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Analysis of the temperature and excitation intensity dependencies of photoluminescence
in undoped GaN films
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Steady-state photoluminescen@d.) from undoped wurtzite GaN has been studied in detail over a wide
range of temperatures and excitation intensities. Both the observed steps in the temperature dependence of the
PL intensity, and the nonlinear dependence of the PL intensity on excitation power for different PL bands are
quantitatively explained by competition between different recombination channels. Hole-capture cross sec-
tions, defect concentrations, and thermal activation energies of the main acceptors in undoped GaN are esti-
mated from the analysis of temperature and excitation intensity dependencies of the PL.
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[. INTRODUCTION defects in undoped-type GaN remain unknown. In this
work we have obtained the hole-capture cross sections for
PhotoluminescencéPL) spectroscopy is widely used to the main radiative defects in undoped GaN. For this, a de-
qualitatively characterize GaN and its alloys. However,tailed balance of carriers intype semiconductor at different
quantitative studies of point defects by PL are rarely underPL conditions has been considered phenomenologically. Ac-
taken. For example, to the best of our knowledge, no direcgeptor concentrations, the minority carrier lifetimes, and the
information about the defect concentrations has been ofnhternal quantum efficiencyQE) of PL have also been esti-
tained from PL studies in GaN. Often, a qualitative estima-mated for the studied samples. The paper is comprised of

tion of the acceptor concentration irtype GaN is made by V& Sections.

comparing the ratios between the defect and near—band—edgellr: ielgi_ I \t/ve d_:anye t? general exprfessmn flo:jtrf]e ?efeict-
emission intensities? However, this ratio is shown to de- <2 intensity in the presence ot several detects at an

pend not only on the defect concentration but also on experl"flrbItrary temperature. Section Il A's limited to the low ex-

mental conditions, in particular on excitation intengify. citation intensity case. Previously, a similar approach to the

Temperature dependence of the defect-related PL intensity %ﬁflzﬂ i;:asebiggngreiiegggsfo;éhznsdpefglc:erfﬁséi_m

typically used to determine the nature of an optical transi;hjiied consideration of the carrier balance in GaN has

tion. For example, one would differentiate between donOryeen reported in Refs. 3, 4, and 18. Section |1 B describes the
acceptor pair(DAP) transitions and the conduction band- gycitation power dependence of the PL intensity. The con-
acceptor €A) transitions by the temperature behavior of centration of the radiative defects is estimated from these
PL>~" However, the temperature behavior of PL may bedependencies. The experimental results chosen to provide a
complicated by a competition between several recombinatioguantitative comparison to the theory are presented and dis-
channels as will be shown below. On the other hand, theussed in Secs. lll and IV. In Sec. V the main conclusions of
complex dependencies of the PL spectrum on temperatutie paper are presented.
and on excitation intensity can provide important informa-
tion on characteristics of point defects and carrier kinetics in
the semiconductor. Il. THEORY

A typical PL spectrum of undoped wurtzite GaN exhibits
a yellow luminescencéYL ) band with a maximum at about ) ) )
2.2 eV, a shallow donor—shallow accept@D-SA band Unintentionally doped GaN contains shallow don@s
with the main peak at 3.27 eV, and often a blue luminescenc@nd several acceptoss; with concentrationfNp and Ny;,
(BL) band with a maximum at about 2.9 &%°The assign- respectively. Inn-type GaN the Fermi level is close to the
ment of these PL bands to specific radiative transitions igonduction band. Thus all acceptors are ionized and there are
ControversiaL yet it was proposed that ga'“um Vacancyno holes in the valence band Under eqUI|IbrIum COI’]dItI_OﬂS at
(V) may be involved. An isolate¥, and its complexes Iow_tempgrature. The _nonequmbnum electron-hole pairs are
with shallow donors or with hydrogen are characterized byexcited with a generation ra@ (cm™®s™*). The concentra-
low formation energies and expected to be multiple-chargedion of photogenerated holes in the valence bang, ishe
acceptors im-type GaN'~** One of the distinguished fea- concentration of equilibriumr(y), and photogeneratedi)
tures of the charged defects is a large capture cross sectidi¢e electrons isn=ng+dn. After optical excitation, the
for the carriers with opposite sidfi. To the best of our holes are captured by acceptors with the @ggN,;p, where
knowledge, the only estimate of the hole-capture cross se,; (cn®s?) is the hole-capture coefficient for thén ac-
tion in undoped GaN has been made for the YL-related deeeptor and\,; is the concentration of ionized acceptorsi of
fect by the photoinduced current transient spectroscopyype. A competing process is the formation of excitons with
(PICTS method® The hole-capture cross sections for otherthe rateC.,np, where coefficien€,, describes the efficiency

A. Temperature dependence of PL intensity
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of the exciton formation. Some of the holes recombine non- N

radiatively. We will introduce for simplicity the nonradiative 7,(0)| G+ Z Q,-N?)

recombination rate a€,Ngp, whereC,s andNg are the NO= =1 _ (4)
average hole-capture coefficient and the concentration of ' TR+ Q

nonradiative centers, respectively. Thus the hole-capture rate ) )
can be expressed in general@d; p whereC,=Ciy, C,;, By solving tohe Imgar system of Ed4) for_the unknqwn
or Cps andN; =n, Ny, or Ng for excitons, radiative, and parameter$\;, we finally obtain an expression for the inten-

nonradiative defects, respectively. sity of PL via each defect,

Holes captured by defects or excitons may return to the 0
Nt ; ; N 7i

valence band as a result of thermal activation or exciton dis- Pl = — G, (5)

sociation. The probability of this proce<3,, at temperature Tri 1+ (1= 7)7RiQ;

T is proportional to expf E;/kgT), whereE; is the thermal \yhere

activation energy of the radiative acceptoEs,(), nonradia-

tive defects Eg), or the exciton dissociqtior) energ¥dy) N 7;(0)7r;Q; -1

andkg is the Boltzmann’s constant. Taking into account all 7=7i(0)| 1— S ¥ 00 | (6)
I# i~

these processes, the detailed balance equation for the hole
concentration in the valence band in a steady state and in thene term in front ofG in Eq. (5) is the actual QE of théth
case ofN recombination channels can be written in the formchannel, that accounts for the dissociation of excitons and
thermal escape of holes from the defects to the valence band.
ap N N It is evident from Eqs(5) and (6) that the temperature de-
LIS S 2 CiN; p+ E Q NiO: 0, (1) pendence of the PL intensity is largely determined by exciton
at i=1 i=1 dissociation and thermal escape of holes from defects to the
valence band. Exact expressions for the exciton dissociation,
whereN?=N2;, N2, andN,, are the concentration of holes considering both free and bound excitons, may be found
bound to radiative acceptors, nonradiative centers and excélsewheré’ This work is devoted to the analysis of the
tons, respectivel}? Only the case of low excitation intensity, defect-related PL, and for simplicity, we can determine the
Ni0< N ~N;, will be considered in this section, while the effect of the exciton dissociation on the balance of carriers
following section is devoted to the analysis of the PL inten-from the experiment. Indeed, since the exciton dissociation
sity at high excitation intensities. occurs at lower temperatures than the hole thermalization
In this study, it is assumed that the capture rates are mucdiiom acceptor levels, the term;Q; for the exciton recom-
faster than recombination rates, which will be supported bebination can be expressed from E¢S) and (6) as
low by experimental results. As a result, efficiency of each
recombination channel is proportional to the rate of capture 7e4(0)G— I ¢
of the minority carriergholes inn-type GaN. Therefore the TRexex™ PL’ @
low-temperature QE of each recombination chanpé0) is
given by the ratio of hole capture rate of a specific channel tavherel - is the integrated PL intensity in exciton region of
the total escape rate of holes from the valence band under thike spectrum, which can be found experimentally.
approximation that both the thermal release of the bound The probability of thermal activation of holes from an

holes and the exciton dissociation are negligible: acceptor can be obtained from a detailed balance consider-
ation:
C|Nip CINI E.
71(0)=x =N : 2 Q= Cpig‘lNUexp( - ﬁ) ®
jgl CiN;p 121 CiN; - B
with
The steady-state equation for the concentration of holes mpkgT 312
bound to theith defect in the general case is N, = P (€)
ar
IN? N? and
——=CiNijp———QiN/=0, &)

ot TRi 8kBT
Cpi=0pivp=0p; my (10

where the second term in E(R) describes recombination via

the ith channel and the parameteg; characterizes the re- whereg is the degeneracy factor of the acceptor lete],is
combination lifetime(in the general case it may vary with the density of states in the valence bang, is the effective
time in transient processesRearranging Eqgs1)—(3) one  mass of the holes in the valence bang, is their thermal
can arrive at the following equation for the concentration ofvelocity, ando; is, by definition, the hole-capture cross sec-
holes bound to théth acceptorNiO: tion of theith acceptor. Analysis of Eq$5) and (8) shows
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' ' ' ' where the summation is taken over the channels which have
been thermally quenched prior to the quenching of itie
channel.
E The QE of PL can be found from the temperature depen-
dence of PL intensity using E¢L1). First, therelativevalues
of parametersy;(0) for all PL bands are obtained at low
temperature, when the dissociation of excitons and thermal
release of holes from acceptors are assumed to be negligible.
Indeed, from Eq(5) with Q;,Q;=0 the integrated intensity

L L b L s of PL viaith defect is
0 100 200 300 400 500 600
Temperature (K)

Quantum efficiency

IT'=7(0)G. (12
FIG. 1. Calculated temperature dependencies of the QE for three .

radiative recombination channels in GaN: excitoné) and via 1 hen, according to Eq¢11) and(12), the absolutevalue of

two acceptorsA1 andA2). The dependencies were calculated us-7i(0) can be calculated from the value of the step in PL

7a1(0)=0.2, 742(0)=0.08; TrexQex=250 exp-10 meVkgT), quenching of theth channel:

TRi=10°'s, 7Ry=5Xx10°s, Cy;=10"° cn’s !, C,,=4

X107 cnms !, Ep=0.34 eV,En,=0.8 eV. -1

. S
that the temperature dependence of PL intensity forithe (0)= J
acceptor involves a region of thermal quenching with an ac- i 17-(0)
tivation energyE »; at temperature$ satisfying the condition o

(1— 7)) 7/Q;> 1. Variation of the parameten; in this re- where the summation is taken over the channels quenched
gion of thermal quenching of PL via tliéh acceptor can be Prior to quenching of theth channel.

ignored if_ th.e. guenching regions of diffe.rent defects do not B. Dependence of PL intensity on excitation power

overlap significantly. The parameters of iftl acceptorEy, In the previous section, a possible saturation of the defect-

and Cy; (or o), can be obtained by fitting B5) to the 475/ o ignored when we assumed tR8iN; .

experimental dependence of the PL intensity in the region OL . .
thermal quenching of the PL band related to ittieacceptor. owever, high and even m(_)derat_e excitation power can satu-
rate the defect-related PL intensity since the defect concen-

Note that the value oE,; calculated from the fit to the . o - .

experimental dependence using E).is somewhat different tration and lifetime are finite. Let us consider the case when

from the ionization energy obtained from the slope of thethe t.h(_ermallzatlon of the holes trapped by thaagccep_tor IS

Arrhenius plot of thelP{(T~?) due to temperature depen- negligible and assume that only tfta acceptor is subject to
gsaturation by nonequilibrium holes in the considered excita-

dence oM, andCy,; . Furthermore, capture cross sections Ortion range. Then, the steady-state rate equations for the holes
some defects can be thermally activated, leading to a differ: ‘ ' -
y g the valence band and at thia acceptofEqgs.(1) and(3)]

ence between the actual thermal depth of the acceptor arld b itten in the f
the experimentally found value &j; . can be rewritten in the form
Analysis of Eqs(5)—(10) suggests that the integrated PL

(13

0

intensity of the given recombination channel at a given tem- 5_I0: n PN; bk ~0 (14)
perature depends on the quenching state of the rest of the at N, '
channels. Therefore several increases of the PL intensity in
the IP{T) dependence are expected in the form of intensity INO 0 0

; ; i P N; N;
steps corresponding to thermal quenching of other PL bands. _! :_( 1— _) ' —o. (15)
An example of the calculated temperature dependencies of at Ni/  7ri

PL intensity for three radiative recombination channels in
GaN is shown in Fig. 1. The increase in PL intensity in the
region of thermal quenching of one of the recombination
channels is associated with redistribution of the released 1

holes among all unquenched channels. The total quenching 7= (CpiNi) 7, (16)
of the ith channel results in the stepwise increase of the

Here, 7, is a characteristic time of the hole capture by ittie
acceptor and™ is a lifetime of holes in the valence band:

recombination intensity of unquenched channel®Rbyimes . N -

if the overlap of the quenching regions can be neglected. = Zk CiN; ' 17

A simple expression foR; can be obtained from Eq$5) '

and(6): where the summation is taken over all channels except the
7(0) guenched K—1) ones. Note thak; = 7*/; is the QE of PL

S — (11  Viaith acceptor at low excitation intensity and arbitrary tem-
1_2 (0) perature, when the quenching of thié acceptor is negli-
] i gible. A solution of Egs(14) and (15) has the form

Ri%l‘i‘
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K.+ n 12
NO= 2N+ 7 DNy o as

with Ki=GTRi/Ni .
For the case of low QE of thiegh channel;<1, Eq.(18)
can be expanded using the Taylor series:

PHYSICAL REVIEW B64 115205

these expressions we ignored the DAP-type recombination at
room temperature and separated the term accounting for re-
combination via nonradiative defects acting as deep donors
with a concentratioiNys. Note that nonradiative acceptors,

if present, can be included in the sum with radiative accep-

tors. Free excitons can be captured by nonradiative centers
too, and this will just formally reduce the phenomenological

-1 parametelC,,.
(19 Furthermore, the balance should take place for each re-
combination channel. In particular,

PL
TRi

_NiONG<GTRi 1
N 7

At low excitation rate Grg;7;<<N,) this dependence is lin-

ear, and at high excitation rate it is expected to saturate at the CniNQi(no+8n)=C,iNAp, (22
value ofN;75;" . Under saturated conditions of PL, the tem- . 0
perature dependence df“ has no steps in its low- CasNps(No+ én)=CpsNpsp. (23

temperature part since the saturated acceptors cannot capttltrma”y, the conservation of charge mtype semiconductor
holes released from other channels. For the same reason, t@gn be added in the form

thermal quenching at high excitation intensities starts at
higher temperatures than for the low excitation power
conditions.

Instead of complete saturation, a nearly square-root de-
pendence of the PL intensity has been observed at room tergy
perature for excitation densities higher thar 10W/cn? in
our samples. Similar results have been presented in Ref. 4.
The square-root dependence of the defect-related PL inten-
sity as a function of excitation power may be observed at
high excitation density when the concentration of the photowhere Njs=no+=;N,; is the concentration of the ionized
excited carriers §n andp) exceeds the free electron concen- shallow donors.
tration in the dark f,).* This leads to a decrease in the The system of Eq920)—(25) can be solved numerically
lifetime of the defect-related recombination. However, theand the dependencies éh, p, Ngi, and NSs on G can be
excitation density necessary to injed~ 10 cm™2 (typi- found for the fixed parameteS,;, Cpi, Cpns, Cps, Cex,
cal concentration of free electrons at room temperatooa- Nai, Nps, andn,. At room temperature we can restrict our
equilibrium carriers, is about 20W/cn? in GaN?' To the  consideration to three recombination channels nitype
best of our knowledge, the square-root dependence of thgaN: an excitonic ¢X), radiative {), and nonradiativeS)
defect-related PL with excitation power in the rangerecombination, which is consistent with the observation of
~107%-1C¢° W/cn¥ remains unexplained for the observed the near-band-gap and YL bands in the room-temperature PL
excitation powers? spectrunf: In choosing the fixed parameters, we held the

As an alternative explanation of the observed effect, weollowing in equations:CpsNps>CpiNai, Celo (nOnradia-
propose that the recombination through deep nonradiativye recombination is dominantand Cpi>Chi, Cps>Crs

donors(traps for the holesis responsible for thedn>no)  (preferential capture of holes by both radiative acceptors and
condition inn-type GaN, at least at room temperature, suchonradiative donojs

that at moderate excitation levels the concentration of free  An example of numerical solution of the system of Egs.
electrons can increase due to filling of nonradiative donorg2q), (22), (23), (25) for the above-mentioned three recom-
with photogenerated holes, thus leading to a square-root dgination channels is shown in Fig. 2. At low excitation in-
pendence of the defect-related PL Intensity Iin this eXCltathﬂensity (region |), 5n<n0 and all variable parametersp,(

range. _ _ ~ N2, Njs, and én) increase linearly with excitation rate:
The balance equations for electrons in the Cond“Ct'O%G(CpSNDS)‘l Ng»%m(O)G(Cmno)‘l and NSs“ sn
) I 1

band and holes in the valence band in a steady state are

No+dn+ > Ny=Njs+Nj+p, (24)
J

an=2 NQ;+Njs+p, (25)
J

~G(Cphgno) L. Intensity of the defect-related PL equals
CmNgi(noJr éon) and in this region it increases linearly with

an
i G- 2 anNE\]—(nO-i- o) — CpNps(Ng+ dn) G. The PL intensity saturates whéi},;~N,; (region Il). The
! value of én in our example increases mostly due to filling of
— Co,P(No+n)=0, (20) nonradizative' donors by holes 2and it exceeq(_s,;' at G
>C,gng (region lll). At G>C,dNjg, the nonradiative cen-
ap ters become nearly filled with holedNfs~Nps), and con-

G—Z ijN;jp_CpSNgsp_Cexp(nO_F on)=0, centration of free electrons saturates at the valueyef on
! (21) ~Nps (region IV). Finally, atG>Cg,N3s, excitonic recom-
bination becomes dominant and the concentration of free
whereC; and C,,s are electron-capture coefficients for the electrons increases agdiregion V). Interestingly, in the ex-
jth acceptor and nonradiative deep donor, respectively. lgitation rangeCnSN2D5>G>CnSn§, the concentration of

ot
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FIG. 2. Calculated defect-related PL intensity and concentra- FIG. 3. PL spectra of undoped GaN samples at 15 K. Excitation
tions of free and bound electrons and holes versus excitation inteftensity is 0.3 W/crh
sity in GaN with three recombination mechanisms: excitoeig)
nonradiative recombination via deep dono8,(and radiative re-  riers and conserve the square-root dependence of the defect-
combination via acceptoriY. The dependencies were calculated re|ated PL intensity on excitation intensity.
numerically using Eqs20), (22), (23), and(25) with the following
parametersny=10"" cm~3, N5;=10" cm 3, Nps=10' cm 3,
Chs=10 " cnPs™t, Cps=10° cnPs™t, Cp=10 1% cnPs™t,
Cpi=10% cmPs ™!, Ce=10"° cm®s . PL intensity is linear
with G in region |, it saturates in regions Il and IV and it follows the
square-root dependence in regions Il and V.

IIl. EXPERIMENTAL RESULTS
A. Experimental details

For the optical studies, we used GaN layers, aboyi

thick, that were grown by metal organic vapor phase epitaxy
free electrons, as well as the concentration of holes bound 8" c—pla_ne sap_phlre. The concentration of free electrom (
nonradiative donors, depends as a square root on excitaticﬁpd their mobility {u,), obtained from thg Hall-effect mea-
intensity: surements_at room temperature, va_rled_ in the ranges (1-7)
x 10 ecm™2 and 300-500 cAV ls ! respectively.
Steady-state PL was excited with a continuous-wése)
Ne+ 8n~N¥ e~ 1 /i (26) He-Cd lasern(photon energy 3.81 eMn the reflection con-
0 DS ) . . ) - .
Cns figuration, dispersed with a SPEX grating monochromator
and detected with Hamamatsu photomultiplier tube R928. A
provided thatC,s<Cs. Once the deep donors are saturatedyylsed nitrogen lasefd-ns pulses with repetition of 20 Hz
with holes, the excitonicor band-to-bandtransitions may gnd photon energy 3.68 ¢Was used to determine the life-
become the dominant recombination mechanism, also givinfime of the defect-related PL. Neutral density filters were
the square-root dependence: used to attenuate the excitation density. The pump density
was varied in the range of 16—35 Wi/cnt for cw excita-
[ G tion, and 10—1H W/cn? in peak for pulsed excitation. The
on~p~ c. (27) temperature of the samples was varied from 15 to 360 K
& using a closed cycle cryostat and from 300 to 600 K using a
The defect-related PL intensity follows variation afig( heating stage.
+6n) when the defect is saturated with holest-
=C,iNai(ng+ dn). Therefore, for relatively smalC,s and
large Npg, the defect-related PL intensity may follow the  Typical PL spectra for undoped GaN samples at 15 K in
square-root dependence at moderate injections. The changes mode are shown in Fig. 3. In all of the studied samples,

of the dominant recombination mechanism from nonradiathe PL spectrum involved the YL, BL, and SD-SA bands,
tive to radiative would increase the lifetime of minority car- and also the near-band-edge emission formed by the bound

B. Low-temperature PL

TABLE |. Quantum efficiencies of different recombination channels in undoped GaN at 15 K.

Directly measuredy;(0) 7;(0) calculated from Eq(13)

Sample Exciton SD-SA BL YL Total SD-SA BL YL
RK83 0.103 0.028 0.107 0.047 0.285 0.29 0.073
RK85 0.05 0.09 0.025 0.025 0.19 0.24

RK93 0.17 0.045 0.22 0.095 0.53 0.37 0.083
RK120 0.1 0.003 0.07 0.11 0.283 0.14
RK170 0.18 0.003 0.23 0.08 0.493 0.227 0.08
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FIG. 6. Temperature dependencies of QE of the main PL bands

FIG. 4. Variation of quantum efficiency of different recombina- in the sample RK85 at excitation density 0k20 4 Wicn?.

tion channels with excitation intensity.

and free exciton transitions and their phonon replicas. Th&V). BL, and YL bands are shown in Fig. 5. The temperature
contribution of the defect-related bands varied in a large sefépendence of the SD-SA band intensity is compared with
of samples. We have chosen five samples with different inthe exciton emission and YL intensity in the sample with
tensities of PL bands for detailed study. The high quality ofhigh QE of the SD-SA band in Fig. 6. It is seen that at
the samples was confirmed by a narrow full width at halftemperatures from 15 to about 60 K a fast decrease of the
maximum(FWHM) of the exciton line, 3—9 meV, as well as €xciton band intensity is accompanied by a corresponding
by the high QE of radiative emission, 10-50% in the lowincrease in the defect-related PL intensity in accordance with
excitation limit for most of the sampledable ). The QE of  Eds. (5) and (6). In the temperature range 200-260 K, a
PL has been measured as a ratio of the integrated PL intefiuénching of the BL band, which has the highest QE in the
sity to the intensity of the incident laser light with the cor- Sample RK170, is accompanied by an increase in intensity of
rection for the geometry of the PL registration opfit§.he the YL and exciton band&he last is seen as a shoulder in
values of QE estimated by this method will be comparedig. 9. A slow decrease of the intensities of the YL and BL
below to the values obtained from the temperature deperif@nds in the temperature regions between their enhancement
dence of PL intensity by the method described in Sec. Il Aand quenchingFig. 5) will be discussed later.

Variation of QE for each PL band with excitation density for A similar increase of the YL band intensity in the tem-
one of the samples at low temperature is shown in Fig. 4. Aerature range 10-100 K has been observed in Ref. 24,
decrease of QE for the defect-related bands and simultaneoWdlich was attributed to the release of carriers from a level
increase of the exciton emission intensity is due to saturatioA3.7 meV below the shallow donor. Note that quenching of
of the hole capture by acceptors involved in PL, as describethe integrated exciton emission in our sample similarly oc-

in Sec. Il B. curred with the activation energy of about 13 meV in this
temperature range. It resulted in enhancement of other PL
C. Temperature dependence of PL intensity bands with similar activation energy, which is consistent

i N with Egs. (5) and (6). Therefore the “unusual” increase of

The effect of temperature on the PL band intensities waghe YL intensity observed in Ref. 24 is rather a consequence
studied at SUfﬁCientIy low excitation intensity, so that the of a good qua“ty of the Sampl(é“gh radiative efﬁciency of
inequality N3 ;< N,; was valid for all acceptors under study. exciton emission and low excitation intensity conditions.
The temperature dependencies of the PL intensities for difyVe should emphasize that the enhancement of the PL inten-
ferent bands were similar in all studied samples. The temsity can be observed only at sufficiently low excitation inten-
perature dependence of the integrated PL intensity for theities and in the samples with high radiative efficiency. We
exciton emissionas a total emission in the range 3.3-3.5have estimated the QE for different PL bands from the values
of steps in PL intensity by using Eq13). The obtained

[ L B B L L . : :

e, Sample RK170 ] values_, listed in Table I, demonstrate a rough agreement with
10t L @%ﬁ i the “directly measured” QE in these samples. The agreement
O = A 3 . . . . .
5 x Ey ; ] supports in particular our assumption that the nonradiative
£ b 4 ] recombination in the studied samples involves the capture of
; 107 % 3 5 3 free carriers(rather than excitonsby deep nonradiative de-
g . a --*-Excitonband o i i
£ % o Blbamd %] fects as discussed in Sec. Il A.
5 103 L gy @ YL band o

-I..""'T".‘.‘.".'fi D. Nonradiative capture of holes by acceptors

PRI B P IRV

0 100 200 300 400 500 600 : -
Temperature (K) We have determined the hole-captu_re coefflc@gsfor

the studied acceptors from the analysis of the quenching of

FIG. 5. Temperature dependencies of QE of the main PL bandghe corresponding PL bands. In the first approximation we

in the sample RK170 at excitation density ak20™% W/cn?. ignored the possible temperature-induced variation of param-
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TABLE Il. Characteristic lifetimes in the GaN samples.

PL lifetime, 7g; (uS) Hole capture tim&,7; (ng), and7* (nsg
Sample SD-SA BL® yLd SD-SA BL YL ™
RK83 1.8 7 40 2.2 0.64 1.4 0.068
RK85 2.7 37 0.62 2.6 2.8 0.056
RK93 2.5 9 60 2.5 0.64 1.4 0.14
RK120 2.4 15 52 35 1.8 1.1 0.13
RK170 13 56 43 0.43 0.8 0.1
aT=15 K.
bT=110 K.
‘T=200 K.
4T=300 K.
etersy; andCy; . The values ofrg; have been obtained from N. IPtc..
the transient PL study at elevated temperatures close to the AL —P (28)
beginning of the quenchify(Table Il). The temperature de- Naj 17+ Coi

pendencies of the PL intensity in the quenching region for

three PL bands in several samples are shown in Figs. 7, 8here the values oF,; (Cp;) can be taken as average values
and 9. From the fit to the experimental data, using E§s. listed in Table III.

(6), and (8)—(10), we have estimated paramet&s;, o, To determine the absolute values of the acceptor concen-
and E,; for the studied acceptor@able Ill). Note that the trations, the concentration of one of the acceptors should be
activation energies are close to those reported b&fttand  found independently by evaluation the dependence of the PL
the hole-capture cross section for the acceptor related to thatensity on excitation intensity as described in Sec. Il B. The
YL is very close to the value found from the PICTS methodgeneration rate of the photoexcited carrigBs,was calcu-

(1.4x107* cn?).1® lated from the excitation density assuming that the effective
thickness of the layer subject to excitation is Quin
E. Concentration of acceptors in GaN [0.07 um is due to transmission with the absorption coeffi-

After hole-capture coefficients are evaluated, the ratio begient @=15<10° cm * at 325 nm(Ref. 27 and the rest
P ' v]yas added to account for the hole diffusjom each of the

tween concentrations of each acceptor from an analysis o . - .
b y amples, the dependencies were similar and one of them is

tsr;enlo:,:t'?'mg?sra;usri?npIl_esa?r?c? terz#rencfi\allg r%i?hegcejrtglggt?nzzrtee?ﬁ% own in Fig. 10 as an example. A linear increase of the PL
pie. mp : intensity is followed by saturation (after G
relative concentration of uncontrolled acceptors nitype ~10% cm 35!

. . . _2
GaN, which can be widely used for the sample characteriza- cm =s —or excna_ltlon density-10 \_N/cmz). A .
; . : square-root dependence is observed for the higher generation
tion. Indeed, all that is necessary is to measure the PL spe¢: , ; . :
- .- * “fates. From the fit to the experimental data using both sim-
trum at sufficiently low temperature and excitation

intensity?® and to find the integrated intensity of each band inp“f'ed expressior(19) and exact solution of the system of

relative units. Then the ratio between the concentra-Eqs'(zo)’ (22), (23), (25) the concentration of acceptor re-

. . . sponsible for the YL band has been estimated as shown in
tions of theith andjth acceptor can be found from Eqg) FFi)g. 10. Then, using Eq28), concentrations of two other

and(12) as
LN LN L I L L L B ELEL L I 3""I""I""I""I""I""
_10° L SD-SA band _10°L BLband s $
£ E o (327eV) 2y B E (2.9eV) 3
= =
= =
£ £ 10k
= 102_ i ~ E Sample
) = ® RKS3
7 Sample 7
8 O RKS5 s & RK93
= & RK93 = 10" & + RKI20 4
. + RKI120 = * RK170
& 10 E = ~
X ] of
P A N EPURI R T 100 A e e e
4 6 8 10 12 14 2 3 4 5 6 7 8
10°T (K 10T (K™

FIG. 7. Temperature-induced variation of the intensity of the FIG. 8. Temperature-induced variation of the intensity of the BL
SD-SA band in the region of its quenching. Solid curves demon-band in the region of its quenching. Solid curves demonstrate the
strate the best fit for the samples RK@3 and RK85(2) by Egs.  best fit for the samples RK931) and RK120 (2) by using
(5), (6), and(8)—(10). The model parameters are listed in Tables Il Egs. (5), (6), and (8)—(10). The model parameters are listed in
and III. Tables Il and 111
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- 103 1022 B T T T T T T T T i
2 Sample RK120
g o« 1021 2.2 eV band
) = F T=295K E
= 5
) n 20 O
2 107 2 10°L A N
£ =
8 RZENT
s | 5 10 .
2 10'L =
A : 18
= 107 F 1
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/T (K") 10 102 102 102 10%

.. . 1 3
FIG. 9. Temperature-induced variation of the intensity of the YL Excitation Intensity (s 'cm 7)

band in the region of its quenching. Solid curves demonstrate the
best fit for the samples RK8%1) and RK170(2) by using
Egs. (5), (6), and (8)—(10). The model parameters are listed in
Tables Il and III.

FIG. 10. Dependence of the YL intensity on excitation intensity
for the sample RK120 at room temperature. Solid curve represents
a fit with Egs.(20), (22), (23), and(25) with the following param-
eters:  ng=1.7x10"7 cm 3,  Np=5x%10" cm 3,  Npg
acceptors have been calculated for the studied samplesl0® cm™, C,g=10"" cm’s™*, Cpg=7x10"" cm’s™,
(Table IV). The resulting total concentration of acceptors isCni=1.13<10"** ecm’s™,  C,=16x10"" cn’s™*,  Cg,
much less than the room-temperature concentration of freg 10 ° cmPs™ . Note that 7g=(Cying) '=52 us and 7
electrons in the studied samples. This result is consisterit CpiNai(CpiNai+ CpsNos+ Cexo) ~*=0.1. Dotted line is a fit by
with the high mobility of electrons at room temperat¢see ~ =9- (19 with the following parametersy; =0.1, 7x;=52 us, and

Table IV). Na=5x10"% cm 3,
The square-root dependence of the YL intensity on exci-
tation power, observed in the high excitation region, can be . 7;i(0)
explained by the presence of nonradiative deep doNgks T _CpiNAi’ (29)

in the studied samples. It is essential for the implementation

pf this model thalNp>n. However, high electron mop|llty where parameters;(0), Cp;, and N, are taken for any
in our samplegTable 1V) evidences that the concentration of acceptor. The calculated values are shown in Tablpar
the 7neut2al Ei;)nors cannot be higher tham2  rametersy (0) were taken from the direct measurement of
x10'-10" ~cm"*. To explain the discrepancy, we assume e for the dominant PL band in the sample, see Table |
that nonradiative deep donors dominate near the sample sifnaracteristic times of the acceptor hole capture, obtained by
face and thus contribute much to the PRL is collected using Eq.(16), are also shown in Table II.
from about 0.1-0.3sm-thick laye). At the same time, the Large difference between the hole-capture time and PL
Hall mobility of the 2um-thick GaN layer stays nearly un- jifetime for all studied acceptor@able 1l) confirms our pre-
affected by the presence of the deep donors in the surfaggoys assumption that the recombination rate through each
layer. channel is dictated solely by the hole-capture rate. Therefore
S ) the defect-related PL intensity is independent of both the
F. Characteristic lifetimes in GaN luminescence lifetime and the transition mechanisms, such
One can find the lifetime of the minority carrie(Bee  as DAP- oreA-type recombination as seen from E§) in
holes 7* in these samples at low temperature. Rearranginghe temperature range preceding PL quenching, where
Egs.(2) and(17), one can obtain the expression for the life- 7giQ;<<1 and r;<7g;. Thus one should be careful in at-
time: tempting to determine the transition mechanism from the

TABLE Ill. Parameters of radiative acceptors in undoped GaN found from the fit to experimental data
using Eqgs(5), (6), and(8)—(10).

Cpi (1077 cmPs™?) opi (1071 cnd) E,i (meV)
Sample SD-SA BL YL SD-SA BL" YL® SD-SA BL YL
RK83 19 19.3 354
RK85 10.5 7.7 14.4 6.4 181 888
RK93 9.3 2.9 0.4 12.8 3.0 0.3 167 318 755
RK120 7.3 1.6 7.4 1.3 343 775
RK170 6.8 35 6.9 2.9 344 830
Average 9.9 9.0 3.3 13.6 9.2 2.7 174 340 812
aT=110 K.
bT=200 K.
‘T=300 K.
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TABLE IV. Room-temperature Hall-effect data and concentration of radiative acceptors in GaN.

Hall-effect data at 295 K Concentration of radiative acceptors3(tin 2)
Sample ng (107 ecm %)  w, (cnmPV 1sY) SD-SA BL YL Total
RK83 6.6 344 0.8 4 4 8.8
RK85 5.1 331 2.8 2 2 5.8
RK93 4.9 305 0.7 4 4 8.7
RK120 1.7 491 0.05 1.5 5 6.6
RK170 2.8 387 0.04 6 7 13.0

temperature dependence of PL intensity. Both mechanisms B. Variation of the capture coefficients with temperature
. . L
result in the same kind of thi€':(T) dependence. In the fitting of thel P~(T~1) dependence by E@5), only

two variable parameters were usétl; andE,;. The hole
IV. DISCUSSION capture coefficientC,; determines the position of the
quenching region, whereas the activation enekyy, deter-
mines the slope of the®Y(T~!) dependence in this region.
In this section hole-capture coefficients are comparedNote that the possible temperature variatiorCgf does not
with the ones obtained from calculations made in the frameaffect thel”(T 1) slope. Indeed, in the region of thermal
work of the Ridley model for the capture rate involving the quenching, the following inequality is correct, <(1
multiphonon proces& In this model the capture coefficient — 7,) 75,Q; in the denominator of Eq5), and the tempera-

A. Calculation of the capture cross section

at reasonably low temperature can be express&d as ture dependence @&, is cancelled since both; andQ; are
proportional toC,; [see Eqs(2) and(8)]. Thus the values of
SPexp(—S) the parameter€,; andE,; are quite insensitive to the tem-

Cpi~2mwoCoVr [Ro+(P-1)R;], (30 perature, in the quenching region. In contrast, the tempera-
ture dependence &, reveals itself in variation of;(0) in
the regions before quenching, where the &) is simplified
to 1Pt~ %,(0)G. The slow variation of quantum efficienay
with temperature can be caused not only by variatio€ gf
of the analyzed center, but also by slow variatior®oC,;,
ee Eq.(2). Evidently, the temperature dependence of the
apture rate of the dominant channel in the summa(tha@m-
Yadiative recombination channel in the analyzed samples
would cause the largest effect on the temperature dependen-
cies of all radiative channels. Relatively small variation of
27 ) R IiPL with temperature in the regions between sharp quenching
“1-expg—2mp) with  u=Z\/g~ BD  for the defect-related PL bandsee Fig. 5 may be related

NG

whereCy is the Coulomb factore is the effective phonon
frequency,V+ is the volume of the localized stat§,is the
electron-phonon coupling strengtHuang-Rhys factor P is
the number of phonons emitte® € Ex /i wp), andRy, Ry
are numerical values of magnitude, respectively 0.26 an
0.18, and rather insensitive to other parameters. The Co
lomb factor may be expressed as folloffis:

Co

whereZe is the charge of the acceptcR:_" is the effective TABLE V. Parameters used for calculation and the calculated
Rydberg energy, anfi,~ 2kgT is the kinetic energy of the Values of the capture coefficients for the main radiative defects in
hole in the valence band. For neutral centggsis unity, for undoped GaN. Experimental capture coefficients are shown for
attractive center€,~2mu. We have estimated the volume €0MpParison.

of the localized state a¥;=3ma] with the radius of the

bound hole a, calculated in the effective-mass SD-sA - BL L
approximatio”® aTnd listed in Table V. Paramete8s P, and Parameter band _ band _ band
hw are taken from Ref. 30 for the BL and YL ban@&ble a, (A) 5.07 3.6 2.4
V). For the SD-SA band, it is reasonable to take hwgy (MeV) 91 43 52
=91 meV since the coupling with the LO lattice phonons is S 0.5 2P g
strong for this band. The Huang-Rhys factor for this band E,; (eV) 0.174 0.34 0.81
can be found as a ratio between the intensities of the firstp 2 38 16
phonon replica and the zero-phonon Iif&he values ofC Cpi(Z=0) (1077 cnPs™h) 0.3 0.079 0.061
calculated using Eq$30) and(31) are shown in Table V in Cpi(Z=1) (107 cnPs™?) 55 11 067
comparison with the experimentally found coefficients. Note Cpi(Z=2) (107 cnPs ) 11.0 21 13
that the expected values @f,; for the attractive centers are ExperimentalC,; (1077 cnfs') 9.9 9.0 33

quite close to those obtained from the experiment, yet the
exact charge of the acceptors cannot be established from tHiReference 29.
comparison. bReference 30.
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to a small temperature variation of the average hole-capture V. SUMMARY

coefficient of nonradiative centefS,s. We have studied photoluminescence of the defect-related

PL bands in undoped GaN as a function of temperature and
excitation intensity. A general expression is obtained for the
PL intensity of a given recombination channel in the pres-
Analysis of the capture parameters shows that all threence of several PL bands. A general technique is developed
acceptors have large hole-capture cross sections. Similép arrive at the acceptor concentrations responsible for these
value of the hole-capture coefficient (16-10 ® cm®s %)  bands, quantum efficiencies and the lifetimes of minority
has been obtained for the acceptor responsible for the 1.2-e8arriers from the analysis of PL intensities at different tem-
band in n-type GaAs’! which was assigned to the Ga peratures and excitation intensities. The hole-capture cross
vacancy-shallow donorMg.D) complex®? The charge state sections for the acceptors responsible for_the 2.2-, 2.9-, and
of the VgD complex in GaAs is either 4 (Ref. 33 or 3.27-eV bands in undoped GaN are estimated from a EL
2— 34 We assume that the acceptors responsible for the YLstud%.‘lThe %bsolute_ va_Iues of the hole-capture cross section
BL, and SD-SA bands im-type GaN also involve a gallium (10 '*-10 ** cn¥) indicate that these acceptors could be
vacancy associated with different defects. Our results arkelated to multiple negatively charged defects.
consistent with the assumptions that relate YL and BL bands
to the (VgD)? and (Vg H) complexes®~13 Interestingly,
it was suggested earlier that the shallow acceptor responsible The authors are grateful to Professor B. W. Wessels for
for the SD-SA band is justg,,>* " however, such identifi- the support and valuable comments. M.R. would like to
cation is inconsistent with much deeper energy-level positionhank also Professor A. A. Gutkin and Professor N. S. Averk-
obtained forVg, from the first-principles calculatior’s:**> iev for very helpful discussions. This work was supported by
The exact microscopic origin of the acceptors in undopedhe NSF under grant ECS-9705134 and NASA under con-
GaN is the subject of future investigations. tract NAG5-8730.

C. Identification of the radiative acceptors in undoped GaN
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