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Contactless electroreflectance, in the range of 20 K < T7<300 K,
of freestanding wurtzite GaN prepared by hydride-vapor-phase epitaxy
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(Received 2 July 2002; accepted 22 April 2Dp03

We have performed a detailed contactless electroreflectance study of the interband excitonic
transitions on both the Ga and N faces of a 200-thick freestanding hydride-vapor-phase-epitaxy
grown wurtzite GaN sample with low defect concentration in the temperature range between 20 and
300 K. The transition energies of the A, B, and C excitons and broadening parameters of the A and
B excitons have been determined by least-square fits to the first derivative of a Lorentzian line
shape. The energy positions and separations of the excitonic transitions in the sample reveal the
existence of residual strain. At 20 K the broadening parameter of A exciton deduced for the Ga
(5x 10° dislocationcm?) and N (1x 10’ dislocation cm?) faces are 3 and 7 meV, respectively,
indicating a lower defect concentration on the former face. The parameters that describe the
temperature dependence of the interband transition energies of the A, B, and C excitons as well as
the broadening function of the A and B features are evaluated. The results from an analysis of the
temperature dependence of the broadening function of excitons A and B indicate that GaN exhibits
a very large exciton-phonon coupling. 2003 American Institute of Physics.

[DOI: 10.1063/1.1582230

I. INTRODUCTION tactless electroreflectanc€CER) techniquet® The results
o ) ) ~ show that as the temperature increases the separation be-

~ Epitaxial GaN and its alloys with Al and In are emerging yeen the A, B, and C excitonic energies becomes larger and
wide-gap semiconductors well suited to fabrication of semihe possible origin of this effect was attributed to the differ-
conductor devices including visible-ultraviolet light emitting ance in the thermal expansion coefficients between the GaN
d@odes, visibIe-ultrav_iolet_‘cljetecto_rs, and high _temperatureand the sapphire substrate, which generates some compres-
high frequency tranS|s_t_0|’s. Much improved device perfor-  gjye stress. In order to verify this interpretation we have per-
mance could be facilitated by the development of high-tomed a similar study on a high quality freestanding WZ—
quality freestanding GaN substrates with tailored electricalg g\ sample.
properties. One rapidly advancing source of thick, free%tand— In this article we report a detailed investigation of the
ing GaN wafers is hydride-vapor-phase epitayVPE),”  temperature dependence of the CER measurements on both
which is a promising candidate for this substrate role. Thergne 3 and N faces of a freestanding HVPE-grown WZ—
have been numerous studies reporting the evidence of finggy sample with low defect concentration in the tempera-
structures observed in the energy region near the band edgg range between 20 and 300 K. The energies and broad-
of GaN using various optical measureme‘?Tt%z.In_ spite of  ening parameters of the relevant excitonic transitions are
these detailed studies, there have been some discrepancies;ifyyated by least-square fits to the first derivative of a
the description of the excitonic transition energies and theij 5rentzian line shape. The temperature dependence of the
temperature dependence in GaN. Previously we have studiggierhand excitonic transition energies has been fit by both
the temperature dependence of the energies and linewidths 9f shni4 and Bose—Einstein-typeequations. The tempera-
the A, B, and C excitons associated with the direct gap ofre variation of the broadening function of the A and B
wurtzite GaN(WZ-GaN/sapphire(000]) by using the con-  featyres has also been studied in terms of a Bose—Einstein-
type expression that contains the exciton-longitudinal optical
apermanent address: Department of Electronic Engineering, National TaLO) (q~0) phonon coupling constatft.

wan University of Science and Technology, Taipei, Taiwan 106, Republic

of China. Il. EXPERIMENT
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AR ¢ i0; )
—= -R ; Cje'i(E—E;+il)) 2|, 1)
wherep is the number of spectral features to be fittEds

the photon energyC;, 6;, E;, andI’; are the amplitude,
phase, energy, and broadening parameter of thhdeature,
respectively. This form is appropriate for bound states such
as excitons and impurities. The CER spectra exhibit three
prominent structures corresponding to intrinsic free-exciton
transitions labeled by A, B, and C with the vertical arrows.
These excitons are related to th§—I'S, I'Y (upper bang

I'S and 'Y (lower band-T'S interband transitions, respec-
tively. The energy positions for the A, B, and C exciton tran-
sitions on both the Ga and N faces are 3491001, 3.501
+0.001, and 3.5220.001 eV, respectively. Reynolds

et al?° reported 3.4903, 3.4997, and 3.5271 eV, respectively,
in GaN grown on sapphire by molecular beam epitaxy. These
. numbers are somewhat higher than the values obtained from

%.44 346 348 350 352 354 356 virtually strain-free GaN layers™ but similar to those ob-
tained from the GaN thin films grown on sapphire
substrate&!! Shanet al!! reported a reflectance and photo-
FIG. 1. The solid lines are the CER spectra of theGa and(b) N face of  reflectancgPR) study on undoped GaN thin films grown by
a freestanding WZ—GaN sample at 20 K. The dotted curves are least-squapaetalorganic-chemical-vapor deposition @001 sapphire

Photon Energy (eV)

fits to Eq.(1). The identifications of the various spectral features are given i
substrates at 10 K. The ener ositions for the A, B, and C
by the notations BXbound excitoh A, B, A(n=2), and C excitonic tran- 9y p

sitions with the vertical arrows. excitonic transitions were determined to be 3.491, 3.499, and
3.528 eV, respectively. The differences between these films
and the strain-free bulk films were attributed to the effects of
freestanding sample, the thick GaN layer was separated frofi¢sidual strain caused by the mismatch of lattice parameters
the sapphire by laser-induced lift-dff The GaN wafer was and thermal expansion coefficients between the GaN epilayer
then mechanically polished and dry etched down to a fina@nd the substrate. The results of our study show Egt
thickness 0f~200 um. Both the Ga and N faces were inde- —Eag""%10meV and AE,c—AERE"™%10 meV,
pendently etched in hot phosphoric acid;f,) to reveal which indicates a residual in-plane compressive strain of
the defects as examined by atomic force microscopy imagabout 0.039%6
ing. The Ga and N faces of tleeplane GaN exhibited defect We have also observed that at 20 K the linewidth of the
concentrations of % 10° and 1x 10’ cm™ 2, respectively® N face is much broader than that of Ga face, i.e., about 7 and
The CER method utilizes a condenser-like system con3 meV, respectively. This result indicates a lower defect con-
sisting of a front wire grid with a second copper electrodecentration on the Ga face in relation to the N surface, in
separated from the first electrode by insulating spaéfee ~ agreement with the atomic force microscopy study of 5
sample is placed between these two capacitor plates. Thg10° and 1x10’ dislocations cm?, respectively® Re-
dimensions of the spacer are such that there is a very thigently Chichibuet al?* reported an optical study on GaN
layer (~0.1 mm) of air (or vacuum between the front sur- films grown toward the Ga and N faces. The GaN film grown
face of the sample and the wire grid of the first electrodetoward the Ga face exhibited clear excitonic features in its
Thus, there is nothing in direct contact with the front surfaceoptical absorption and luminescence spectra up to room tem-
of the sample. The ac modulating voltagel kV peak to  perature, while the film grown toward the N face exhibited a
peak at~200 H32 is applied between the copper strip and thebroad emission band, located in a broad absorption tail. The
front wire grid electrode. The CER method has a number oflifference between the two was explained in terms of the
advantages over photoreflectarBd) for the study of wide-  presence of impurity-induced band-tail states in the N face of
band-gap nitride materials. It does not require an UV laser a§aN due to increased impurity density and incorporation of
the pump beam and it also avoids the photoluminescend@rge volume vacancy-type defects.
background due to the pump beam. A small featurg denoted as BXbound excitoi] located
at an energy~6 meV below the A exciton is attributed to an
exciton bound to a neutral shallow donor transition. Similar
results were reported by Chichitat al.” for the GaN films
The solid curves in Figs.(&4) and Xb) are the experi- on sapphire(0001) substrates. Furthermore, in order to ob-
mental CER spectra at 20 K for the Ga and N faces, respedain a better fit of the spectrum, an additional feature needed
tively, of the freestanding WZ—GaN sample. The curvesto be included at-16 meV above feature A. This structure
have been displaced for clarity. The dotted curves are leastan be identified with the=2 excited state (8 of the A
square fits to the first derivative of a Lorentzian line shapeexciton! Such identification permits a direct estimate of the
functional fornt® binding energy for the A exciton from the separation between

IIl. RESULTS AND DISCUSSION
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FIG. 2. The solid curves are the experimental CER spectra of the Ga and N o N
faces of a freestanding WZ—GaN film. The Ga-face spectra are a factor of 80 the N surface indicates that the built-in field on the former

larger than the N-face signals. The dotted curves are least-square fits to thie about a factor of 1.4 larger than that of the latter. In addi-
first derivative of a Lorentzian profile. For clarity the curves are displaced{jnn the phase of the signals from both surfaces indicates an
and only the obtained A, B, and C exciton energies are shown by arrows.n_ty’pe band bendinff
Plotted in Fig. 3 are the experimental values of the tran-

) ) sition energie€EA(T), Eg(T), andE(T) corresponding to
then=1 andn=2 states assuming the hydrogenic modelne A B, and C excitons, respectively, as well as the first
based on the effective mass approximation is applicable. AGsycited state of the A excitotfor temperatures lower than
cording to Elliott's theory,® exciton energy levels are given 50 K). Representative error bars are shown. In contrast with

as our previous observations for WZ-G&N and
o WZ-Al 0Ga oN?° films on sapphire substrates, the split-
Ep=— e (2 ting between the A, B, and C excitonic transition energies

remains unchanged, within experimental error, in the tem-

wheren is an integer andky, is the binding energy. From the perature range between 20 and 300 K. This indicates that for
results presented above, we obtain a binding energl,of a freestanding sample the A, B, and C excitons have essen-
~21meV. Ground and excited states of excitons in aially the same temperature dependence. The result confirms
photoluminescence/PR experiméhtwere previously uti-  our previous report§?°that as the temperature increases the
lized to determine the binding energy for the A and B exci-difference in the thermal expansion coefficients between the
tons to be 21 meV while 23 meV was found for the C exci-GaN (AlGaN) and the sapphire substrate generates some in-
ton, which is excellent agreement with our results. Inplane compressive stress, causing the splitting between the
addition, the present value agrees well with a previous repord, B and C excitonic energies to become larger.
on the binding energy for the intrinsic excitons in GaN by The solid curves in Fig. 3 are least-square fits to the
Shanet all Varshni empirical relationshifs

In Fig. 2 the solid lines represent the experimental CER
spectra of the G&N) face of the freestanding GaN film at 20, =1 =E(0)= aT?/(B+T), &)
77, 200, and 300 K, respectively. For clarity the curves aravhereE(0Q) is the excitonic transition energy at 0 K, and
displaced. As in Fig. 1 the signals from the Ga face are aboutnd 8 are the Varshni coefficients. The obtained values of
a factor of 3 larger than those from the N surface. As theE(0), «, and 3 for the three interband excitonic transitions
temperature increases, the CER spectral features redshift anfl the freestanding WZ—GaN sample are listed in Table I.
broaden. The dotted curves are least-square fits to the firBior comparison purposes, we have also listed numbers for
derivative of a Lorentzian profil® which yields the inter- some representative previous reports of WZ—GaRMore
band excitonic transition energies. At low temperatures theomplete values of related material can be found in Ref. 21.
transition of the first excited state of the A exciton is in- The numbers forr and 8 are in good agreement with our
cluded. For clarity only the obtained A, B, and C exciton previous values for the A and B transitions determined from
energies are shown by arrows in Fig. 2. CER measurements on a GaN/sappk@@01) sample'®

Based on electromodulation theory which takes into ac- The temperature dependence of the interband transition
count both ac modulating and dc fieftfsthe fact that the energies also can be described by a Bose—Einstein-type
signal from the Ga face is about three times larger in relatiorexpressiof?
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TABLE I. Values of the Varshni- and Bose-Einstein-type fitting parameters 20
which describe the temperature dependencies of the A, B, and C excitons in A Aexciton WZ-GaN
WZ-GaN. 18 O B exciton
16 Fits to Bose-Einstein-type
E(0) @ B ag Og %\ equation
Material (eV) (107% eVIK) (K) (meV) (K) g 14 |
GaNe® g 12
A exciton 3.49@-0.001 10.4-0.8 1100:100 75:20 350+50 g 10k
B exciton 3.506:0.001 10.5:0.8 110G:100 75-20 350:50 5
C exciton 3.52@:0.001 10.6-0.8 1100100 76+20 350t50 %‘o Sk
Gan g 6 a8 N-face
A exciton 3.484-0.002 12.82.0 1190:150 11G:20 450+100 § i Ga-face
B exciton 3.496:0.002 12.92.0 128G-150 11220 420+-100 S 4t
C exciton 3.5120.004 6.6:3.0 840-300 5730 340+-100 ﬁ &
GaN'® 3492 118 1414 2f & Geface
GaN9 3.480 81 366 0 L L et 1 : "

0 40 80 120 160 200 240 280 320

3Present work'contactless electroreflectance

bFree-standing WZ—-GaN sample prepared by HVPE. Temperature (K)

‘Reference 13contactless electroreflectance

WZ—GaN/sapphir¢0001). FIG. 4. The experimental temperature-dependent linewidfh) of the A
°Reference Gabsorptioi. and B exciton features for the Ga and N faces of a freestanding WZ—-GaN
Reference 7photoreflectande sample. The solid lines are least-square fits to E§). with E, o

9Free-standing WZ—GaN sample prepared by lateral epitaxial overgrowth.=91.7 meV andy,c=15 ueV/K.

E(T)=E(0)—2ag/[exp(©p/T) - 1], (4) lifetime broadening due to the exciton-acoustical phonon in-
whereE(0) is the transition energy at 0 l&g represents the teraction, wherey,c is the acoustical phonon coupling con-
strength of the exciton-average phon@ptical and acousti- stant. The third term is caused by the exciton-LO phonon
cal) interaction, and®g corresponds to the average phonon(q~0) (Frohlich) interaction. The quantitf’ o represents
temperature. The temperature dependence of the A, B, and te strength of the exciton-LO phonon coupling wiig, is
features has been fit to E@t) and the obtained values of the the LO phonon energy anklis Boltzmann’s constant. Be-
relevant parameters also are given in Table |. For comparisopause of the error bars on our data it was necessary to fix the
purposes, also presented in Table | are some other represgrarametersy,c and E o in order to obtain the two signifi-
tative results for WZ—GaN!® More complete values of cant quantities of’(0) andI'| ; by means of a least-square
these quantities for related materials can also be found ifit, where the values of yoc=15ueV/K and E o
Ref. 21. The obtained parameters are in a reasonable agree91.7 meV were used as adopted from a previous report by
ment with our previous values obtained from Wz-GaN/Fischeret al®
sapphire(0001)*® and the values determined from PR mea-  The solid lines in Fig. 4 are least-square fits to F),
surements on a nearly freestanding GaN substrate prepar@dich made it possible to evalual40) andI" o for the Ga
by lateral epitaxial overgrowth. and N faces of GaN, respectively. The obtained values are

The temperature shift of interband transition energies idisted in Table Il. For comparison we also have displayed in
mainly due to the interactions of the exciton with relevantTable Il values ofl’ 5 in terms of full width at half maxi-
acoustic and optical phonons. According to the existingnum for GaNS'32"28Gg, oAl 0N, %> GaAs? and ZnS&
theory® this lead to a value 0B significantly smaller than from other works. It should be noticed that some of the pre-
the LO-phonon ¢~0) temperature. Our result 00y vious investigations of (T) have neglected the acoustical
=350 K, which is much smaller than the LO-phonon tem-phonon term in the interpretation of the data. The values of
perature®, o=1064 K for GaN® is in agreement with this I'(0) and I' o for the A feature determined are 3.5
theoretical consideration. (7.0+£0.5) meV and 256 20 (200=20) meV, respectively,

The experimental values of the temperature dependender Ga (N) face. The smaller value df(0) for the Ga face
of the linewidthI'(T) of the A and B excitons for the G&Al)  reveals a better qualitfower defect concentratiorof the
face, as obtained from the line shape fit, are displayed by theaterial. Compared to the values for GaAs £2B5 meVy*®
open triangles and squares in Fig. 4, respectively. Represeand ZnSe (24 8 meV)* the exciton-LO phonon coupling
tative error bars are shown. Initiallf,(T) increases linearly parameter obtained by the fit to E(p) is extremely large.
with T, but begins to be superlinear starting from about 1500ther recent linewidth analyses of excitons in GaN per-
K. The temperature dependence of the linewidth of excitonidormed using other experimental techniques also report large
transition of semiconductors can be expresséfl as exciton—phonon interactioh**?”?3The much larger value

of I' o for GaN might be due to the much lagéy, of GaN

M=)+ yacT+To/[expELo/kT) —1], ) (~92 meV)® in comparison to that of ZnSE1 me\).*° In
where I'(0) represent the broadening invoked from addition, it is possible that a larger deformation potential
temperature-independent mechanisms, such as impuritieisiteraction, which may account for a significant fraction of
point and extended defects, surface scattering, and electrorly 5 in addition to the Frhlich interaction, is responsible for
electron interactions, whereas the second term correspondsttee largerT’| 5 .
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