg, Cu, Ag, and Au A uUndoped material
are formally considered as transition metals. Howevergdthe
shells of these particular metals are normally filled com-
pletely. Consequently, these metals do not exhibit internal Aline at 3.27 eV, which can be seen in Fig. 78, is attrib-
transitions in GaN(see Sec. IV B for Zn in GaN and Sec. uted to an exciton bound to the shallow donor in cubic
IV D 2 for Cd- and Hg-doped GaNA very common transi- GaN:>****"**The position of this line is independent of the
tion metal, Mn, and the PL transitions associated with it in€Xcitation intensity and follows the band gap with increasing
the GaN host are reviewed in Sev.D 2 e.Among the other temperaturé>®**4=**With increasing temperature, this line
transition metals, the PL lines due to Fe, Cr, Ti, and V havdS gradually replaced by the free-exciton emission, although
been investigated. Generally, these transition metals are id0€se_ transitions have not been resolved as distinct
advertently incorporated into GaN as a result of contaminalines. =" Utilizing tempizgture-mduced quenching
tion during the growth. of the 3.27-eV line, Strausst al.”*“ have estimated the lo-
The ZPL due to the interndiT,— °A, transition in 3 calization energy of the donor-bound exciton as 4+2 meV.
shell of Fé* on Ga site(3d®) has been observed at 1.30 eV Assignment of the 3.27-eV line to the donor-bound exciton
in GaN-152'409_412F%a is an acceptor in GaN, and its/0  at low temperatures is in agreement with its very short life-
level is located at 2.5 eV above the valence b4Ad. time of about 30 p&****®Above 50 K, the free-exciton emis-
The line at 1.193 eV has often been Sion quenches with an activation energy of 22-26 meV,
observedf?#0°#14-418nq assigned either & — A, transi- which 54 ﬁthributed to the binding energy of the free
tion of Tiz* (3d?) (Ref. 416 or to °T,—3A, transition of ~ €xciton.™
Cr** (3d?).*" The line at 1.047 eV can be attributed to the
*T,—"A, transiton of C&" on Ga site (3d").*** The 2 Shallow DAP band
0.931-eV line has been assigned to thek shell transition Aline at about 3.16 e\(Fig. 78 observed in cubic GaN
*T,—3A, of V3 (3d?).*"* However, no correlation between is assigned to the zero-phonon transition of the shallow DAP
vanadium doping and the 0.931-eV line has been nted. band’”438:443:444,446.447.449-4%35 10 two LO phonon replicas
Vanadium followed by annealing has been reported to givean be seen which are separated by about 86 meV from the
rise to a sharp and intense line at 0.820*¢V. zero-phonon liné*® A very small electron-phonon coupling,
b. Rare-earth elementRare-earth elements are incorpo- with a Huang—Rhys factor of about 0.6%is typical for the
rated into GaN to fabricate efficient light-emitting devices effective-mass acceptors, as seen in Fig. 78. The DAP emis-

5. Transition and rare-earth elements

1. Exciton emission
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3. Deep defects

In addition to the common emission lines in cubic GaN,
Xu et al**® observed two relatively broad lines at 2.926 and
2.821 eV. These lines shifted by about 40 meV to higher
energies with increasing excitation intensity by two orders of
magnitude. With increasing temperature, the lines shifted to
lower energies faster than the band gap decreased and
guenched above-100 K with an activation energy of about
18 meV. Xuet al**° proposed that the 2.926- and 2.821-eV
lines are caused by transitions between a shallow donor and
two deep acceptor levels located at about 0.34 and 0.45 eV
above the valence band.

Goldyset al**3 observed a broad red luminescence band
peaking at about 1.9 eV in undoped cubic GaN. The red band
shifted by 32 meV to higher energies with increasing excita-
tion intensity by a factor of 10, demonstrating a behavior
typical of DAP transition$>® With increasing temperature,
the red band quenched with an activation energy of 15 meV,
although its intensity decreased by orl25% up to room
temperaturé>® The decay of the red band is slow and non-
exponential, in agreement with its assignment to DAP
recombinatior?>?

B. Doped material
1. Carbon doping

210,
“F 3084ev l As et al404%*4%5reportedp-type doping of cubic GaN
: with carbon by plasma-assisted MBE on GaAs substrates.
The reported hole concentration and hole mobilities were
0 > 31 3 33 6.1x 10'8 cm3 and 23.5 cri/V s, respectively, irc-GaN*4°
Energy (V) In samples with a hole concentration below approximately

107 cm2 the hole mobility exceeded 200 iV s.44°

FIG. 78. CL spectra of a cubic GaN crystal at 5(K). and(b) correspond to Doping with carbon results in a relatively narrow PL
different po_ints on_the same_crystal. The solid lines in the in_sets are fits thand at about 3.08 eV and a very broad band between 1.8
e o om0 B 2.3 €V, as depicted n Fig. 72 The intensity of the
Phys. Rev. B53, 1881(1996. Copyright(1996 by the American Physical 3-08-€V band monotonously increases with C dopliRi.
Society. 79).%% In fact, the band consists of two lines separated by
about 25 meV. The lower-energy component is attributed to
sion shifted markedly to higher photon energies both withthe DAP transition and the higher-energy component to the
excitation intensit§?®443:445-447451  gnq with  e-Atransition involving the sameyCacceptor with a binding
temperaturd>®44>~*4’ qemonstrating a behavior typical of energy of 215 me¥>**®The donor, having a binding en-
the DAP-type transitions. Ast al*** observed transforma- ergy of 25 meV, is apparently the same as in undoped cubic
tion of the DAP transition into an e-A transition involving GaN***
the same shallow acceptor and determined the activation en- As and co-workef§?4%4456=4%83|56 opserved a broad
ergies of the shallow donor and acceptor in cubic GaN ased-yellow luminescence band with peaks at about 2.12 and
25+5 and about 130 meV, respectively. 1.89 eV in C-doped GaN. As can be seen in Fig. 79, the
Two PL lines at 3.08 and 2.99 eV have been identified asntensity of this red-yellow band monotonously increases
the ZPL and LO phonon replica, respectively, of the DAPwith C doping‘.157 Those authors assigned the double-peak
transition involving another deeper doriof.The electron- band to transitions from a deep C-related donor which is
phonon coupling for this emission, with a Huang—Rhys fac-ocated 1.185 eV below the conduction band to the shallow
tor of about 0.4, is stronger than that for the shallowestC acceptor and the valence bahd?>®*%®4*Note, however,
acceptof>? The 3.08-eV line should not be confused with that there are no equilibrium holes in the valence band at 2
the first LO phonon replica of the 3.16-eV line, appearing aK. Therefore, transitions of photogenerated electrons from a
a very weak peak in selected samples, as depicted in Figleep donor to the valence band are highly unlikely. However,
784384%2\\1y et al**® also attributed the weak lines observed transitions from a deep donor to the shalloy &ceptor are
at 3.056 and 3.088 eV to a deeper acceptor in cubic Galglausible for the heavily C-doped cubic GaN. This is in some
based, owing to their temperature and excitation intensityvays similar to the assignment of the BL band in heavily
dependencies. Possibly the 3.08-eV line is caused by residuklg-doped GaN in hexagonal GaN discussed in Sec. V B 3.
carbon, as discussed in Sec. VI B 1. As et al**%***proposed that the deep donor is @ com-



061301-69 M. A. Reshchikov and H. Morkog J. Appl. Phys. 97, 061301 (2005)

T T T T T T T T 1T T T T 1] and 3.07-eV bands have been attributed to the DAP and e-A

L C- complex ? T=2K ] transitions, respectively, involving the same dacceptor
L l ] with an activation energy of 0.23 &

oA eA’), ] N .

AAZ A (D°A% €] 3. Silicon doping

A ! As in the case of wurtzitic polytype, Siis a very efficient
) A ] donor in cubic GaN. With increasing Si doping, it has been
[ C-flux ) reported that the exciton emission peak shifted to lower en-
em?s™§ i ergies with an accompanying increase in its witfh*®*For

impurity concentrations near 30cm 3, band-to-band transi-

intensity [a.u.]

L 8x10"° tions dominated in degenerate GaN:Si at low
N temperature&®® The 3.15-eV band, assigned to DAP transi-
' 3x10™ tions involving an unidentified shallow acceptor, exhibited a
= shift to higher energies with increasing Si dopfitg*®3That

[ 2x10° shift has been attributed to increased Coulomb interaction in
X donor-acceptor pairs with smaller separafith.

[ 5x10°

VIl. EXCITONS BOUND TO POINT DEFECTS

fyndoped , | , , , W_ In this section a very brief review of the salient experi-

mental results on exciton-related PL in wurtzitic GaN with

1.8 21 24 27 3 3.3 an emphasis on excitons bound to shallow defects is pre-
photon energy [eV] sented. Excitonic transitions in GaN are very efficient. Exci-

tons can be bound not only to shallow donors and acceptors

FIG. 79. PL spectra of C-doped cubic GaN layers grown with differentbUt also to deep point defects and structural defects. The

fluxes of C. The topmost spectrum has been multiplied by a factor of 25]atter case is discussed in Sec. VIII.
Reprinted with permission from Ast al, Mater. Res. Soc. Symp. Proc.
693 12.3 (2002.

A. Free excitons

plex. Note that the energy level of this donor could be esti-  Since the review is devoted to defects in GaN, and free
mated from the high-energy cutoff of the yellow band where€XCitons are not rel_at_ed to defects at aII,_the discussion in this
the ZPL is expected at about 2.3 eV, accounting for the CouSection is mostly limited to the properties of free excitons

lomb interaction in deep DAP which may be rather strong.that are imperative to understanding of PL from bound exci-
Overall, an estimate of 1.1+0.2 eV is a plausible figure. Ex-ONS: _ o _ o

periments with varying excitation intensities can verify the ~ 1he valence band in wurtzitic GaN is split into three

proposed model and possibly improve the estimate of th§UbbandsA, B, andC, due to the crystal-field splitting and
donor energy level. spin-orbit coupling. Free excitons may involve a hole from

each of the subbands. Accordingly the fieeB, andC ex-
] ) citons are denoted as,, Xg, and X¢. The fine structure of
2. Magnesium doping the exciton spectrum includes the excited states
In contrast with C-doped cubic GaN where carbon incor=2,3,...). The fine structure is affected by crystal aniso-
porates with concentrations above?36m3 and the room-  tropy, intersubband coupling, polar interactions with optical
temperature hole concentration reaches 18 cni® (Ref.  phonons(Fig. 80,** as well as electron-hole exchange, and
440), incorporation of Mg in cubic GaN saturates at aboutdipole-dipole interactioi****In particular, the $ state of
5x 10 cm™ and the room-temperature hole concentrationthe A exciton is split by the short-range exchange interaction
does not exceed 3®cm™ (Ref. 46Q. With increasing Mg into a dipole-forbiddenl’s state (with energy E¢) and a
doping a blue band peaking at 2.8 eV and two barely redipole-activel's, state(with energyEs=Eg+Age, WhereAsg
solved peaks at 3.04 and 3.07 eV emerge in the Pls the energy of the electron-hole exchange interagfioh
spectrunt® The origin of the blue band may be similar to The exciton fine structure depends on the geometrical con-
the BL band in hexagonal GalBec. V B 3, although ex- figuration of the optical experimer(Fig. 81). When the ex-
periments with variation of temperature and excitation inten<iton wave vectok is parallel to the hexagonal axis both
sity as well as time-resolved PL study are needed for confirl’s components are transverber states. On the other hand
mation. Note that Xuet al*®* observed the blue band in whenk L c, one of the components is a longituding) state
cubic GaN that noticeably shifted with the excitation inten-which is shifted to a higher enerdys+A 1 by the dipole-
sity in much the same way as the BL band in hexagonadipole interaction. HereA ; denotes the longitudinal-
GaN® However, those authors attributed the oscillatorytransverse splitting of the exciton. The longitudinal exciton
shape of the blue band to contributions from five transitiond’s;, and the forbidden excitod’s have zero oscillator
with different behavior on the intensity of excitation. One strength unless they are mixed with allowed states ofBhe
can argue that the oscillatory behavior could also be due texciton. Further, interaction of the transverse excitbigs
interference effects from the 1Bn-thick layer. The 3.04- with the radiation field results in the formation of lower,
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FIG. 80. A schematic of the exciton energy levels in wurtzite Gakajran (b) —— Elc kic (0.5)
uncoupled hydrogenlike isotropic modéh) including the effect of aniso-
tropy, (c) including the effects both of anisotropy and intersubband coupling,
and (d) including anisotropy, intersubband coupling, and polaron correc-
tions. Reprinted with permission from Rodire al, Phys. Rev. B 64,

115204(2001). Copyright(2001) by the American Physical Society.
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I'st1, and upper,I'st,, transverse-polariton branches. De-
pending on the relaxation and scattering processes in the
GaN layer and the excitation conditions, polaritons from
both branches may contribute to the luminescence with en-
ergy peaks at abol; andEs+A, T.

Figure 82a) presents the PL spectrum from the @0-
thick GaN layer in the commonly used configuration of PL
experiment in which the wave vector of the emitted lighs Energy (eV)
parallel to the crystalline axis. Figure 8%) shows the PL
spectra taken in another configuration, namely, for the casg/G- 82. PL spectra of the g@m-thick GaN layer foro polarization(solid

L > . . . line) and 7r polarization(dotted ling. The intensities of the donor-bound
where the emissiok vector is perpendlcular to the axis, excitons(double peak at about 3.477 g¥ind acceptor-bound excitoriat
and two polarizations of PL, determined by the orientation ofabout 3.473 eYare substantially lower in the-polarized spectrum com-

the electric field E are distinguishable'a polarization pared to theo polarization because the bourl excitons are dipole-
' ’ forbidden in theEllc geometry. Note that due to biaxial compressive stress

(ELc) and polarization(Ellc). Free-exciton peaks &lIC  in GaN grown on sapphire all peaks in this sample are shifted to higher
appear at lower energies thankat c. The small shifts in the €nergy by 7 meV as compared to homoepitaxial GaN layers. Reprinted with
afnpoum of 0.53+0 039 and 0.24+0.08 meV for theand B permission from Paskoegt al., Phys. Status Solidi B228 467 (2001).

3.46 347 3.48 3.49 3.50

) excitons, respectively, are due to the exchange interaction
_ I (Fig. 81).*>®*The observed splittinghsg=0.53+0.03 meV
’ corresponds to the exchange interaction constant

L&y . Talx.y) =0.58+0.05 meV*®® in very good agreement with the value
Iy v=0.6+£0.1 meV estimated from the polarized reflectance
e I'v(2) experiments‘:@A much smaller value of 0.12+0.1 meV for
IxT, L, T, the Asg splitting has been reported in Ref. 464. Note that the
B —t e width of free excitons is substantially larger than the esti-
mated splittings, so that the accuracy may not be good
T, enough. Reynoldst al*®® reported a much higher value of
——— Asg (2.9 meV). However, apparently the peak assigned in
L, y) g, y) Ref. 468 tol g state could, in fact, be th® exciton bound to
T P e - a neutral shallow dondf® The value of the longitudinal-
A ok LI s transverse splittingA, 1=1.0+0.1 meV, for the fred exci-
ton has been estimated from magnetoluminescence“?fata,
Kl klc as well as reflectance measureméfits.”

The binding energy of the frea exciton has been esti-
FIG. 81. Schematic diagram of the internal structur&gfandXg excitons mated as 26.7+0.3 meV from the temperature dependence of

in a wurtzite GaN. The allowed polarizations are given in parentheses. Th : i AT1,472 : _ T
thin lines correspond to dipole-forbidden states. Reprinted with permissior;PnexA Intensity. Alternatively, the ground-state binding

from Paskowet al, Phys. Rev. B64, 115201(2001. Copyright(200) by ~ €nergy of free exciton can be obtained at low temperatures
the American Physical Society. from the difference between the=1 andn=2 statesEy ;s
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=%(EA,n=2_EA,n=1)- By this method, in nearly strain-free Wavelength (nm)

thick GaN layers, the fred\ exciton binding energy was 357.8 357.6 357.4 3572 357.0
estimated as 26.3+0.3 mé¥**"* Within the limits of the LI L LR R LA LR LA |
experimental error, the binding energies of Bi@nd C ex- 10! T=4.2K

citons are the same as for tife exciton*®* The obtained
value of the freé exciton binding energy provides the band-
gap value of about 3.503-3.504 eV for the strain-free GaN in
the limit of low temperatures, in excellent agreement with an B .
early estimate obtained in lower-quality sampl&sThe | (AO,XAH) ]
Bohr radius of free excitons can be estimated from the bind-
ing energy of about 26 meV as about 30 A.

The transition energies are dependent on the substrate
employed due to the expansion-coefficient mismatch. Usu- -E
ally, thin GaN films grown on sapphire experience a biaxial ~— 10°
compressive strain shifting the PL lines towards higher ener-:
gies. In contrast, thin GaN films grown on SiC exhibit a
biaxial tensile strain shifting the PL energies towards lower
photon energied’>*7447

(DO,XAn=l)

T v
Lol

units)

PL Intensity (

B. Bound excitons

In theory, excitons may be bound to neutral and ionized
donors and acceptors, as well as to isoelectronic defects. Nc
all of the excitons may be observed in a given semiconductor
for only some of them are stable. Since the bound excitons
have much smaller kinetic enetgies than_ tree excitons the ' 3.4661 3.468 3.470 3.472
spectral width of the bound-exciton transitions is generally Energy (eV)
narrower than those for the free excitons. The energy of the

photon emitted through bound-exciton recombination isFIG. 83. A high-resolution PL spectrum of a homoepitaxial MOCVD-grown
given by GaN. Reprinted with permission from Kornitzet al, Phys. Rev. B60,
1471(1999. Copyright(1999 by the American Physical Society.
how= E - EX - EBX' (39)

whereE, is the free-exciton binding energy arj, is the  additional electron in the ABE state then contributes its un-
additional energy of binding the free exciton to the defect.paired spin, so the ABE state would hai/e (Ref. 3.
The same expression applies to excitons bound to neutral or Excitons can also be bound to extended defects, such as
charged impuritiegif they are stablpas well with the last dislocations or stacking faults, as discussed in Sec. VIII. Dis-
term naturally representing the additional energy of bindingocations create strong local strain fields, causing effectively
the free exciton to impurities. The radiative recombinationa one- dlmenS|onaI electronic potential that may bind
lifetime of bound excitons increases with the binding energyexcnons In addition, dislocations can getter point defects
EBX.476 “""The emission lines corresponding to recombina-that in turn may bind excitons.
tion of excitons bound to a neutral acceptor, a neutral donor,
and an ionized donor are label&@X, D°X, andD*X, respec-
tively (or 14, I, andls, respectively, according to a nomen-
clature established for the hexagonal 1I-VI semiconductors  Excitons bound to neutral donot@OXA) are commonly
many years earliéf®. In excitons bound to neutral donors responsible for the dominant PL line imtype GaN grown
and acceptors, the like particles predominantly cofiflae by any technique on any substrate. In high-quality strain-free
particle with the opposite sign is weakly bound by the attrac-GaN samples with low concentration of defects, m%xA
tive Coulomb potential of the two coupled particles. Sinceemission at about 3.471 eV sometimes consists of two or
for shallow dopants all three particles involved are shallowmore sharp linegFig. 83, tentatively attributed to different
with a substantial wave-function overlap, other interactionsshallow donorg?**"%-*8l|n addition to the principaD®X,
do exist which may lead to additional excited emission, several excited states, satellite transitions, and pho-
configurations. non replicas related to the shallow donor-bound excitons
The behavior of donor-bound excitot®BEs) in mag-  have been reported?47948048248¢iqre 84 shows a typical
netic field is dominated by the magnetic moment of thelow-temperature PL spectrum of a high-quality freestanding
bound hole. Therefore, the magnetic properties of the princiGaN template. The peak with the highest enefthe last
pal state of the shallow DBE should reflect the properties opeak in a triplet at about 3.50 eV in Fig. 8# assigned to
theI'y top valence subband with the total momentum of holethe n=2 excited state of the fref exciton?64471:475.479.483.484
J=3/2. Theneutral acceptor-bound excitof8BEs) should  Two other components of the triplet are most probably re-
have aJ=0 two-hole state derived from twbg holes. The lated to the excited\ exciton bound to a ground state of a

1. Excitons bound to shallow donors
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FIG. 84. Low-temperature PL spectrum of freestanding GaN template. Re- 10_1 T T
rinted with permission from Wysmoledt al., Phys. Status Solidi B235
56 2003, Wy g 3455 3470 3475 3480 3.485
Energy (eV)

0yn=2
neu_tral dOOnOI’(IL?MX gzggg‘lthe dono_r'bound state of ti® FIG. 86. Low-temperature PL spectra measured with the excitation power
exciton (D"Xg). """ A weak line at about 3.475 eV, densities, from top to bottom, 61.1, 8.4, 0.80, and 0.08 W/ cFhe inset
between the mairDOXA peak at 3.471 eV and the free- represents the linear dependence of the excitons’ binding energy with the

exciton line X, at ~3.478 eV, is attributed to the donor- gf”téf]';,‘:o';fervb'g‘gggZe;g%"(?;opa”mcegp‘;":fgh??;rgg"gg iLoemAiZZ':iiZthr'
bound state of thB eXCiton(DOXB).222,464,479,480,482,483,485,486 PHysical .Socie.ty_ ! )

Sometimes two or three peaks related to different shallow
donors are resolved at this photon enefgy:*°

A series of lines observed between 3.44 and 3.46 e
(Figs. 84 and 8bis due to two-electron satellit€TES
transitions??>4’~*84The TES transitions occur when an ex-
citon bound to a neutral don¢éb®X) recombines and leaves
the donor in an excited state. The TES energy for a particula

\;ionor is smaller than the correspondiBdX energy by the
difference in the ground- and excited-state energies of the
neutral donor. Freitas, Jet al**° have proposed assignments
of the TES lines, as shown in Fig. 85. The cumulative as-
§|gnments are in excellent agreement with the binding ener-
gies of Si, and Q donors, 30.18+0.1 and 33.2+0.1 meV,
respecuvely, obtained from magneto-optical studi@4nde-

AN 'Jx.é)afi—'l - ohmz T pendently, Wysmoleket al*®! have suggested similar assign-
[ § Sample#177 | ments of the TES lines based on a detailed analysis of the
i o= | S J time-resolved, magneto-optical, and temperature-dependent
m sm.t'o)ﬂ? data. In particular, the _excited states qf for n_:2, 3,4, a_nd_
® 103k OX a)3p OX,Op18E, < 5 have bgen_ resolved in the TES spectrum in magnetic field,
I o 3 and the lifetime of the @-bound exciton was estimated as
[=I sxoee; J 1.40£0.05 né®
§ [, ' i Returning to the overall spectrum from a high-purity
g ox‘pjf::“"‘" \ i freestanding GaN, several phonon replicas of the main peaks
%‘ 15K il have been observed below 3.41 eV, as displayed in Fig. 84.
S 102// R - These include thé,(high) and TO phonon replicas of the
= - (1/4) i N principal DOXA transition at 3.402 and 3.406 eV, respectively,
3 C J oxé . and LO phonon replicas of bound and free excitons below
o ;ﬁ(’(.}-“ Sxiz __1 i 3.39 e/
. su‘(.)zp_J The high-resolution spectrum of the same freestanding
o g:A::;::'%J GaN template at different excitation intensities is shown in
'} PN IS AT A AR 1‘.'.E'. ida Fig. 86. The assignment of the mad?X, peaks to @ and
3440 3.445 3.450 3.455 Sig, in Fig. 86 is also supporte_d by comparison.of the PL
Energy (eV) spectra from undoped and Si-doped G4NBeside the

above-mentioned transitions, the spectra at low excitation in-
FIG. 85. PL spectra taken at 5, 15, and 25 K in the two-electron satelllteIer‘SItIeS reveal the emission associated with the charged
region. The dotted line overlapping the 5-K spectrum represents the best filonor-bound-excitod*X, at about 3.470 eV. Since §ijis
Emission-peak assignments apply to the indicated spectrum only except fghe shallowest neutral donor and, therefore, expected to be
emission peaks connected by a dotted line. The spectrum intensities meﬁartlally Compensated tHa* XA can be attributed to recom-

sured at 15 and 25 K were divided by 4 and 6, respectively, to minimize
overlapping. Reprinted with permission from Freitasedial, Phys. Rev. B bination of excitons bound to *c;ii Previously, several

66, 233311(2002. Copyright(2002 by the American Physical Society.  group§°8*°! proposed that the peak at about 3.466 eV is
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related to a charged donor in GaN. However, compelling r T T T
arguments, presented in Sec. VII B 2, support the assignment
of this peak to exciton bound to a neutral acceptor.

With increasing measurement temperature, the donor-
bound excitons thermally ionize which causes the related
emission intensity to drop. That decrease in the PL intensity
for the lines associated with the ground states of the DBE
(including the principal transition and its TEBegins at tem-
peratures just above 5 #%*®1The thermal activation energy
of this ionization process has been estimated as 4.5+1 meV &
from quenching of the DBE emissidf? However, this value
is apparently underestimated due to the superposition of the
PL line from freeA excitons and the donor-bourtgl exci-
tons. Koron&® reported an activation energy of 6 meV for
the quenching oDX,.

The ionization energies of the §j Gez, and Si, do-
nors have been estimated as 29, 30, and 33 meV, respec
tively, in GaN intentionally doped with these impuriti€s.
Note, however, that these results should be treated with cau-
tion since identification of transition reported in this work is
not well founded due to a variety of effects. They include
insufficient resolution, different residual strains in GaN lay- ) . ) , oT
ers grown on sapphire, and inconsistency with the well- 3.462 3.464 3.466 3.468 3.470
established assignments of the excitonic transitions in un- Energy (eV)
doped and Si-doped GaN. Yaeq al*** observed formation
of a hydrogenic donor with a binding energy of 25 meV aftergg, g7, pL spectra of the exciton bound to a neutral acce@®,) in
electron irradiation and tentatively attributed it ¥,. The  GaN recorded at different values of magnetic field oriented at 35° t@ the

binding energy of the exciton bound to this donor was abougxis. The inset shqws PL spectrum of GaN ir_1 the range of excitonic transi-
5 meV. tions. Reprinted with permission from Stepniewskial, Phys. Rev. Lett.

91, 226404(2003. Copyright(2003 by the American Physical Society.

units)

PL intensity (arb

[

2. Excit bound t It . o .
xeltons bodna to acceptors for A°X,, varies from 1.914 te-2.07 with increasing from

A transition due to an exciton bound to a neutral shallowpe to 90°. The anisotropy of thg factor in the ground state
acceptor is observed at about 3.466 eV in undoped strain-freig attributed to an interaction with the excited states. The

GaN (Figs. 82, 83, and 3622,2'479’480'483'486'495 ®h high- _ observed Zeeman splittings for different values@and B
quality GaN, the ABE emission appears as a characteristigy, pe fitted well by assuming that the spin-orbit interaction
doublet(see Fig. 83" With asampI%;ndependent for the hole bound to the neutral acceptor is significantly
intensity ratio between the two componefits™ There are reducedby more than a factor of 2@s compared to that for
several arguments supporting the assignment of the 3.466-6).c free hold The small separation between theandT'
emission to the neutral shallow ABE. Firstly, its LO phonon g of theA’X,, complex(about 1 meV makes its energy
CO“%"B%%?EZ%”Q' particularly as cpmpared to the DBEgycyyre extremely sensitive to local axial fields in directions
case, ™ " a property noted earlier for shallow ABEs other than thec axis. Therefore, the effects of the spin-orbit
interaction may not be delineated at all in the presence of

in CdS*®® Secondly, this line dominates in Mg-doped
,199,307,312,313; . - . . .

samples’ Finally, its behavior in magnetic field ) fields caused, for instance, by elevated concentration of

impurities. Note that an alternative interpretation of the

is characteristic of the neutral ABE transitidts**®*%’to be

discussed below. 3.466-eV line, which assigns it to charged DEBE,***con-

In Wurtzmg GaN the valence band is anisotropic, and licts with the observed behavior of this line in magnetic
magnetic fieldB applied along the axis is expected to split  fig|ds.

the groundl’y state, while forB L ¢ no splitting should take In homoepitaxial GaN layers, the following dynamics of
place. As is shown below, not only the grouhfigldoublet but  the excitonic recombination is expect‘@HAt low tempera-
also the higher grountl; doublet can be observed in the PL tures the decay of free excitons is fést0.1 ng due to the
spectrum. Transformation of the PL spectrum associated witbfficient capture of excitons by shallow donors. The radiative
A’X, under magnetic field applied at an an@le=35° to the  lifetime of DX and A’X in GaN is about 1 ns, while the

¢ axis is shown in Fig. 87. Since for the ABE transition the radiative lifetime of free excitons is expected to exceed 10
holes are paired off**>**®the initial state of the ABE reacts ns*® with increasing temperature, excitons trapped by do-
to the magnetic field as if it were a single weakly boundnors and acceptors delocalize, and ¥ and A°X lines
electron witthé. By fitting the experimental results and quench in favor of the free-exciton emission. The quenching
assuming for generality that the effectigdactor forAOXA is  of the A°X line can be fitted with Eq(32) usingC=~ 10* and
anisotropic, Stepniewslét al*® obtained that they factor ~ E,=14+3 meV**®The relatively high value of reflects the
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high probability of trapping of a free exciton by a neutral — : : .
shallow acceptor in GaN. The activation energy is in agree- | _sf = AX, AuX T=5K¢E
ment with a binding energy of 11 meV obtained as the dif- ::.«-“0-3“5 -
ference between the energiesXf and A°X,,. The A% life- a4l AwX . E
time decreases above 15 K with the activation energy of | £, Do E —
1243 meV** evidently due to thermally activated escape of | £} ° AyX ' \ F £
the excitons from the shallow acceptors. ;_ 31 x 1] =
The chemical identity of shallow acceptors in undoped e FEX 2
GaN is still not confirmed or defined with sufficient certainty. 7340 3.42 3.44 3.46 348 F &
In Mg-doped GaN, Mg, should be the shallow _ Enerzy [eV] E B
acceptof/030731249 The pinding energy of the exciton B 2
bound to the Mg, acceptor has been estimated as 11.4 meV -
in homoepitaxial GaN layers doped with M. A compli- h
cating factor in the identification of the ABE peak and ob-
taining its binding energy is the varying strain in different -
layers grown on heteroepitaxial materi4. 7] [
Among the deeper acceptors in GaN, at least the Zn 5 120';;'
acceptor can bind excitons. The ABE line with a binding — ..-'_-'5_‘-_7‘ £
energy of 23-25 meV has been observed in undoped ani E=— ; \ \..EEEE I g
Zn-doped GaN and attributed to excitons bound to Zn /‘/=.==_—_- = RS====24 5
acceptord?%245:267.268.504y, o even three sharp lines have IS
been resolved on th&’X, transition related to ZA°®**°The 340 342 344 346 348
energies of the triplet components are 3.4542, 3.4546, ant Energy [eV]

3.4556 eV in unstrained platelet bulk GaN sampf&sThe

same Zn acceptor is responsible for the BL b&nih zero-  FIG. 88. Time-resolved PL spectrum of GaN:Zn at 9 K. Two lines of exci-

phonon line at 3.100 eV in undoped and Zn-doped tons boundto Mg acceptdAygX) and Zn acceptofAz,X) are at 3.467 and

GaN.199'245The ABE with binding energy of about 21 meV é.45§ eV, respectively. Ins_et. comparison o_f time-integrated spectra of
. X . aN:Zn at 8 and 31 K. Reprinted with permission from Koremal, Phys.

observed in Refs. 3 and 501 can also be attributed to residuajatus solidi B235, 40 (2003.

Zn acceptoré®® Strong electron-phonon coupling for these

lines favors their attribution to the neutral acceptors in GaN,

and the shape of the exciton emission is similar to that in Eoex = asEp (40b)

Zn-doped GaN. Note that the bound-exciton peak with &or donors. In Si, the proportionality constants, and g
binding energy of about 38 meithe A’X, line in Ref. 501 \ere nearly the same-0.1) for donors and accepto?® In
and the ABE line in Ref. 3 is apparently also related to gjfferent SiC polytypes, a similar empirical rule has been
excitons bound at the Zn acceptors since a peak with such &kiaplishetP®° with the proportionality constants for do-
energy(at about 3.39 eV in unstrained Gablways follows  ors and acceptors 0f0.2 and~0.1, respectivel§®® Note
the Zn-relatedAOXé line (at about 3.455 e)in undoped and  that the data in Ref. 506 could better be fitted with the fol-

Zn-doped GaN?#4%267:206:500 lowing set of empirical expressions
The transient behavior of excitons bound to Mg and Zn
acceptors on GaN was studied by Korataal>*? In Fig. 88 Easx= @aEat Ba, (413
the evolution of the PL spectrum with time delay is shown
where the main peaks at 3.456 and 3.467 eV are assigned to Epex= agEp + B, (41b)

excitons bound to ZrMAzXa) and Mg (AygXa) acceptors, with @,=0.16 andB,=-14.9 meV for acceptors andg

respectively. The lifetimes of thaz,X, andAygXs excitons  =0.25 andgz=-3.58 meV for donors>® or with the expres-
were deduced to be 1.38+0.03 and about 0.8 ns, respectivelyions

The longer lifetime of the more strongly bound exciton is

due to its more effective localizatiof® Easx= @aEx, (429
Epex = apEp, (42b)
3. Haynes rule in GaN with ay=~0.02 andap=0.06 for acceptors and donors, re-

spectively, andh= 1.3 for both. Similarly, Deat?’ has found
hat the binding energies of excitons trapped by shallow and
eep donors in GaP can be described by a modified Haynes
rule [Egs.(42)] with «=0.01 andn=1.63. Note that for the
shallow donors in GaP one would obtair=0.1 for n=1,
Ea). similar to the value in Si.
Eagx= @aEa (409 For the bound donors and acceptors in GaN, the Haynes
rule is also applicable, as shown in Fig. 89. The experimental
for acceptors and data can be fitted with Eq$40). For shallow donorsap

Haynes® has established the following empirical rule
for excitons in silicon. The energy required to free the boun
exciton from a defectEgy, is proportional to the energy re-
quired to free the bound carrier from the same defEgtor
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30— VIIl. UNUSUAL LUMINESCENCE LINES IN GaN
> 25I_ , e 3 Along with the well-identified lines related to excitons
E . / o i and shallow defectésee Secs. IV C and V)l numerous PL
! 4

) s / 7 Zng, ] lines with unusual properties have been reported in
D oL P prop p
e / ’ ] GaN190:283:510-345rp ting factor is that the origin of
e Lo, . : aN.: e aggravating factor is that the origin o
“5', 150 N, - h these lines spans the range from simply being unknown to
S [ // ﬁ/Mg ] controversial. For example, the commonly observed line at
hE: 1oL |/ Sis, B (si Gf)) A 3.42 eV(Refs. 512-521 and 537-54bas been attributed to
3 5 ’/ . N ] recombination between electrons bound to oxygen donors
S 5 '_.: \< 3 and free holes3!2°13 DAP-type transitions involving a very
i EI’ s V7 ] shallow unidentified acceptcr)}f1 and excitons bound to

L A N I structural defect8!>°20:537:538:340.343.344, - particular, to

0 b b L PRSI PR
0 100 200 300 400 500 stacking faultd!”®® and c-axis screw dislocation¥® or
Defect lonization Energy (meV) surface-related defectd’>**°**To emphasize the resem-

blance between the properties of the unusual lines in GaN
FIG. 89. Dependence of the ionization energies of donors and acceptors on prop

binding energies of the related bound excitons in GaN. The dashed Iine§nd theY lines in 1I-VI compoundgSec. VIII C), we labeled
show the slope of 0.21 for donors and 0.057 for acceptors. the unusual lines in GaN a§, with i starting from 1 ascend-
ing with descending the peak energy of the transition in
question, as tabulated in Table®V/.*>*®Below, we review the

_ ) ) _ characteristics of th&; lines in GaN. Some preliminary re-
substantially ~differs ~from the —previous —estimatesg g phaye glready been presented in Refs. 537-541YThe
(ap~0.2).7="""It should be noted that the exciton binding |ineg should not be confused with the widely observed lines

energies and ionization energies reported in Refs. 492 ahgt ~3.31 and 3.36 eV, which are apparently related to oil
508 for Mg and Zn should be treated with caution. Here, Wecontaminatior(Sec VIl B)

used the refined dat&,gx=11.6 meV for the shallow ac-

ceptor (Mgg, or Siy)*7940495°0%nd E,5,=23.5 for the Zn .
acceptor?9255%he ionization energies for these acceptors’ ™ '/ lines
have been estimated as220 and 400 meV, respectively, Among the several hundred undoped GaN samples in-
from the position of the zero-phonon e-A transition at low vestigated, theY; lines having varying contribution to the
temperaturé'®1%°24The above-deduced values efagree  low-temperature PL spectrufig. 90 have been detected in
remarkably well with the theoretical predictions. Chang andsome one hundred samples grown in our laboratory. No cor-
McGill®® have calculated in spherical approximation thatrelation between the growth method or the substrate used and
ax=~0.06 for the effective-mass acceptors agg=0.14 for  the Y lines is apparent. Some 20 samples grown by MBE
the effective-mass donors in Eq40) in the case of a semi- have been selected for a detailed investigation ofv{Hmes.
conductor withm,/m,= 0.1, which is what was assumed for The positions of the most frequently observédlines are

GaN 3284 quite repeatable in a large set of GaN samples, as depicted in

=0.21+0.01, similar to the previous repo??g'.“gz"‘g“How-
ever, for acceptors we find,=0.057+0.003. This result

TABLE V. Classification and typical characteristics of thdines in GaN. Reprinted with permission from Reshchiledal., Physica B 340-342, 44@003.
Copyright (2003 by Elsevier.

Sub  Nominal Huang
Group group position —Rhys

label  label (eV) factor Comments, properties Tentative identification

v, Y1 3.45 0.02 Observed only in N-Polar films with high density of inversionExcition bound to inversion domain interface
Y, 3.46 ' domains

Y, Y, 341 0.05 Disappears after etching. Shifts with excitation intensity in  Exciton bound to structural defect at the surface
Y, 3.42 ' some samples

v Y3 3.37 <0.2  Observed only in two samples Exciton bound to structural defect.

8 A 3.38

v, Y, 3.350 0.01 Evolves with l_JV exposure. Memory effect at 15 K. Intensity Exciton bound to structural defect at the surface
Y, 3.362 ' depends on history of the surface

Ys 3.34 Observed in six samples Exciton bound to structural defect?

Ys 3.32 ~0.1 Evolves with UV exposure. Memory effect at 15 K. Intensity Surface donor-acceptor pair

depends on history of the surface. In all samples shifts much
with excitation intensity

v Y, 3.21 0.06 The most commoNy peak. Not affected by etching or UV Exciton bound to structural defect
7 \A 3.23 exposure

Yg 3.08 ~0.2  Observed only in one sample ?

Yo 2.86 <0.3 Observed only in one sample ?

Y10 2.80 Observed in four samples ?

Y1 2.68 Observed only in one sample ?
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FIG. 90. Low-temperature PL spectra from different GaN layers grown on
sapphire by MBE. The spectra are normalized at maximum and shifted
along the energy axidrom 1 to 7 meV so that the DBE peak position is the
same for all sample$3.470 eV\j. Reprinted with permission from Resh-
chikov et al, J. Appl. Phys. 94, 5623 (2003. Copyright (2003 by the
American Institute of Physics.

Fig. 91. In particular, thé&,, Y,, Y, andY; lines appeared at
following energies in relation to the DBE peak: 53+3 meV
(Y,); 115+1 meV(Y,); 156+5 meV(Yy); and 262+3 meV
(Y7)'537 ) ] ) FIG. 92. 1X 1-um AFM images of the GaN sample 42@&)—as-grown;
The appearance of particul® lines correlated with the  (b)—after etching in boiled aqua regia for 5 mifc), (d), (e), (f—after
polarity of the samples, which was established using a varietching in HPQ, at 160 °C for 5 s, 15 s, | min, and 30 min, respectively.

; ; ; he vertical scale is 30 nm for all images. Density of the etch pits is about
ety of methods such as wet chemical etching, atomic fOI’C%Om cm2in (c) and(d). Note that the depth of the pits did not increase with

microscopy (AFM), investigation of surface morphology, increasing etching time, remaining under 30 nm, and we could not detect

transmission electron microscoyEM), and x-ray diffrac-  any reduction of the layer thickness even mfteh or longeretching time.

tion (XRD).>*® For instance, th¥,, Yy, Ys, andY, lines have

usually been detected in Ga-polar films whereas¥théne  the features observed in cubic G&Skc. V). To make cer-

dominated in N-polar films. Th¥; lines could not really be  ain that these lines are not caused by contamination of the

assigned to inclusions of the cubic phase of GaN because th@mple surface, we cleaned the selected samples in a variety

position, shape, and behavior of these lines with respect tg, ways which included boiling in aqua reg{&NO;: HCI

temperature and excitation intensity are very different from=1;3) and etching in hot phosphoric acid. Below, the effects
of sample treatments and experimental conditions onYthe

3.5 e e T lines in GaN are briefly reviewed. More details can be found
EAAAAAAAAAAAAAAAAAAAAAAMAAAAAAAAA DBE in Refs. 537 and 547.
345 E
— e ve e L L. v ] 1. Effects of sample treatments and experimental
> 34r 2 conditions on the Y ; lines
= o aeey "0 Teeeiuatee, Y a. Effect of hot wet chemical etchingolumnar or bubble-
2 3351, o B o * i like surfaces of the Ga-polar films remained unchanged after
§ 3.3 PDDDD o TP o oo Yo - etching in boiled aqua regia, whereas the surface became
= r ] relatively flat with hexagonal-shaped pits after etching in hot
3 325F . H;PO, or molten KOH, as depicted in Fig. 92. Cleaning of
& o TouguogV9TY YV v Yeeviey Y ] the sample in aqua regia did not affect tielines, while
3.2 Y vy " etching in BPO, slightly decreased the intensities of tlig
315 SR TUTUT TOUTE TUTIE TN NI TR FUTR. andY; peaks and substantially reduced the intensities of the
"0 5 10 15 20 25 30 35 40 Y, and Yg peaks, as exhibited in Fig. 93ee also Fig. 3 in
Sample number Ref. 540.

On the other hand, the N-polar GaN layers are much less
FIG. 91. Positions of the DBE anll; peaks in different samples. The resistant to etching so that in 10 s of etching i@H@4 at

samples, including etched ones, are numbered.l,2,8n this figure. For o ; 4
example, numbers 23, 24, and 25 correspond to the same sample 605: 100 °C the substantial part of the layers can be remdVed.

grown, etched in phosphoric acid, and PEC etched, respectively. Note thﬁ_Ote that _MBE—_grown_ N-polar _GaN samples contained very
Y=Y}, Y4=Y,, andY,;=Y; on this figure when the doublets are resolved. high density of inversion domains, of the order of1€m2
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- c
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FIG. 93. Effect of etching of Ga-polar GaN in boiled aqua regia for 6 min Photon Energy (eV)
and in HPO, at 160 °C for 5 s and 30 mirP,,.=100 W/cn?. See the
surface morphologies for this sample in Fig. 92. FIG. 95. Transformation of PL spectrum with time of exposure by HeCd

laser at 15 KP,,.=200 W/cn?. The sample was etched in,PIO, at 160 °C
for 1 min and subsequently exposed to air for 20 days. Reprinted with

(Ref. 539, which means that contributions from the Ga- permission from Reshchikoet al, Mater. Res. Soc. Symp. Pro@43
polar regions to the PL spectrum could not be ruled out. Thé&!t3(2003.
Y, peak dominating the PL spectrum in N-polar films in-
creased markedly after etchirigig. 94). ing excitation density from I0 to 300 W/cn%, in much the
b. Effect of photoelectrochemical etchif®hotoelectro- same manner as that for the FE and DBE pe&igs. 97 and
chemical(PEQ etching results in the formation of whiskers 98). In terms of the transition energy, thg, Y,, Ys, andY;
due to selective etching of GaN between dislocationlines did not shift with the excitation intensity while thg
sites>*®>*After the PEC etching, the intensity of the DBE, line shifted to higher photon energies by up to 20 n{E\gs.
free exciton(FE), andY,, lines decreased and the intensity of 97 and 08344547 Figure 99 summarizes the peak shifts in-
theY, andY; lines increased?”’ volved with excitation intensity for representative samples.
c. Evolution of PL and memory effedthe Y, andYg peaks e. Effect of temperaturdVith increasing temperature, all
in Ga-polar films evolved with duration of the UV laser ex- the Y; peaks quenched with activation energies in the range
posure while the rest of the peaks, including the DBE peakbetween 10 and 30 meV at temperatures below 100 K. Typi-
remained unchanged, as exhibited in Fig. 95. At of UV cal transformation of the PL spectrum in Ga-polar film is
exposure the intensity of thé, andYg peaks increased sev- shown in Fig. 100. Th&'y, Y5, Y,, andY; lines revealed two
eral times in selected samples without a complete saturatiocomponents®”>****’ The low-energy componentéY’ at
of the effect, as shown in Fig. 96. The effect was irreversible3.21 eV,Y, at 3.350 eV,Y; at 3.400 eV, and/; at about 3.45
at low temperature 7547 eV) quenched first, giving way to the high-energy compo-
d. Effect of excitation intensitfthe PL intensity of most nents(Y5 at 3.23 eV,Y, at 3.362 eV,Y, at 3.407 eV, and’]
of the Y, lines increased approximately linearly with increas-at 3.46 eV which quenched at higher temperatur@sg.
100). The quenching of these lines could be fitted using Eq.
(32) with E5o=18 and 42 meV for th&’, andY/, components

100 T=15K DBE - andE,=15+5 and 120+20 meV for th¥, and Y’ compo-
E  Sample 627 Y1 |
. ——as-grown ,I\
@ 10" F —H;PO, -etched FE-LO 3 J e
s [ PEC-etched °
> Y,-L0 sk o® 3
® 10°L °
%‘ : 4 ° o p
: b
2 7
€ 10 F 2 A ]
: R SV
n- o
s g 2 kL i‘ “ Sample
10°F = S o 426 ]
> 1 o770 ]
] ] ] e 1F A 455 ]
3145 32 325 33 335 34 345 35
Photon Energy (eV) 13 S IO SR A IR I PN

0 0.5 1 1.5 2 25 3

FIG. 94. Low-temperature PL spectrum of the N-polar GaN layer grown by Time (hours)

MBE on sapphire substrat®,,.=300 W/cn?. A piece of the sample was

etched in HPQ, at 100 °C for 10 s and another piece of the sample wasFIG. 96. Evolution of PL intensity at 3.36 eV with time of HeCd laser
etched by PEC method. exposureT=15 K. P.,,=200 W/cn?.
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FIG. 97. Low-temperature PL spectrum of Ga-polar GaN layer grown by E Sample Y6 peak A
MBE on top of the HVPE-grown 1@m-thick GaN on sapphire substrate. 15 o o ® 4
Excitation density was attenuated from 100 to 1 W#dmw neutral density : 243 - 3
filters. The spectra are shifted arbitrary along the vertical axis for better 10 - 4 452 o ® 3
viewing. Reprinted with permission from Reshchikev al, Mater. Res. 3 ® 495 E
Soc. Symp. Proc693 16.28 (2002. 5F g E
:— . . 0 l -

nents, respectively. Activation energies of the otlfelines 5 T I I I

did not exceed 30 meV at temperatures up to 120 K, and

-4 -3 -2 -1 0 1 2 3
: : 10" 10 10" 10
these lines could be Dbarely detected at higher 107 10 '10. 10 ) 2
temperatures?’ Excitation Density (W/cm®)

The_ temperature de_penqenCieS _Of the encrgy pos_,itions ofiG. 99. Dependence of the PL peak shift on excitation density at 15 K.
the Y, lines are shown in Fig. 101 in comparison with the

shift of the FE line. All theY; lines shift in agreement with
the temperature shrinkage of the GaN band ﬁépupport-
ing the assumption that th¢ lines originate from GaN.

supports the assignment of tivg line to excitons bound to
inversion domain boundarié’ Narrow Ga-polar domains
in N-polar media might create high and narrow potential
2 Characteristics of the Y - lines humps near the surface _due to essentially Qiﬁerent band
’ . ! bending near the surface in Ga- and N-polar fifttisHow-
a. The 3.45-_eV lin€Yy). The _3.45-eV pga\_k, Iabe_led as, ._ever, this remains to be confirmed before it can be treated
appeared only in the N-polar films containing a high denSItyWith sufficient level of confidence. The exact potential pro-

of inversion domaing~10' cm™) and relatively low den- . g . ;
file may be sample dependent, explaining the slightly differ-
sity of dislocations(~10° cm2).5°%%*! Schucket al®* re- Y ple dep P g gntly

lated this peak to the inversion domain boundaries. A very

small Huang—-Rhys factd¥ for the Y; peak (about 0.02 Sample 845 DBE
10° ' Vee
10"
2 Sample 495
[ Pm(W/cm ) T=15K - ,
- —P=0.03 =10
10° e P=(0.3 3.342 g
e —P=3 o
’g L ——P=30 ;
2 ~—P=300 6
3 10° 0 =10
4 c
- 2
¥t £
(2] 7 _
§ 10" o 105
£
Y
10° E
10*
33
105 N N [ e | Lassy PhotonEnergy(eV)
345 3.2 325 33 335 34 345 35
Photon Energy (eV) FIG. 100. Temperature dependence of PL spectruR,at 100 W/cnf for

as-grown Ga-polar GaN layer by MBE on top of the HVPE-grownuf®-
FIG. 98. Low-temperature PL spectrum of N-polar GaN layer grown by thick GaN on sapphire substrate. Temperatures are 15, 35, 60, 100, 140, 195
MBE on sapphire substrate. The spectra are normalized at maximum. Rék (solid curve$, 25, 50, 80, 120, 160 Kdashed curvgsand 240 K(dotted
printed with permission from Reshchikaat al, Mater. Res. Soc. Symp. curve. Reprinted with permission from Reshchiketal, Mater. Res. Soc.
Proc. 743 L11.3(2003. Symp. Proc.693 16.28 (2002.
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the Y; line quenched and disappeared above 50 K due to a
large contribution of theY,, Y, and FE emissions at this
photon energy. A peak at about 3.38 eV, along with other

- —

S 34 M R peaks similar to ouly,, Y,, andY, peaks, was observed in
! - Y, ] the CL spectrum of GaN grown by MBE on sapphitéAn

s ABARDL . Sample] intense peak at-3.38 eV, observed in bulk GaN platelgfs,

a 33 M Y, 426 might also have the same origin as tligline. Due to the

a > 4 o 495 ] b f any shift of the, peak with excitation intensi
= : o e 605 absence of any shift of thé; peak with excitation intensity

P I o 627 | (reported also in Ref. 544we rule out the DAP nature for

E’, [ X 845 ] this line and assign it instead to excitons bound to some
5 3.2}

1107 4 unknown defects?’
] d. The 3.35-eV lin€Y,). The 3.35-eV orY, line is asso-

3 o R B ciated with GaN and should not be confused with the oil-
0 100 200 300 400 related 3.36-eV lingSec. VIII B). We assume that the line at
3.35-3.36 eV observed in Refs. 517, 536, and 543 has the

same origin as th&/, line in our studies®’—>****’A strong
FIG. 101. Temperature dependence of positions of the(IFBE) and Y; PL peak at 3.35-3.36 eV has been observed iplane GaN
peaks :” SaNdStimP'eS_—t_For m sample 605 the DBE_a”CI’ EEdpiﬁks Wl_effbntaining a high concentration of stacking fadlts>*
vesolen and e ostion of e common e = ot e Siyile the assignment of this peak to_excitons bound 1o
following positions of lines aT=0: 3.479 eV(FE); 3.459 eV(Y}); 3.410ev  Stacking faults in these samples is convincing, this conclu-
e o 0,2 5,230 85 X225 ¢ sl should o b exendc 1o hine i Gatlarown o
: 7 v : - . <. c-plane sapphire because the TEM investigation has not re-
gﬁ?gizy&% 5623(2003. Copyright(2003 by the American Institte of o pleq stacking faults in the samples which exhibited a high
intensity of theY, line 2454547
The Y, line appeared only in Ga- and N-polar samples
ent positions of theY; peak in different samples and the exhibiting a strongy; peak>>’>*">**This line never shifted
significant  shift of the Y; component with excitation nor saturated with excitation intensity. We assign Yhdine
intensityfj47 to an exciton bound to some point defects trapped by the
b. The 3.42-eV linéY,). The exact position of this line is edge threading dislocatior%">>*Slow photoinduced charg-
sample dependent, typically spaced from the DBE line bying of the edge dislocations near the surface may cause its
40-65 meV***'®|n some investigations a doublet structure evolution with UV exposure. The excitonic nature of thg
of the 3.42-eV line has also been observ&d*®**Further,  line is supported by a very small FWHK8—I0 meV in rep-
Chenet al®* resolved up to five peaks in the range from resentative samplgsand a very small Huang—Rhys factor
3.40 to 3.44 eV. The relative intensity of the 3.42-eV peak(0.01). The LO phonon replica of this peak can be clearly
increased after annealing, especially in water vaposeen at an energy distance of about 90 meV in the samples
atmospheré?’5 The cumulative consensus is that the 3.42-eV\with well-definedY, peak.54°’547'554
line is related to structural defects >15-520.544 e. The 3.34-eV lindYs). The line with its maximum at
The 3.42-eV orY, line appeared in some 70 as-grown about 3.34 e\(the Y5 line) was observed in six samples: 495,
GaN layers(typically with Ga polarity deposited on sap- 688, 692(N-polar filmg and 243, 463, 845Ga-polar filmg.
phire or SiC by MBE in our laboratory. A doublet nature of The Y5 line was relatively sharp in all the aforementioned
the Y, line (Fig. 98 was observed only in N-polar samples samples. It did not shift or saturate with increasing excitation
having a high density of inversion domains. Tigline was  intensity, as can be seen in Fig. 98. With increasing tempera-
never found in the samples with flat surfaces where only theure, this line quenched in a manner similar to the offier

w
N
./‘
}
d
<

Temperature (K)

Y, and Y peaks were sometimes detected. lines. Therefore, we assign thg line to exciton bound to
The Y, peak disappeared or drastically decreased aftesome unidentified defect’>*’
etching in hot phosphoric acidrig. 93 which removed the f. The 3.32-eV linéYg). The 3.32-eV orYg line must not

rough portion of the columnarlike layer without essentially be confused with the oil-related 3.31-eV line, because the
changing the thickness of the higher-quality GaN layer, angroperties of these two lines are very differdisee Sec.
after PEC etching which etched away the good-quality GaN/Ill B). The Yg line was detected in some 40 GaN layers
leaving dislocation sites intact as pillars. The Huang—Rhygrown by MBE on sapphire and SiC, both Ga and N polar.
factor of this emission was estimated as 0.05. We assign thdowever, theYg line never appeared in GaN films with very
Y, line to excitons bound to some surface defects rather thafiat surfaces*’>>*Unlike otherY; lines, theYj line always
to dislocations in bulk GaR®">*’ shifted in energy significantly with excitation intensity and is
c. The 3.38-eV lin€Y3). The 3.38-eV line, labeled a%;, relatively broad in all the studied samples. With increasing
appeared only in two samples: 498 polap and 770(Ga  temperature, we observed a small shift of tkig line to
polan. In contrast with the FE and DBE lines and their LO higher energies at low excitation intensitiesee Fig. 8 in
phonon replicas, the intensity of thé line saturated with Ref. 537 and a shift to lower energies at high excitation
excitation intensity(Fig. 98). No shift was detected in a wide intensities (Fig. 100. This observation, together with the
range of excitation intensities. With increasing temperaturestrong shift of the peak with increasing excitation intensity, is
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FIG. 103. Low-temperature PL spectrum of Ga-polar GaN layers grown by
MBE on sapphire substrate subjected to different treatneagsd thermal
annealing(RTA), etching in hot HPO, and PEC etchingy

FIG. 102. Low-temperature PL spectrum from GaN layers grown by MBE
on sapphire substrate.

a hallmark of the DAP-type transitidh. With increasing  peaks. Since th¥g and Yy peaks emerged at high excitation

temperature, th¥ line quenchedFig. 100 with an activa-  intensities and had a rather sharp shape, we tentatively at-

tion energy of about 30 meV. We assume that this is thdribute them to strongly localized excitori¥.

binding energy of the donor involved in the DAB. Even deeper PL peaks emerged at high excitation inten-
We propose that the shallow donor and acceptor resporfities in the Ga-polar samples 426, 460, 462, and #7d.

sible for the Yy line are located on the GaN surfate™’ 103 when the contribution of the YL band decreased sub-

where the binding energies for donors and acceptors ardantially due to a large lifetime of this bafiiThe energy

reduced®55%6 Previously, the surface-related shallow DAP pOS.ItIOI’P of the peak, denoted g, varied from 2.78 to 2.82

band has been identified in CdS at photon energies highdt? I different samples. The deepest PL peak, of apparently

than the bulk shallow DAP barfd’ excitonic origin, denoted a¥;; was detected at 2.68 eV in

9. The 3.21-eV lin€Y,). The 3.21-eV line, denoted a6, sample 426Fig. 103. With increasing temperature, thg,

. - . ak quenched with a small activation energy in the same
with the characteristic LO phonon replicas has been observep ann gr as the othef, peaks™ 9y
in several investigation§.3’516’517'521’536_538’541‘54We ob- ' '
serveq theYs Ime in some 70 Iayers_ grown by MBE on 3. Y, lines and structural defects
sapphire and SiC substrates. In fact, it consists of two com-

ponents separated by 15+3 meV with the low-energy com- 1he PL properties of the samples containing énes
ponent Y/, being dominant at low temperatur@§1547 The and a few control sampldfree from theY; lines) were com-

transformation of ther- line with temperature is very similar Pared to the structural properties of the samples by using the
among all our samples and the ones used in Ref. 544. T FM, XRD, and TEM methods typically used for crystal

) R o characterization.
suggestion of the excitonic origin of th& line is supported X . . .
99 . . 9 e p.p - a. Atomic force microscopzomparison of the AFM im-
by a linear increase and absence of the peak shift with in-

creasing excitation intensity, and a very small Huang—Rhysages of samples exhibiting the; lines and the control

factor (about 0.08 A set of combined PL and TEM studies Ssamples showed that there is no clear correlatl_on bsat7ween the
showed that theY; line may be strong in GaN containing surface morphology and appearance of Melines.™ In

T . . ticular, th f hol fth trol le 750
only the edge threading dislocatioff.On the other hand, Po - Coion e SUMACE MOTPROOJY of the Lontrol sampie

h i b letelv ab i the | ith was nearly identical to that of sample 42®ig. 92 before
the'yy line may be comp e_tey a _s%rgszr;t e layers with COm-, 4 5150 after etching in hotJRO,. Interestingly, the Ga-
parable densities of the dislocatiofis:”" We therefore sug- 4oy jayers with very flat surfaces, such as samples 605 and

gest that theY; line arises from recombination of an exciton 1107, did not contain any; lines in their PL spectrum ex-
bound to some point defect that is in turn trapped by thecept for the sharpY, and Y, lines. Remarkably, th¥, line,
stress field of the threading-edge dislocation. dominating in many samples with bubblelike or columnar
h. The 3.08-, 2.85-, 2.80- and 2.66-eV lin&&-Y1y).In @  syrface structure disappeared after hot wet chemical etching
large set of GaN samples we could find samples representingither in HPO, or KOH) when the surface became flat,
unusual PL lines. Two such lines, label¥d and Yo, were  albeit with etch pits.
observed in small areas of only one nonuniform GaN sample b. X-ray diffraction.Information about crystalline struc-
(sample 638 at high excitation intensities, as exhibited in ture can be gained from an analysis of XRD rocking curves
Fig. 102. Both theyg line with the ZPL at 3.078 eV and the measured regarding different crystal directions. In two
Y, line with the ZPL at 2.858 eV were accompanied by LO reports>®®°%® an apparent correlation between the crystal
phonon replicas that are 90-92 meV apart from the maimuality, established by XRD, and the intensity and energy
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TABLE VI. Comparison of dislocation densitiéifom TEM data and relative intensities of thg and DBE lines(from PL spectruin GaN layers grown
by MBE on sapphire substrate

Density of dislocations and

. ) ) ) ; ; ; Surface
Sample inversion domaingIDs) (cm™) PL intensity(rel. unitg (from
screw mixed edge ID DBE Y, Y, Y, Y5 Ys Y, QE (%) AFM)

750 <1x10" 8x10° 2.5x10° 1x10° <10° (?) 6 Rough
1541 <7x10° 7x10° 7x10Y 2x 10 1X10° 0.03 Flat

618 1x 108 5108  4x10f 1x10% 1.7x10° 8x10 0.3 Rough
605 <1x10" 3x10° 1x101° 1.3x10° 4.4%X10° 1.8x10° 0.15 Flat

463  <1x10° 2x107 1x10° 4x10®¢ 3x10° 1.6x10 6.3x10° 3x10° 5x10° 5x10 3.3 Rough

position of the 3.42-eV peak has been reported. We comsamples exhibiting the; lines>*"***Note also that a brief
pared the peak positions and relative intensities of Yhe etching of the GaN layer in hot4?0, smoothens the surface
peaks with the FWHM of th€0002 GaN diffraction peak in and completely quenches tig line.

a large set of GaN layers grown by MBE on sapphire and

cc_)uld not find any clear correlation fpr any of tive peaks B. Oil-related 3.31- and 3.36-eV lines

with that parametegi3.7’54l'547Note that in a large set of con-
trol GaN samples not containing the peaks, the FWHM of In numerous investigations involving PL in GaN, the

the (0002 diffraction peak also varied substantially in the artificial oil-related lines yvith their charactleristic prope(tie_s,
range from 1 to 50 arc mitt"%*54"The broadening of the presentedlgt())ezlfgvg,zsvg%r_%slnadvertently at'.[rllbuted to emission
(0002 diffraction peak has been reported to relate to thefrorn GaN. o The energy position of these lines
density of screw dislocatiof€55¢°The lack of a clear cor- falls into the range of 3.358-3.370 and 3.298-3.313 eV.

relation between the appearance of fiepeaks and the These lines have often been detected in undoped GaN where

FWHM of the (0002 GaN diffraction peak’**!indicates - emission typical for GaN was observéd™or in p-type

L ; GaN where the near-band-edge emission was absent or ver
that none of théy; peaks is directly related to screw or mixed g y

, _ i : : weak!9028332352 fewy clearly observed phonon replicas of
dislocations, which contradicts the assumption of Shreter . 3 31_qy line (separated by about 70 meV which is

al.**° regarding the possible origin of the 3.42-eV peak ingmalier than the LO phonon energy in GaN by about 20
GaN. These suggestions that we put forward are also suppev) have been recordéd? 2>?%At low temperatures, the
ported by TEM studies, as will be shown below. 3.36-eV line is stronger and sharper than the 3.31-eV line.
c. Transmission electron microsco@coss-sectional TEM With increasing temperature, the 3.36-eV line quenches
images have been obtained for the selected samples repfiaster than the 3.31-eV ling>:°22-524526.529530 11 the acti-
senting theY; lines as well as for a few control samples vation energy of quenching does not exceed 30
lacking these lined8*41547:55\n analysis of the TEM im-  meV>2°2%3%|ncreasing the measurement temperature re-
ages allowed us to independently estimate the density of
threading-edge, screw, and mixed dislocations in addition to

the density of columnaiwith a diameter of 5-20 njrinver- 10" - fi’gg'e DBE-2LO

sion domains in the selected samples having a large variation --605 DBE - LO

in the density of structural defect3able VI). Note that the . 10° ___:g?g v

densities of edge and screw dislocations, obtained by TEM *g ---= 1541 Y,

and XRD methods, are consistéfit. The densities were 3 10° \

compared with the relative intensities of thelines in the = \

same samplesee Fig. 104 and Table YISimilarity in the 2 10 r/

structural properties of the samples 463 and 6Dible V) § 6 v

indicates that thé&', andYg lines are not related to the struc- E 10 '

tural defects inside the crystadensities of different disloca- T 10° L ‘

tions and the crystal quality are about the same in these two > -~ FE-LO
samples while th&’, andYg lines appear only in one sample 10* "DAP-LO DAP FE-2L0 N
but related instead to the surfaté:>*%>*1**\o other cor- R
relations could be determined between the structural defects 31 32 33 3.4 3.5

andY; lines in these five selected samp?&5>*'We are also Photon Energy (eV)

highly skeptical that stacking faults are responsible for any g 104. Low-temperaturél5 K) PL spectra of five GaN layers grown by
Y; line. Although the apparent correlation between the presMBE on sapphire. All the spectra are measured under identical conditions.
ence of theY, line and high concentration of stacking faults Excitation density is 30 W/cfn The spectra have been shifted by up to 10

. 562 meV to compensate different strain-related shifts and align the DAP peaks.
in GaN has been reportéal, we could not detect any  see characteristics of these samples in Table VI. Reprinted with permission

stacking fault in cross-sectional TEM images of the GaNfrom Reshchikowet al, Mater Res. Soc. Symp. ProZ98 Y5.66 (2004).



061301-82 M. A. Reshchikov and H. Morkog J. Appl. Phys. 97, 061301 (2005)

w0 I of the previous reports and discussions, it is reasonable to
107 F Pump oil 53 assume that most of thé lines in GaN could also be related
— 15k ] to extended structural defects in some way.
- 40K J, : The; peaks in GaN quench with rather small activation
70K : energies, much smaller than the binding energy of the shal-
100K 3 lowest known acceptors in GaN. The small activation energy
1 can be accounted for by assuming that ¥epeaks arise
from recombination of excitons bound to some structural de-
fects. Due to the strain field the defect may create local po-
tential, which can strongly bind a hole, and in turn attract a
loosely bound electron to form a bound excitoBifferent
localization of the electron and the hole would explain two
activation energies in the temperature quenchiny,;dfnes
3.15 3.2 3.25 3.3 3.35 34 (in particular, 15 and 120 meV for thé, line). The doublet
Photon Energy {eV) nature of some peak?,, Y,, andY;) can be attributed to
neutral and charged exciton¥, as it was suggested earlier
For the 364-nm line in GaN? Alternatively, one component
could be attributed to the contribution from the surface while
the other to the bulk regions of the sample, which may be
veals the complex nature of the 3.36-eV Iffi more appropriate for ther; doublet with the component
No shift in the position of the 3.36-eV line was Observedseparation depending on the excitation intensity_

under hydrostatic pressure up to 4.4 GPa, while the band gap Considering  the  detaled TEM and PL
of GaN should increase by about 190 rT‘Fé%/The lines Studiessl38'541'547’55‘h is doubtful that any of the(l peaks is
could be excited with photon energies below the band gap afaused by annihilation of an exciton bouditectly to any
GaN>?**The lines were most commonly attributed to the gislocation, cubic phase, or a stacking fault in GaN. How-
cubic phase inclusions formed as a result of stackingver, it is very likely that theY; lines are related to some
faU'tSSZG'SSO or to excitons localized at extended defects inpoint defects gettered by dislocations. The fact that no un-
GaN 5 22528:529.551 usual deep-level PL band is observed in the samples with
We have showt?”**that these lines with specifiwop-  strongY, lines may indicate that these point defects are non-
erties appear only in the samples contaminated with smalkadiative even though they can bind excitons. The above as-
amount of oil. Among the sources of these parasitic “nesSignment is also able to exp|ain Why the presence of one type
one can name the oil-based thermal compound for affixingr another structural defect or just a rough surface results in
the samples to the sample holdsee Fig. 1 in Ref. 540and  the appearance of th¢ lines in GaN in only some cases.
contamination of the cryostat chamber by pump @ilg.
105. T_he oil-related emission is extrerr_1ely strong, with fchelx_ UNSTABLE LUMINESCENCE FROM
QE being about 30%. Consequently, fairly small contaminapgrecTs
tion with oil would make these lines visible when the inten-
sity of the PL from GaN is weak in this energy region. To Under continuous illumination conditions, PL in semi-
eliminate these sorts of artifacts in our experiments, we usegionductors sometimes bleaches or enhances with time. The
an oil-free pump system and chose to clip the samples to therocess is normally reversible after a moderate thermal an-
holder without any g|ue or paste at the expense of |005in@ealing ora Iapse of time. The metastable behavior of PL is
good contact with the cold finger that is why the minimum often attributed to a metastable nature of bulk defects respon-
measurement temperature in our studies is limited to 15 KsSible for PL. However, it is well known that surface states
Note that the properties of th&, Ys, andYg lines that fall in ~ can trap charge carriers. Moreover, slow variations of the PL

the same spectral region are completely different from thos#tensity can sometimes be attributed to changes in the band
of the oil-related lines. bending due to charging or discharging processes on the

semiconductor surface. Furthermore, recombination-

enhanced defect reactioh&®’® can also cause unstable

luminescenc&’**™ and, in particular, degradation of
C. Identification of the Y, lines PL>"%5"8Below, we review what is known about unstable

i _ . _ PL in GaN and provide preliminary analysis and assignment
Unusual luminescence lines have been originally discovyg g the origin of the observed phenomena.

ered in Si(Ref. 563 and ZnS€®* Since then numerous pa-
pers have been published on PL lines with similar propertie
in ZnSe®®® CdTe®® ZnTe (Refs. 565-56) (Y andZ lines),
and in silicon(D lines).*®®*"°These lines have commonly In a few studies a broad blue luminescence band cen-
been attributed to excitons bound to extended structurakered at about 3.0 eV has been observed that exhibited a
defects’®*"* although Higgset al®® also suggested that strong fatigue effect’®%3A broad blue band with a similar
these lines could originate from excitons bound to point defatigue behavior has also been reported to appear after brief
fects trapped in the strain fields of dislocations. In the lightetching of the Ga-polar surface of the MBE-grown GaN by

=y
o
©

-
[=]
.

PL Intensity (rel. units)

-
(=
~

FIG. 105. PL spectra of oil from mechanical pump. Phonon replicas of th
J, peaks are separated by 70 meV.

é,524,527,529,532

%. Unstable luminescence bands
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FIG. 107. Variation of the blue band intensity with tintecorded at 2.8

1.5 2 25 3 3.5 eV). The intensity at “zero time” is normalized to 100% for all excitation
Photon Energy (eV) densities. The bleaching with time has fast and slow components. The latter

is nearly independent of the excitation density. Reprinted with permission

from Reshchikowet al., Appl. Phys. Lett.78, 177(2001). Copyright(2002)

FIG. 106. PL t f a high-resistive MBE- GaN le. Th
Specirum of a mgn-ress ve grown '>ar samp'e eby the American Institute of Physics.

sample was etched in 160 °GIPO, for 2 mins and then repeatedly exposed
to air at room temperature for various times. Two broad bands with maxima
at about 1.8 and 2.4 eV are related to point defects in bulk layer. Broad b'“?ntensity saturated. whereas the intensity of the exciton emis-
band emerging after etching is attributed to the surface states. The multiple. ! . . . .
peaks with separation of about 0.2 eV are due to interference effect. Sion at about 3.47 eV increased SUper“nearly in the hlgh—
resistivity layers grown by MBE.

The blue luminescence bleached with UV exposure time,

hot phosphoric acid or molten KOH. The bleaching blue s shown in Fig. 107. It should be noted that the intensity of

band has been attributed to radiative recombination on tht i T d other PL bands in the studied
GaN surfacé®*®Recently, we have discovered that even in' ¢ _€XCIon €mission and other ands in e studie

as-grown samples grown by MOCVD an unstable blue ban(§amples did not vary with UV exposure time under the same

sometimes appeaf® The characteristic features of the latter €ONditions. ‘This rules out the possibility that bleaching is

band are the phonon-related fine structure and the metast%i‘élus{ad by heating of the sample by the laser beam. The

bility remaining for several days after annealing at rOOmeffect of bleaching was irreversible at low temperatures.

temperature. After a comprehensive study of the latter banc]—,ltc“zl\é)eoveKr’fthe3 g L i.rr‘fﬁ,gj‘fty CO[:.Id ?e restore_d af;er ag?:g ling
we are inclined to conclude that its origin is different from a or min." Two activation energie€l2 an

that appearing in the MBE-grown GaN layers subject to ame\/) have been determined from the temperature depen-

wet etching treatment. The bleaching of the blue band indenfte_ of thltlailntensna/w Otf this blue b?ng. Nt .
MOCVD-grown layers was accompanied by an enhancement IS well known that exposure of :alll to oXygen or air

of the YL band, similar to the PL behavior reported in Refs results in the formation or modification of the surface states
579-583 ' ‘that affect the electrical and optical properties of

In addition to the blue band, the unstable behavior ha:g':""ll\l'590‘594’595\/\/e proposet*®that oxidation of the GaN
also been reported for the YL'baﬁ@—ssl,sss,sszsseUVL surface in air creates surface states in the lower part of the

band at about 3.2 e¥%° and excitonic emission in undoped gap, and radiative recombination involving these states is
GaN5835% Note -that t'heY4 and Y, lines discussed in Sec responsible for the broad blue band in the etched and air

VIII also exhibit unstable behavior. exposed GaN layers.

1. Blue band from the etched GaN surface 2. Blue and yellow unstable bands

Although most recombination processes involving sur-  In several investigations, GaN layers grown by MOCVD
face states are believed to be nonradiative, optically activen sapphire exhibited metastable BL and YL bands in the
recombination centers related to surfaces have been prevbw-temperature PL spectruM®>**The YL band peaked at
ously reported in InP?* porous silicorr?>**and in GaN  about 2.2-2.25 eV, and the BL band had a maximum at about
grown by MBE and HVPE®*°®|n our experiments, after a 3.0+0.05 eV (Refs. 579, 580, and 582 or at
brief etching of the GaN surface in hot phosphoric acid, a2.9+0.05 e\PELS8|n all these investigations the BL band
broad band appeared at low temperatures in the blue part dleached under UV illumination and this process was accom-
the PL spectrum. Its intensity gradually increased with expopanied with enhancement of the YL band. The memory ef-
sure time of the sample to air after etching, as shown in Figfect at low temperatures lasted for many hotifswhereas
106. the PL band intensities completely recovered after a short

With increasing excitation density from 10 to  annealing process at room temperaﬁff’es.gz'ssthar and
100 W/cn?, the blue band gradually shifted to higher ener-Ghosh® and Kim et al>®3 noted a correlation between the
gies by about 100 meV, while its shape and width remainednetastable effect and high electrical resistivity of GaN films.
unchanged® At high excitation intensities the blue band Brown et al*®° noted that reactive-ion etching of GaN in
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FIG. 108. Low-temperature PL spectrum of undoped GaN before and aftefilG. 109. Evolution of PL intensity at 15 K with UV exposure time for

UV_iIIumination duri_ng 150 min withPg,.=0.3 W/cn?. Excitation density unstable YL and BL band§YL-u and BL-u, respectivelyand stable PL
during the PL scan is 0.003 W/ém bands(YL and BL) in undoped GaN layer®,,.=0.3 W/cn?.

different plasmas enhanced the metastable effect to varyinigtensity, at least in the range from 0.3 to 300 W fciRe-
degrees. Most of the authors attributed the observed transfomarkably, after heating the sample up to room temperature,
mation of PL with UV illumination to manifestation of a the YL band in the UV-exposed areas remained much stron-
metastable point defef%8%%82and believed that the same ger than in the adjacent areas for several daysoom tem-
defect is responsible for both bant&>® Ryan et al®®®  perature the UV illumination with high intensity did not
ruled out a direct connection between the defects responsibtmuse any significant changes in the PL intensity and no
for the BL and YL bands since, in their experiments, therememory effect could be observed.

was no correlation between the variations of these two The BL band peaked at 3.05 eV, and its high-energy side
bands. exhibited a fine structure. The sharp peak at 3.342 eV is

Changet al®75% observed an enhancement of the YL assumed to be the ZPL of this band. The next sharp peak was
band at room temperature after UV irradiatffh,or after  separated in energy by 36 meV from the ZPL and believed to
electron-beam irradiatioff® The intensity of the YL band be the local phonon mode of the defect responsible for the
returned to its initial value after a few hours at room tem-BL band. The second phonon replica could be seen as a weak
perature and much sooner at elevated temperatures. The theeak at 3.27 eV. With increasing excitation intensity from
mal activation energy, deduced from the temperature depef.003 to 30 W/crf the BL band did not shift, neither as a
dence of the restoration time, was reported to be 1.34 ewvhole (within an accuracy of- 10 me\) nor its ZPL(within
Only the YL band showed the unstable behavior in thesén accuracy of- 1 meV). With increasing temperature, the
studies. Chanet al*>*"**®proposed that the UV or electron- BL band quenched above 75 K with an activation energy of
beam irradiation affected the number or charge state of thgbout 150 meV, as displayed in Fig. 110. At temperatures
deep defects responsible for the YL band. above 150 K, the “unstable BL band” completely vanished,

A decrease of the near-band-edge emission intensity @iving way to the “stable BL band” peaking at 2.90 eV. The
room temperature in undoped GaN has also been
reportecd?®®°%®In one case, the decrease was accompanied by
the emergence of UV emission with a maximum at about 3.2
eV.>® The effect of UV irradiation on the YL band and near-
band-edge emissions at room temperature is also discussed
in Sec. IXB 2.

In a few GaN samples grown by MOCVD we also ob-
served unstable behavior of the BL and YL bandsg.
108),°% similar to that described in Refs. 579-583. Note that
the samples were as grown and not subject to any surface
treatment®’ After a 150 min of irradiation with 0.3 W/cf
of the He—Cd laser emitting at 3.81 eV, the BL intensity
decreased by more than three times, the YL intensity in- .
creased by more than a factor of 10, and the exciton emission PR WU NN A I
enhanced by a factor of about 1Hig. 109. The total radia- 1.5 2 25 3 35
tive efficiency varied only about 10% during the irradiation, Photon Energy (eV)
indicating that nonradiative recombination is hardly involved o _
in the competiion betueen the recombinaton channels. ThE, L VAl P hectn i enperau 1 e o e
rate of change in the PL intensity was about the same for thg;ch |ow-excitation density the bleaching caused by UV exposure was neg-
YL and BL bands, and it was proportional to the excitationligible). The spectra were taken without high-intensity UV exposure.

PL Intensity (rel. units)
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film arising from a possible distribution of charge in it, sur-
face dipole due to adsorbate species, and microscopic dipole
at the surface which is determined by the specific arrange-
ment of the atoms near the surfa¢éBased on the findings

of Bermudez® Wu et al,>® and Nienhauset al,’*® we
assumey=3.3+£0.3 eV for GaN. The variation in values pf
reported in the literature may be due to different microscopic
surface dipoles, different degrees of oxidation, and presence
of different adsorbed species in the experimentally studied

GaN.
The upward band bending at the surfacendfpe GaN
Metal tip E, with uncompensated concentration of shallow domggsan
/7 < be characterized by the barrier height, density of the
Oxide film GaN negatively charged surface statgsand associated depletion

region widthW. The relationship of these parameters can be
Yescribed by the expressﬁ?ﬁ

FIG. 111. Schematic diagram showing the band bending and the vacuu
level (Eyac) near the surface of GaN in vicinity of the metal tip.

W_ 2(bd880 _ &
stable BL band quenched above 200 K, and its characteristics B o*Np B Np’
were the same as those for the commonly observed BL band o o )
in undoped GaN grown by MOCVDsee Sec. IV The The origin of ns is in part the acceptorlike surface states
intensity of the YL band remained nearly unchanged up tdoelow the _Fermi level and in part uncompensated negafcive
room temperature, in agreement with its typical behavior incharge of ions adsorbed on the surface. We have obtained

(44)

undoped GaNSec. IV A). that in a large set of GaN samples with different concentra-
tions of electrons the barrier height at the surface is of the
. ) . \POO . . . .
B. Manifestation of surface states in order of 1 eV.™" Consequently, the depletion region width is
photoluminescence about 100-30 nm for the concentrations of shallow donors in

) o the range of 18-10'® cm3, respectively, and the density of
The semiconductor surface significantly affects the elecyyq negative charge at the surface is in lo#?1gin 3 accord-

trical and optical properties of the material and related deing to Eq.(44). Note, however, that the value &, obtained
vices. The states inside the band gap are formed on the Gaf\, 1, the Kelvin probe measurements may be overestimated
surface due to Ga or N termination, reconstruction, structura),

: LT the unknown value ob, [see Eq(43)]. Some insight into
and point defects, adsorbates, oxidation, etc. The surface Qrﬁ/e value ofb, can be gained independently from the depen-

the air-exposed undoped GaN grown oiplane sapphire  yance of photovoltage on light intensity.

shows an upward band ber_‘d'ggéogepmted as 0.4, 0.75, and \yhen the sample is exposed to light, the band bending
1.0£0.2 eV in various stud|e5§6.02 It has been reported  pangegphotovoltage effegtdue to charging or discharging
that a thin(~9 A) Ga0; layer,™ as well as chemisorbed ot the semiconductor surface states, states inside the oxide

98,603
oxygen atomsup to one monolayy cover the GaN  |ayer, and finally, due to photoassisted desorption of atoms or
surface. The band bending has been reported to be larger gejecyles from the surfad®* Under UV illumination, the

the Gsa;;polar surface due to the spontaneous polarizatiofiectron-hole pairs are generated mostly in the top 0.1-0.3-
effect. _The surfaqe _states may af_fe(?t the PL 3|gnal_d|rectly“m_thick layer of GaN sampldthe effective absorption
by varying the radiative or nonradiative recombination ratedepth in GaN is about 80 nm for the photon energies of
via the surface states or indirectly via varying the band bend3 7_3 g eV(Ref. 167]. Since the depletion region width in a
ing. Below, we discuss how the surface states on GaN maynica| undoped GaN is comparable to the effective absorp-
affect the band bending in GaN and lead to a metastablgq gepth, a substantial part of the photogenerated holes is
behavior of the measured characteristics. swept towards the surface by the strong near-surface electric
, field and rapidly(in ~101%-10® s) captured by the surface
1. Band bending at the surface of GaN states. On the other hand, the photogenerated electrons are
The absolute value of the surface band bending can beapidly swept towards the bulk, increasing the concentration
measured by the Kelvin probe meth¥d The band bending of free electrons in the bulk, likely in close vicinity of the
near GaN surface, or the potential barrier height in ddxk, surface barrier since the diffusion length is relatively small in
can be found as GaN. The holes captured by the surface states reduce the
. o negative charge on the surface and, consequently, reduce the
Pg= dm = AVep~ Ps = x + B, (43 depletion region width.
whereV, is the contact potential between the tip and GaN  After the light is switched off, restoration of the band
surface, ¢y, is the tip metal work functior{¢,=5.1 eV for  bending depends on temperature and specifics of the surface
Au), x is the electron affinity of the semiconductor, éfgis  states and adsorbates. At room temperature and in air ambi-
the Fermi level, measured with respect to the conductionent the complete restoration of the dark value of the band
band minimum,E., as depicted schematically in Fig. 111. bending lasts frm 1 h to a fewdays depending on the details
The parametemb, includes potential drop across the oxide of preparation of the sample surfa®&The main mechanism
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FIG. 112. Schematic diagram showing the band bending near the surface of 0 AP PR SIS BN S
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same for electrons and holes in nonequilibrium cdBen assumption that
recombination in bulk is much faster than recombination over the barrier,
and concentration of traps in the depletion region is much less than densi
of the surface states.

IG. 113. Evolution of the YL intensity at room temperature in changing
mbient for the MBE-grown GaN layer.

of the restoration is believed to be a thermionic transfer ofnUCh fa_ster(m_a few seconds;han the slow quenching of
free electrons over the surface barrier to the surfacéhe PL intensity. The saturation of the photovoltage also
state£22%%L At cryogenic temperatures this mechanism evj-means that the equilibrium is reached between the filling of

dently can be ignored. Therefore, at low temperatures Wéhe surface states with photogenerated holes and thermionic

may expect significant flattening of the band bending undeFr"’thfer OI free eIectron; sﬂ;Jatedrl]n tr;e bulk over th? bsrrler
UV illumination that would stay for an indefinitely long time to the surface states. Therefore, the slow variations in the PL

after the excitation light is switched off. Moreover, the ex- intensity cannot be attributed to passivation of the surface

cess concentration of the photogenerated electrons may aptates by photogenerated carriers. As a possible mechanism,

cumulate at some distance from the surface, whereas th&® suggest that photoir_1duced de_sorption of oxygen or water
photogenerated holes bound to the surface states can av6/|hapor frpm th? surfaci |sdrespc()jns_|ble fc()jr the SIC_)W ((;hanges of
recombination for an indefinitely long time. The Fermi IeveIF e PL intensity(usually degradatignunder UV irradiation

would significantly depart from its equilibrium positicias in air ambient. To verify the validity of this assumption, we

shown in Fig. 112 and a metastable gradient of the chargec""med °“té§’4'759§?g§7er'mems in different ambients at room

near the surface would remain for an indefinitely long time afermperatur

low temperatures.
3. Effect of ambient on intensity and shape of PL
bands

2. Effect of UV illumination on PL In a majority of our samples regardless of how they were

The PL intensity from GaN often changes with time un- grown, an enhancement in the PL intensity under UV illumi-
der UV irradiation when the sample is in air ambient at roomnation was observed as the sample chamber was evacuated.
temperature. We have analyzed the effect of UV illuminationFigure 113 shows an example of strong enhancement of the
with a He-Cd laser(3.81 eV and 0.3 W/cA) on the PL YL band in vacuum for a GaN layer grown by MBE. Switch-
intensity in a set of 30 undoped GaN layers grown by MBE,ing off the excitation light for several minutes did not change
including samples grown under Ga- and N-rich conditionsthe emission intensity upon reexcitation, or the change was
inclusive of Ga- and N-polar samples. The room-temperaturemall. However, allowing air into the chamber returned the
PL spectrum of the undoped GaN samples contained a neasmission signal to its original level prior to evacuation. The
band-edge emission band at about 3.40-3.42 eV and the Yamount of rise of the PL signal upon evacuation was found to
band. Typically the intensity of both the near-band-edgebe nearly proportional to the UV illumination intensity for
emission and the YL band decreased with time, althougtexcitation densities below 0.01 W/ &P Evacuation of air
exceptions to this rule have been reportédin most cases affected PL in different samples to different degré¥s.
only a partial restoration of the PL intensity was observedAlong wth the increase of PL intensity, a large decrease of
after the sample was kept in dark for a few hours at roonthe photoreflectance amplitude has been observed upon
temperature. The PL intensity restored to its original valuesvacuation of ait®® Behnet al®® attributed the changes in
sometimes only after two weeks. the photoreflectance and PL intensity to a UV-light-induced

The above-mentioned decrease of the PL intensity candesorption of oxygen from the sample surface.
not be explained by flattening of the band bending due to In order to ascertain whether oxygen or, e.g., water va-
filling the surface states with photogenerated holes becaug®r in air plays a dominant role in the evolution of PL, we
the reduction of the band bending and depletion width wouldexposed the surface of GaN to various ga8é3® The re-
have the opposite effect, namely an increase of the PL intersults for the near-band-edge PL are presented in Fig. 114. It
sity. Besides, the photovoltage signal in the case of the encan be seen that the oxygen ambient produces an effect simi-
ployed excitation intensity saturated in the selected sampldsr to air, i.e., a prolonged decay of the PL signal as com-
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120 sorption. The PL intensity usually decreases under UV illu-
mination, in contrast to the intensity increase during the pho-
toassisted oxygen desorption in vacuum. Possibly some

~~ 100 s L o .
3 nonradiative recombination centers are created under UV il-
s lumination in air ambient due to surface reconstruction or
%‘ 80 . recombination-enhanced defect reactioifs.*However, the
S variety of PL behavior upon air or gas evacuation or upon
= UV illumination in air ambient™ cannot be explained by a
g 60 ] single mechanism. Apparently, more than one effect are re-
sponsible for variations observed from sample to sample.
40 -
i it i i
0 5 10 15
Time (min)

4. Effect of passivation on PL

FIG. 114. Evolution of the near-band-edge emission intensity at room tem- Marti b d d . in th
perature under different ambient conditions for the MBE-grown GaN. Re- artinez et a observed a dramatic increase In the

printed with permission from Reshchikaat al, Mater Res. Soc. Symp. room-temperature PL intensitia factor of 4—6 when the
Proc. 743, L11.2(2003. GaN samples were treated with agueous and alcoholic solu-
tions of inorganic sulfides, such as ammonium or sodium
. . . sulfide [(NH,),S, and NaS]. The sulfide treated surfaces
pared to its value in vacuum. However, exposure to nitrogen . : o .
or hydrogen leads to a much smaller decrease in the signa[lemalnecI passivated for_at 'e"’_‘St seven manths in air. It is
rémarkable that the YL intensity did not change after the

Exposure to d|ff§rent gases followed by evacuation was "Cireatment. The effect of nonsulfide-based chemicals was also
peated several times for one sample, and the effect was r

ducible. Th | distinti bet the t S I'Ssted in these experiments. In general, acidic solutions in-
progucibie. € clear distinction between ine rans"emcreased the PL intensitpy up to a factor of 2. whereas
changes in the PL emission in vacuum and oxygen as co

Mhases and kO, slightly decreased it. Martineat al®® ex-
pared to other ambierthitrogen and hydrogerand similar- b0, slightly

; o g T lained the stability of the sulfide passivation by the forma-
ity of the changes in air and oxygen ambients indicate th ion of a strong N—S bond instead of the weak N-O bond.
oxygen adsorption is responsible for the degradation of thgynger v jllumination the PL intensity from the passivated

optical quality of the GaN surface. . , GaN surface decreased in some cases, apparently due to pho-
The observed degradation of the PL intensity and photog,chemical reactions, and remained stable in others. The pas-
reflectance in air or oxygen ambient can be attributed to €igjyation effect could be easily removed by a short rinse in
ther nonradiative recombination at the oxygen-induced SUrge-ionized (DI) water. In contrast, the surface which was
face states or to an increase of the band bending due {etreated with an oxide etch before passivation was much
adsorption of 0xygeﬁ?°’594'595The latter mechanism is espe- mgre resistant to DI water cleaniﬁ(és.
cially plausible for explaining the oxygen-induced changes  konenkova® has also demonstrated that sulffidizing of
of the PL spectruni’ Note that generally the oxygen ambi- the GaN surface improves the PL intensity. The most pro-
ent affects the intensity of the YL and near-band-edge emisnounced increase of the exciton emission intenditya fac-
sion differently. If oxygen introduced only nonradiative sur- tor of 3.6) compared with the intensity of untreated GaN was
face states, the varying ratio between the radiative an@pserved after treatment in a saturated solution ofS\ia
nonradiative recombinations would not distort the PL specisopropyl alcohol. Songet al®*® reported an increase by
trum. The redshift of the YL band observed in a few more than 100 times in the room-temperature exciton emis-
sample$™ can also be explained by an increase of the sursion intensity after passivation ofb-type GaN with
face band bending in air or oxygen ambient. The surfac€H,CSNH, solution. Note that along with the enhancement
depletion resulting from this band bending may lead to diagof the PL intensity, the electrical properties of GaN signifi-
onal (spatially indirect transitions of free electrons or elec- cantly improved after passivatiéit®° In particular, the
trons bound to the shallow donors to the deep-level statespecific contact resistance decreased fromx2La72 to 3.1
located closer to the surface. The redshift would be greatex 1076 () cn?,%'° and the Schottky barrier height increased
for a larger band bending. In contrast, the shift of the excitorfrom 1.18 to 1.63 e\(Ref. 608 after sulfide passivation.
emission cannot be large because increasing the near-surface In p-type Mg-doped GaN, no measurable improvement
electric field would break up excitons rather than separate aim the PL efficiency after sulfide passivation was observed by
electron and a hole significantly. A remarkable observationMartinez et al.®®® and about a twofold decrease of the BL
discerned from the experiments with varying irradiation in-intensity was reported by Liat al®* The observed decrease
tensity, is that evacuation without UV irradiation does notwas attributed to a reduction of the concentratiorvgfnear
remove the oxygen-related staf86only that the UV light  the surface, which could be replaced by suffdr.
supplies the necessary energy to activate desorption of oxy- The aforementioned examples of the effect of sulfide
gen. passivation on the PL intensity in GaN clearly show that the
Degradation of the PL intensity under UV illumination surface states play an important role in electrical and optical
in air ambientapparently cannot be attributed to oxygen de-properties of GaN just like any other semiconductor.
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