Virginia Commonwealth University

VCU Scholars Compass

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

2001

Blue photoluminescence activated by surface states
in GaN grown by molecular beam epitaxy

Michael A. Reshchikov

Virginia Commonwealth University, mreshchi@vcu.edu

P Visconti
Virginia Commonwealth University

Hadis Morkog

Virginia Commonwealth University, hmorkoc@vcu.edu

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

b Part of the Electrical and Computer Engineering Commons

Reshchikov, M.A., Visconti, P., and Morkog, H. Blue photoluminescence activated by surface states in GaN grown by
molecular beam epitaxy. Applied Physics Letters, 78, 177 (2001). Copyright © 2001 AIP Publishing LLC.

Downloaded from
http://scholarscompass.vcu.edu/egre_pubs/42

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%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://www.vcu.edu/?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs/42?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:libcompass@vcu.edu

APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 2 8 JANUARY 2001

Blue photoluminescence activated by surface states in GaN
grown by molecular beam epitaxy

M. A. Reshchikov,® P. Visconti,”” and H. Morkog
Department of Electrical Engineering and Physics Department, Virginia Commonwealth University,
Richmond, Virginia 23284

(Received 21 August 2000; accepted for publication 7 November)2000

We have studied the broad blue band, which emerges in the photoluminesPénhspectrum of

c-plane GaN layers after etching in hotP, and subsequent exposure to air. This band exhibited

a 100 meV blueshift with increasing excitation intensity and a thermal quenching with activation
energies of 12 and 100 meV. These observations led us to suggest that surface states may be formed
on etched surfaces and cause bandbending, which leads to a shift in transition energy with
excitation. The blue PL is related to transitions from the shallow donors filled with nonequilibrium
electrons to the surface states, which capture the photogenerated holes. The observed irreversible
bleaching of the blue luminescence may be attributed to the metastable nature of the surface states
or to the oxygen desorption. @001 American Institute of Physic§DOI: 10.1063/1.1338496

Gallium nitride, related nitride semiconductors, and theirtion processes involving surface states are believed to be
alloys became an important class of materials widely used imonradiative, optically active recombination centers related
optoelectronic and high-temperature and high-poweto the surface have been previously reported in(IREf. 12
devices"? Fabrication of these devices often involves treat-and porous silicod*
ment of the semiconductor surface with acids. Dry etching, In this letter, we present results of an optical study of
commonly used for nitride semiconductors, is known to in-undoped GaN layers treated in acid. We have found that the
troduce damage, while wet etching is slow in developingsurface condition affects the optical properties of GaN and
because of the high chemical stability of nitrideBespite  may enhance radiative recombination.
notable progress in controlled etching of GaN and other ni-  Unintentionally doped GaN layers were grown by
trides, very little is known about the surface states in asmolecular-beam epitax¢yMBE) on the c-plane of sapphire
grown and etched GaN and how they affect optical and elecsubstrates. The samples were highly resistive, as indicated by
trical properties of the material. Photoluminesce(RE) isa  room-temperature Hall measurements. The PL measure-
powerful method for studying defects in semiconductors. Eximents were carried out in the temperature range of 10—-300 K
citation light with above-band-gap-energy photons is abwith a continuous wave He—Cd lasg25 nn). The excita-
sorbed in a very thin surface layer. Consequently, the contrition density was varied over a range of 6-100 Wi/cn?.
bution of surface states to PL may be quite large since th&he samples for the study were etched igPBy at 160 °C
diffusion lengths are small. A recent study of the GaN sur-<for 0.5—10 min and the effect of etching on the sample sur-
face by scanning-tunneling-microscope-induced luminesface was examined by PL and atomic-force microscopy
cence demonstrated that threading dislocations are nonradiéAFM).
tive defects Variations in PL from GaN related to dry, wet, We have studied the effect of wet etching on PL for a
and photoenhanced wet etching have been reportedrge set of undoped GaN samples grown by MBE with rf
recently>® These were explained by a competition betweenplasma or ammonia as a source of nitrogen. All except a few
different channels of recombination due to variation of de-samples demonstrated the following phenomenon: while the
fect concentration in the bulk near-surface layer caused bfaN etching was negligible, as was confirmed by the AFM
etching. In particular, Browret al® attributed the 3.0 eV study of the as-grown and etched surfaces, a new PL band in
blue emission, which enhanced considerably after reactivehe blue range appeared in the low-temperature PL spectrum.
ion etching, to some metastable defect closely connected tdloreover, the intensity of the blue band gradually increased
the yellow luminescence since the bleaching of the blue tranwith the time of exposure of the sample to air after the etch-
sition accompanied the emergence of the yellow. ing. When the air exposure in freshly etched samples is lim-

It is well known that exposure of GaAs to oxygen/air ited to under a minute, the PL spectrum is similar to that for
results in formation of excess As, @, and AsO; on the  the as-grown samples.
surface and causes many gap states that essentially pin the In samples grown by rf MBE at low substrate tempera-
surface Fermi level}° Therefore, a plethora of surface treat- tures, the band-edge emission is weak and the broad blue
ments have been used to unpin the Fermi level in an effort tband dominates the spectrum after etchiRg. 1). The in-

improve device performance.Although most recombina- tegrated PL intensity increased in one of the samples ten
times and the blue band quantum efficiency amounted to

a o . 0.2% after etching and subsequent exposure to air for several

Electronic mail: mreshchi@saturn.vcu.edu . . .

bAlso with: Istituto per lo Studio di Nuovi Materiali per I'Elettronica, CNR, NOUTS. |_n dlfferent samp_les_the contribution of the b!ue band
Via Arnesano, 73100, Lecce, Italy. was quite different. While in most of the samples it repre-
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FIG. 3. Temperature dependence of the blue-band interaity2.8 e\

FIG. 1. PL spectrum of the rf-MBE grown sample before etching and afterunder an excitatio.n density of 0.01 W/E?nPinnLtf a}DrLe experimental and the
T o L . cuve is a fit by the equation|™-=I15g{1+A; exp(—E;/KT)
etching in KPO, at 1GQ C_for 2 min with su_bsequen_t exposure to air for + A exp(—E,/kT)] " with parameters:A;=9, A,=3000, E,=12 meV,
several hours. Oscillations in the spectrum with a period of about 0.2 eV are_ " ? 2 pL 1 2 !
due to the interference effect. The blue band blueshifts about 100 meV witf2 =100 meV, and¢"=100.
increasing excitation density.
of the blue band in all the etched samples. It should be noted
sented a broadband with a maximum at about 2.6 eV and #nat the intensity of the exciton emission and other PL bands
full width at half maximum of the order of 0.5 eV, some- did not vary with time under the same conditions. This rules
times the PL, activated by etching extended up to 3.3 eV. out the possibility that bleaching is caused by heating of the
To gain some insight, we have studied the effect of ex-sample by the laser beam.
citation intensity on the blue band in the sample where itis  The observed bleaching of the blue-band intensity, more
the largest contributor. With increasing excitation densitypronounced under high-excitation densities, is irreversible at
from 102 to 100 Wi/cnt, the blue band gradually blue- low temperatures, yet it can be restored to its original value
shifted about 100 meV, while the shape and width remainethy heating the sample in vacuum. When the sample was
unchanged, as shown in Fig. 1. At high excitation intensitieslluminated at an excitation density of about 10 Wfcfthe
the blue band intensity saturates, whereas the exciton-relateflameter of the beam spot was about 0.3 )nfor several
peak intensity at about 3.47 eV increases slightly superlinhours at 10 K, the blue-band intensity dropped about three
early. This implies that the centers responsible for the blugimes. Mapping of the sample confirmed that the PL from the
emission are saturated. As in Ref. 5, we have observed thiguminated spot is reduced about three times compared to
bleaching of the blue luminescence with time, as shown inthe rest of the sample. After keeping the sample in the dark
Fig. 2. The decrease of the intensity is nonexponential wittfor 1 h at 10 K, the PLintensity from the illuminated spot
two characteristic regions: a fast decrease during the first fewemained unchanged. However after keeping the sample for
seconds with a rate proportional to the excitation density and0 min at 100 and 200 K, the intensity increased 1.5 times
a slow decrease lasting for hours which appears independeahd practically reached the original value, respectively.
of the excitation intensity. We have observed such bleaching  With increasing temperature from 10 to 120 K, the blue
PL at a low-excitation density quenched four times and the

T T | T | | | intensity decrease could be well fitted by a standard equation
" T=10K P 7] with the activation energy of 12 me¥Fig. 3). At higher
exc temperatures the intensity decreased fagtetivation energy
. 100 - . (Wicm?) | was about 100 me) so that up to room temperature the
S g0 L %% 00000ccegq,., 001 | signal drops about 100 times. Notice that in this sample both
% gL LT the exciton—related emission and the green band quickly
S 60L C00MMANAA A A::: OO 0-11 i quenched in the temperature range of interest so that their
€ 3 S contribution to the blue luminescence at 2.8 eV remained
S ol \”'vav XXXxxxxXXXXXX 10 | negligible at all temperatures studitd.
T Y Y Y Y Y Yy vvvyy 100 We suggest that the GaN surface oxidizes in air, result-
20 L i ing in a bandbending caused by the charge localized at the
surface states, which are distributed in the lower part of the
o L1 | 1 | | | | gap, as shown in the schematic diagram depicted in Fig. 4.
0 20 40 60 80 100 120 Photogenerated electrons can be captured by shallow donors
lllumination Time (min) and the holes can be efficiently captured by the surface states

o _ o since the latter are confined near the surface by the band-
FIG. 2. Variation of the blue-band intensity with timecorded at 2.8 e pyanging. An increase of the radiative recombination at the
The intensity at “zero time " is normalized to 100% for all excitation L . . .
densities. The hleaching with time has fast and slow components. The lattéurface indicates that postetching oxidation causes a change
is nearly independent of the excitation density. in the distribution of the surface states or in the nature of the
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sity are very different for these two PL bands.
In summary, we have observed a blue band in the PL

CB spectrum of GaN epitaxial layers after light etching in hot

_ HsPO,. We have attributed the presence of the blue band in
- - Donor states the etched samples to the subsequent oxidation of the GaN
—f———— Fermi level surface. At low temperatures the radiative recombination is
PL rather efficient. The blue luminescence irreversibly bleaches

with time at low temperatures. We tentatively relate the irre-
versible bleaching to the oxygen desorption or the metastable
states nature of the surface defects. The origin of the blue band,
and its blueshift with increasing excitation intensity and ther-
mal quenching with low activation energy, have been ex-
VB plained in a model whereby transitions from the shallow do-
nors (or conduction bandin the near-surface region to the

FIG. 4. Proposed model of the blue luminescence in the etched GaN. Surface states take place.

2 Oxygen-induced

Surface

The authors would like to thank Professor A. Baski for
local surface bonds. The relatively high quantum efficiencycollaborations, K. M. Jones and L. Kerwath for assistance in
of the blue luminescence may be related to the large holeAFM, T. King for his tireless assistance throughout the labo-
capture cross section of the radiative surface states or to thatory, and Dr. M. Zhang for his assistance in sample
confinement effect. The blueshift of the blue band with in-growth. This research was funded by grants from AFOSR
creasing excitation density can be explained by reduction ofDr. G. L. Witt), NSF (Dr. L. Hess and Dr. G. Pomrenke
the bandbending at high-excitation levels so that transition@nd ONR(Dr. C. E. C. Wood and Dr. Y. S. Paxk
become more vertical. The quenching of the PL intensity
below 120 K with activation energy of about 12 meV may be
due to release of captured electrons from the shallow donor;eg"orkoq A. Di Carlo, and R. Cingolani, Condens. Matter Negs
states. We tentatively attribute the subsequent quenChmgH. Morkog, Nitride Semiconductors and Devic&Springer, Berlin, 1999
with the activation energy of about 100 meV to the thermal 3s. J. Pearton, J. C. Zolper, R. J. Shul, and F. Ren, J. Appl. Rty

escape of the electrons bound to a deeper donor below the(1999
conduction band. 4S. Evoy, H. G. Craighead, S. Keller, U. K. Mishra, and S. P. DenBaars, J.

Vac. Sci. Technol. BL7, 29 (1999.
Various models could explain the observed evolution of sg A Brown, R. J. Reeves, C. S. Haase, R. Cheung, C. Kirchner, and M.

the bleaching effect under high-excitation levels. At first Kamp, Appl. Phys. Lett75, 3285(1999.
glance, it looks unlikely that desorption of oxygen atoms, g E. RSUIEZSCZ gg;izslgég Adesida, and S. G. Bishop, Mater. Res. Soc.
ymp. Proc
which may be assisted by illumination, is responsible for th|s7D Basak, M. Lachab, T. Nakanishi, and S. Sakai, Appl. Phys. Z8t.
effect since the intensity can be restored in vacuum by in- 3710(1999.
creasing the temperature. However, the PL restoration couldJ. T. Hsieh, J. M. Hwang, H. L. Hwang, and W. H. Hung, MRS Internet J.
be due to the surface migration of the absorbed atoms a;ﬂ't?_'de V\?eg"cojnd\-/ReSéS% 392;%.%9?498(1978)
. . . leder ac. SCI. lechn
elevated temperatures. An alternative explanation is that the,, ¢ Spicer, I. Lindau, P. Skeath, and C. Y. Su, J. Vac. Sci. Techffol,
surface states have a metastable character and illuminationo19(1980.
causes redistribution between the radiative and nonradiativeéC. W. Wilmsen, P. D. Kirchner, J. M. Baker, D. T. McInturff, G. D. Pettit,
states of the same defect at the surface. We assume that tha"d J- M. Woodall, J. Vac. Sci. Technol.@ 1180(1988.
T. S. Kim, S. D. Lester, and B. G. Streetman, J. Appl. Pl8f.2072
prewously reported blue band, which emerged after dry (1987,
etching® is also related to the surface states, and its bleach2a. J. Kontkiewicz, A. M. Kontkiewicz, J Siejka, S. Sen, G. Nowak, A. M.
ing with time at the high-excitation level has an origin simi- Hoff, P. Sakthivel, K. Ahmed, P. Mukherjee, S. Witanachchi, and J.
lar to ours. Further investigations are necessary to eIucidaggta%‘;vgsggkﬁf’/p'jlf’h\%s'v';‘;tiiht‘t/35£§9§'M Fauchet, Phys. Roto,5
the mechanism of the PL bleaching. It must be emphasized;gyq (1994, =~ ‘ o ’ ' ’
that the origin of the blue band studied in this work should®*The green band revealed in this sample is different from the omnipresent
be different from that of the blue bamWith the maximum at yellow luminescence band. We established it from the temperature behav-
; _ ; _ _ior of the PL. The results of this study will be reported in Proceedings of
2.'88 eV) often observed in metal Ojéganlc vapor phas_e_ depo Symposium G of the 2000 Fall Meeting of the MRS, Boston, 2000.
sition grown undoped GaN samplesindeed, the position, 16y A Reshchikov, F. Shahedipour, R. Y. Korotkov, and B. W. Wessels,

shape, and behavior versus temperature and excitation intenAppl. Phys. Lett.87, 3351(2000, and references therein.



	Virginia Commonwealth University
	VCU Scholars Compass
	2001

	Blue photoluminescence activated by surface states in GaN grown by molecular beam epitaxy
	Michael A. Reshchikov
	P. Visconti
	Hadis Morkoç
	Downloaded from


	tmp.1429724196.pdf.R1zxr

