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Analysis of the temperature and excitation intensity dependencies of photoluminescence
in undoped GaN films
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Steady-state photoluminescence~PL! 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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I. INTRODUCTION

Photoluminescence~PL! spectroscopy is widely used t
qualitatively characterize GaN and its alloys. Howev
quantitative studies of point defects by PL are rarely und
taken. For example, to the best of our knowledge, no dir
information about the defect concentrations has been
tained from PL studies in GaN. Often, a qualitative estim
tion of the acceptor concentration inn-type GaN is made by
comparing the ratios between the defect and near-band-
emission intensities.1,2 However, this ratio is shown to de
pend not only on the defect concentration but also on exp
mental conditions, in particular on excitation intensity.3,4

Temperature dependence of the defect-related PL intens
typically used to determine the nature of an optical tran
tion. For example, one would differentiate between don
acceptor pair~DAP! transitions and the conduction ban
acceptor (eA) transitions by the temperature behavior
PL.5–7 However, the temperature behavior of PL may
complicated by a competition between several recombina
channels as will be shown below. On the other hand,
complex dependencies of the PL spectrum on tempera
and on excitation intensity can provide important inform
tion on characteristics of point defects and carrier kinetics
the semiconductor.

A typical PL spectrum of undoped wurtzite GaN exhib
a yellow luminescence~YL ! band with a maximum at abou
2.2 eV, a shallow donor–shallow acceptor~SD-SA! band
with the main peak at 3.27 eV, and often a blue luminesce
~BL! band with a maximum at about 2.9 eV.8–10 The assign-
ment of these PL bands to specific radiative transitions
controversial, yet it was proposed that gallium vacan
(VGa) may be involved. An isolatedVGa and its complexes
with shallow donors or with hydrogen are characterized
low formation energies and expected to be multiple-char
acceptors inn-type GaN.11–13 One of the distinguished fea
tures of the charged defects is a large capture cross se
for the carriers with opposite sign.14 To the best of our
knowledge, the only estimate of the hole-capture cross
tion in undoped GaN has been made for the YL-related
fect by the photoinduced current transient spectrosc
~PICTS! method.15 The hole-capture cross sections for oth
0163-1829/2001/64~11!/115205~11!/$20.00 64 1152
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defects in undopedn-type GaN remain unknown. In this
work we have obtained the hole-capture cross sections
the main radiative defects in undoped GaN. For this, a
tailed balance of carriers inn-type semiconductor at differen
PL conditions has been considered phenomenologically.
ceptor concentrations, the minority carrier lifetimes, and
internal quantum efficiency~QE! of PL have also been esti
mated for the studied samples. The paper is comprised
five sections.

In Sec. II we derive a general expression for the defe
related PL intensity in the presence of several defects a
arbitrary temperature. Section II A is limited to the low e
citation intensity case. Previously, a similar approach to
analysis of PL has been presented for the specific defec
GaAs and can be found in Refs. 16 and 17. A muc
simplified consideration of the carrier balance in GaN h
been reported in Refs. 3, 4, and 18. Section II B describes
excitation power dependence of the PL intensity. The c
centration of the radiative defects is estimated from th
dependencies. The experimental results chosen to provi
quantitative comparison to the theory are presented and
cussed in Secs. III and IV. In Sec. V the main conclusions
the paper are presented.

II. THEORY

A. Temperature dependence of PL intensity

Unintentionally doped GaN contains shallow donorsD
and several acceptorsAi with concentrationsND and NAi ,
respectively. Inn-type GaN the Fermi level is close to th
conduction band. Thus all acceptors are ionized and there
no holes in the valence band under equilibrium conditions
low temperature. The nonequilibrium electron-hole pairs
excited with a generation rateG (cm23 s21). The concentra-
tion of photogenerated holes in the valence band isp, the
concentration of equilibrium (n0), and photogenerated (dn)
free electrons isn5n01dn. After optical excitation, the
holes are captured by acceptors with the rateCpiNAi

2 p, where
Cpi (cm3 s21) is the hole-capture coefficient for thei th ac-
ceptor andNAi

2 is the concentration of ionized acceptors oi
type. A competing process is the formation of excitons w
the rateCexnp, where coefficientCex describes the efficiency
©2001 The American Physical Society05-1
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of the exciton formation. Some of the holes recombine n
radiatively. We will introduce for simplicity the nonradiativ
recombination rate asCpsNS

2p, whereCps and NS
2 are the

average hole-capture coefficient and the concentration
nonradiative centers, respectively. Thus the hole-capture
can be expressed in general asCiNi

2p whereCi5Cex, Cpi ,
or Cps andNi

25n, NAi
2 , or NS

2 for excitons, radiative, and
nonradiative defects, respectively.

Holes captured by defects or excitons may return to
valence band as a result of thermal activation or exciton
sociation. The probability of this process,Qi , at temperature
T is proportional to exp(2Ei /kBT), whereEi is the thermal
activation energy of the radiative acceptors (EAi), nonradia-
tive defects (ES), or the exciton dissociation energy (Eex)
andkB is the Boltzmann’s constant. Taking into account
these processes, the detailed balance equation for the
concentration in the valence band in a steady state and in
case ofN recombination channels can be written in the fo

]p

]t
5G2(

i 51

N

CiNi
2p1(

i 51

N

QiNi
050, ~1!

whereNi
05NAi

0 , NS
0 , andNex are the concentration of hole

bound to radiative acceptors, nonradiative centers and e
tons, respectively.19 Only the case of low excitation intensity
Ni

0!Ni
2'Ni , will be considered in this section, while th

following section is devoted to the analysis of the PL inte
sity at high excitation intensities.

In this study, it is assumed that the capture rates are m
faster than recombination rates, which will be supported
low by experimental results. As a result, efficiency of ea
recombination channel is proportional to the rate of capt
of the minority carriers~holes inn-type GaN!. Therefore the
low-temperature QE of each recombination channelh i(0) is
given by the ratio of hole capture rate of a specific channe
the total escape rate of holes from the valence band unde
approximation that both the thermal release of the bo
holes and the exciton dissociation are negligible:

h i~0!5
CiNip

(
j 51

N

CjNj p

5
CiNi

(
j 51

N

CjNj

. ~2!

The steady-state equation for the concentration of ho
bound to thei th defect in the general case is

]Ni
0

]t
5CiNip2

Ni
0

tRi
2QiNi

050, ~3!

where the second term in Eq.~3! describes recombination vi
the i th channel and the parametertRi characterizes the re
combination lifetime~in the general case it may vary wit
time in transient processes!. Rearranging Eqs.~1!–~3! one
can arrive at the following equation for the concentration
holes bound to thei th acceptorNi

0 :
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05

h i~0!S G1(
j 51

N

QjNj
0D

tRi
211Qi

. ~4!

By solving the linear system of Eq.~4! for the unknown
parametersNi

0 , we finally obtain an expression for the inten
sity of PL via each defect,

I i
PL5

Ni
0

tRi
5

h i

11~12h i !tRiQi
G, ~5!

where

h i5h i~0!S 12(
j Þ i

N
h j~0!tR jQj

11tR jQj
D 21

. ~6!

The term in front ofG in Eq. ~5! is the actual QE of thei th
channel, that accounts for the dissociation of excitons
thermal escape of holes from the defects to the valence b
It is evident from Eqs.~5! and ~6! that the temperature de
pendence of the PL intensity is largely determined by exci
dissociation and thermal escape of holes from defects to
valence band. Exact expressions for the exciton dissocia
considering both free and bound excitons, may be fou
elsewhere.20 This work is devoted to the analysis of th
defect-related PL, and for simplicity, we can determine
effect of the exciton dissociation on the balance of carri
from the experiment. Indeed, since the exciton dissocia
occurs at lower temperatures than the hole thermaliza
from acceptor levels, the termtRiQi for the exciton recom-
bination can be expressed from Eqs.~5! and ~6! as

tRexQex5
hex~0!G2I ex

PL

@12hex~0!#I ex
PL

, ~7!

whereI ex
PL is the integrated PL intensity in exciton region

the spectrum, which can be found experimentally.
The probability of thermal activation of holes from a

acceptor can be obtained from a detailed balance cons
ation:

Qi5Cpig
21NvexpS 2

EAi

kBTD ~8!

with

Nv52S mhkBT

2p\2 D 3/2

~9!

and

Cpi5spivp5spiA8kBT

pmh
, ~10!

whereg is the degeneracy factor of the acceptor level,Nv is
the density of states in the valence band,mh is the effective
mass of the holes in the valence band,vp is their thermal
velocity, andspi is, by definition, the hole-capture cross se
tion of the i th acceptor. Analysis of Eqs.~5! and ~8! shows
5-2
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that the temperature dependence of PL intensity for thei th
acceptor involves a region of thermal quenching with an
tivation energyEAi at temperaturesT satisfying the condition
(12h i)tRiQi.1. Variation of the parameterh i in this re-
gion of thermal quenching of PL via thei th acceptor can be
ignored if the quenching regions of different defects do
overlap significantly. The parameters of thei th acceptor,EAi
and Cpi ~or spi), can be obtained by fitting Eq.~5! to the
experimental dependence of the PL intensity in the region
thermal quenching of the PL band related to thei th acceptor.
Note that the value ofEAi calculated from the fit to the
experimental dependence using Eq.~5! is somewhat different
from the ionization energy obtained from the slope of t
Arrhenius plot of theI PL(T21) due to temperature depen
dence ofNv andCpi . Furthermore, capture cross sections
some defects can be thermally activated, leading to a dif
ence between the actual thermal depth of the acceptor
the experimentally found value ofEAi .

Analysis of Eqs.~5!–~10! suggests that the integrated P
intensity of the given recombination channel at a given te
perature depends on the quenching state of the rest o
channels. Therefore several increases of the PL intensit
the I PL(T) dependence are expected in the form of intens
steps corresponding to thermal quenching of other PL ba
An example of the calculated temperature dependencie
PL intensity for three radiative recombination channels
GaN is shown in Fig. 1. The increase in PL intensity in t
region of thermal quenching of one of the recombinat
channels is associated with redistribution of the relea
holes among all unquenched channels. The total quenc
of the i th channel results in the stepwise increase of
recombination intensity of unquenched channels byRi times
if the overlap of the quenching regions can be neglec
A simple expression forRi can be obtained from Eqs.~5!
and ~6!:

Ri'11
h i~0!

12(
j

h j~0!

, ~11!

FIG. 1. Calculated temperature dependencies of the QE for t
radiative recombination channels in GaN: excitonic (ex) and via
two acceptors (A1 andA2). The dependencies were calculated u
ing Eqs. ~5!–~8! with the following parameters:hex(0)50.2,
hA1(0)50.2, hA2(0)50.08; tRexQex5250 exp(210 meV/kBT),
tR151025 s, tR25531025 s, Cp151026 cm3 s21, Cp254
31027 cm3 s21, EA150.34 eV,EA250.8 eV.
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where the summation is taken over the channels which h
been thermally quenched prior to the quenching of thei th
channel.

The QE of PL can be found from the temperature dep
dence of PL intensity using Eq.~11!. First, therelativevalues
of parametersh i(0) for all PL bands are obtained at low
temperature, when the dissociation of excitons and ther
release of holes from acceptors are assumed to be neglig
Indeed, from Eq.~5! with Qi ,Qj50 the integrated intensity
of PL via i th defect is

I i
PL5h i~0!G. ~12!

Then, according to Eqs.~11! and~12!, theabsolutevalue of
h i(0) can be calculated from the value of the step in
intensity for any band, which is related to the therm
quenching of thei th channel:

h i~0!5S 1

Ri21
1

(
j

I j
PL~0!

I i
PL~0!

D 21

, ~13!

where the summation is taken over the channels quenc
prior to quenching of thei th channel.

B. Dependence of PL intensity on excitation power

In the previous section, a possible saturation of the def
related PL was ignored when we assumed thatNi

0!Ni .
However, high and even moderate excitation power can s
rate the defect-related PL intensity since the defect conc
tration and lifetime are finite. Let us consider the case wh
the thermalization of the holes trapped by thei th acceptor is
negligible and assume that only thei th acceptor is subject to
saturation by nonequilibrium holes in the considered exc
tion range. Then, the steady-state rate equations for the h
in the valence band and at thei th acceptor@Eqs.~1! and~3!#
can be rewritten in the form

]p

]t
5G1

pNi
0

t iNi
2

p

t*
50, ~14!

]Ni
0

]t
5

p

t i
S 12

Ni
0

Ni
D 2

Ni
0

tRi
50. ~15!

Here,t i is a characteristic time of the hole capture by thei th
acceptor andt* is a lifetime of holes in the valence band:

t i5~CpiNi !
21, ~16!

t* 5S (
j 5k

N

CjNj D 21

, ~17!

where the summation is taken over all channels except
quenched (k21) ones. Note thath i5t* /t i is the QE of PL
via i th acceptor at low excitation intensity and arbitrary te
perature, when the quenching of thei th acceptor is negli-
gible. A solution of Eqs.~14! and ~15! has the form

ee

-

5-3
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Ni
05

1

2
Ni~Ki1h i

21!2NiA~Ki1h i
21!2

4
2Ki ~18!

with Ki5GtRi /Ni .
For the case of low QE of thei th channel,h i!1, Eq.~18!

can be expanded using the Taylor series:

I i
PL5

Ni
0

tRi
'GS GtRi

Ni
1

1

h i
D 21

. ~19!

At low excitation rate (GtRih i!Ni) this dependence is lin
ear, and at high excitation rate it is expected to saturate a
value ofNitRi

21 . Under saturated conditions of PL, the tem
perature dependence ofI i

PL has no steps in its low
temperature part since the saturated acceptors cannot ca
holes released from other channels. For the same reason
thermal quenching at high excitation intensities starts
higher temperatures than for the low excitation pow
conditions.

Instead of complete saturation, a nearly square-root
pendence of the PL intensity has been observed at room
perature for excitation densities higher than 1022 W/cm2 in
our samples. Similar results have been presented in Re
The square-root dependence of the defect-related PL in
sity as a function of excitation power may be observed
high excitation density when the concentration of the pho
excited carriers (dn andp) exceeds the free electron conce
tration in the dark (n0).4 This leads to a decrease in th
lifetime of the defect-related recombination. However, t
excitation density necessary to injectdn;1018 cm23 ~typi-
cal concentration of free electrons at room temperature! non-
equilibrium carriers, is about 105 W/cm2 in GaN.21 To the
best of our knowledge, the square-root dependence of
defect-related PL with excitation power in the ran
;1022–102 W/cm2 remains unexplained for the observe
excitation powers.22

As an alternative explanation of the observed effect,
propose that the recombination through deep nonradia
donors~traps for the holes! is responsible for the (dn@n0)
condition inn-type GaN, at least at room temperature, su
that at moderate excitation levels the concentration of f
electrons can increase due to filling of nonradiative don
with photogenerated holes, thus leading to a square-root
pendence of the defect-related PL intensity in this excitat
range.

The balance equations for electrons in the conduc
band and holes in the valence band in a steady state ar

]n

]t
5G2(

j
Cn jNA j

0 ~n01dn!2CnSNDS
1 ~n01dn!

2Cexp~n01dn!50, ~20!

]p

]t
5G2(

j
Cp jNA j

2 p2CpSNDS
0 p2Cexp~n01dn!50,

~21!

whereCn j and CnS are electron-capture coefficients for th
j th acceptor and nonradiative deep donor, respectively
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these expressions we ignored the DAP-type recombinatio
room temperature and separated the term accounting fo
combination via nonradiative defects acting as deep don
with a concentrationNDS . Note that nonradiative acceptor
if present, can be included in the sum with radiative acc
tors. Free excitons can be captured by nonradiative cen
too, and this will just formally reduce the phenomenologic
parameterCex.

Furthermore, the balance should take place for each
combination channel. In particular,

CniNAi
0 ~n01dn!5CpiNAi

2 p, ~22!

CnSNDS
1 ~n01dn!5CpSNDS

0 p. ~23!

Finally, the conservation of charge inn-type semiconductor
can be added in the form

n01dn1(
j

NA j
2 5NDS

1 1ND
11p, ~24!

or

dn5(
j

NA j
0 1NDS

1 1p, ~25!

whereNDS
1 5n01( jNA j is the concentration of the ionize

shallow donors.
The system of Eqs.~20!–~25! can be solved numerically

and the dependencies ofdn, p, NAi
0 , andNDS

1 on G can be
found for the fixed parametersCni , Cpi , CnS, CpS, Cex,
NAi , NDS , andn0. At room temperature we can restrict ou
consideration to three recombination channels inn-type
GaN: an excitonic (ex), radiative (i ), and nonradiative~S!
recombination, which is consistent with the observation
the near-band-gap and YL bands in the room-temperature
spectrum.4 In choosing the fixed parameters, we held t
following in equations:CpSNDS@CpiNAi ,Cexn0 ~nonradia-
tive recombination is dominant! and Cpi@Cni , CpS@CnS
~preferential capture of holes by both radiative acceptors
nonradiative donors!.

An example of numerical solution of the system of Eq
~20!, ~22!, ~23!, ~25! for the above-mentioned three recom
bination channels is shown in Fig. 2. At low excitation i
tensity ~region I!, dn!n0 and all variable parameters (p,
NAi

0 , NDS
1 , anddn) increase linearly with excitation rate:p

'G(CpSNDS)21, NAi
0 'h i(0)G(Cnin0)21, and NDS

1 'dn
'G(CnSn0)21. Intensity of the defect-related PL equa
CniNAi

0 (n01dn) and in this region it increases linearly wit
G. The PL intensity saturates whenNAi

0 'NAi ~region II!. The
value ofdn in our example increases mostly due to filling
nonradiative donors by holes and it exceedsn0 at G
.CnSn0

2 ~region III!. At G.CnSNDS
2 , the nonradiative cen-

ters become nearly filled with holes (NDS
1 'NDS), and con-

centration of free electrons saturates at the value ofn01dn
'NDS ~region IV!. Finally, atG.CexNDS

2 , excitonic recom-
bination becomes dominant and the concentration of f
electrons increases again~region V!. Interestingly, in the ex-
citation rangeCnSNDS

2 .G.CnSn0
2 , the concentration of
5-4
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free electrons, as well as the concentration of holes boun
nonradiative donors, depends as a square root on excita
intensity:

n01dn'NDS
1 'A G

CnS
, ~26!

provided thatCnS,CpS. Once the deep donors are satura
with holes, the excitonic~or band-to-band! transitions may
become the dominant recombination mechanism, also giv
the square-root dependence:

dn'p'A G

Cex
. ~27!

The defect-related PL intensity follows variation of (n0

1dn) when the defect is saturated with holes:I i
PL

5CniNAi(n01dn). Therefore, for relatively smallCnS and
large NDS , the defect-related PL intensity may follow th
square-root dependence at moderate injections. The ch
of the dominant recombination mechanism from nonrad
tive to radiative would increase the lifetime of minority ca

FIG. 2. Calculated defect-related PL intensity and concen
tions of free and bound electrons and holes versus excitation in
sity in GaN with three recombination mechanisms: excitonic (ex),
nonradiative recombination via deep donors (S), and radiative re-
combination via acceptor (i ). The dependencies were calculat
numerically using Eqs.~20!, ~22!, ~23!, and~25! with the following
parameters:n051017 cm23, NAi51015 cm23, NDS51019 cm23,
CnS510212 cm3 s21, CpS51029 cm3 s21, Cni510213 cm3 s21,
Cpi51026 cm3 s21, Cex51029 cm3 s21. PL intensity is linear
with G in region I, it saturates in regions II and IV and it follows th
square-root dependence in regions III and V.
11520
to
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riers and conserve the square-root dependence of the de
related PL intensity on excitation intensity.

III. EXPERIMENTAL RESULTS

A. Experimental details

For the optical studies, we used GaN layers, about 2mm
thick, that were grown by metal organic vapor phase epita
on c-plane sapphire. The concentration of free electrons (n0)
and their mobility (mn), obtained from the Hall-effect mea
surements at room temperature, varied in the ranges (1
31017 cm23 and 300–500 cm2 V21 s21, respectively.
Steady-state PL was excited with a continuous-wave~cw!
He-Cd laser~photon energy 3.81 eV! in the reflection con-
figuration, dispersed with a SPEX grating monochroma
and detected with Hamamatsu photomultiplier tube R928
pulsed nitrogen laser~4-ns pulses with repetition of 20 H
and photon energy 3.68 eV! was used to determine the life
time of the defect-related PL. Neutral density filters we
used to attenuate the excitation density. The pump den
was varied in the range of 1025–35 W/cm2 for cw excita-
tion, and 10–104 W/cm2 in peak for pulsed excitation. The
temperature of the samples was varied from 15 to 360
using a closed cycle cryostat and from 300 to 600 K usin
heating stage.

B. Low-temperature PL

Typical PL spectra for undoped GaN samples at 15 K
cw mode are shown in Fig. 3. In all of the studied sampl
the PL spectrum involved the YL, BL, and SD-SA band
and also the near-band-edge emission formed by the bo

-
n-

FIG. 3. PL spectra of undoped GaN samples at 15 K. Excitat
density is 0.3 W/cm2.
TABLE I. Quantum efficiencies of different recombination channels in undoped GaN at 15 K.

Directly measuredh i(0) h i(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
5-5
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and free exciton transitions and their phonon replicas. T
contribution of the defect-related bands varied in a large
of samples. We have chosen five samples with different
tensities of PL bands for detailed study. The high quality
the samples was confirmed by a narrow full width at h
maximum~FWHM! of the exciton line, 3–9 meV, as well a
by the high QE of radiative emission, 10–50% in the lo
excitation limit for most of the samples~Table I!. The QE of
PL has been measured as a ratio of the integrated PL in
sity to the intensity of the incident laser light with the co
rection for the geometry of the PL registration optics.23 The
values of QE estimated by this method will be compa
below to the values obtained from the temperature dep
dence of PL intensity by the method described in Sec. II
Variation of QE for each PL band with excitation density f
one of the samples at low temperature is shown in Fig. 4
decrease of QE for the defect-related bands and simultan
increase of the exciton emission intensity is due to satura
of the hole capture by acceptors involved in PL, as descri
in Sec. II B.

C. Temperature dependence of PL intensity

The effect of temperature on the PL band intensities w
studied at sufficiently low excitation intensity, so that t
inequalityNAi

0 !NAi was valid for all acceptors under stud
The temperature dependencies of the PL intensities for
ferent bands were similar in all studied samples. The te
perature dependence of the integrated PL intensity for
exciton emission~as a total emission in the range 3.3–3

FIG. 4. Variation of quantum efficiency of different recombin
tion channels with excitation intensity.

FIG. 5. Temperature dependencies of QE of the main PL ba
in the sample RK170 at excitation density of 231024 W/cm2.
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eV!, BL, and YL bands are shown in Fig. 5. The temperatu
dependence of the SD-SA band intensity is compared w
the exciton emission and YL intensity in the sample w
high QE of the SD-SA band in Fig. 6. It is seen that
temperatures from 15 to about 60 K a fast decrease of
exciton band intensity is accompanied by a correspond
increase in the defect-related PL intensity in accordance w
Eqs. ~5! and ~6!. In the temperature range 200–260 K,
quenching of the BL band, which has the highest QE in
sample RK170, is accompanied by an increase in intensit
the YL and exciton bands~the last is seen as a shoulder
Fig. 5!. A slow decrease of the intensities of the YL and B
bands in the temperature regions between their enhance
and quenching~Fig. 5! will be discussed later.

A similar increase of the YL band intensity in the tem
perature range 10–100 K has been observed in Ref.
which was attributed to the release of carriers from a le
13.7 meV below the shallow donor. Note that quenching
the integrated exciton emission in our sample similarly o
curred with the activation energy of about 13 meV in th
temperature range. It resulted in enhancement of other
bands with similar activation energy, which is consiste
with Eqs. ~5! and ~6!. Therefore the ‘‘unusual’’ increase o
the YL intensity observed in Ref. 24 is rather a conseque
of a good quality of the sample~high radiative efficiency of
exciton emission! and low excitation intensity conditions
We should emphasize that the enhancement of the PL in
sity can be observed only at sufficiently low excitation inte
sities and in the samples with high radiative efficiency. W
have estimated the QE for different PL bands from the val
of steps in PL intensity by using Eq.~13!. The obtained
values, listed in Table I, demonstrate a rough agreement
the ‘‘directly measured’’ QE in these samples. The agreem
supports in particular our assumption that the nonradia
recombination in the studied samples involves the captur
free carriers~rather than excitons! by deep nonradiative de
fects as discussed in Sec. II A.

D. Nonradiative capture of holes by acceptors

We have determined the hole-capture coefficientsCpi for
the studied acceptors from the analysis of the quenching
the corresponding PL bands. In the first approximation
ignored the possible temperature-induced variation of par

ds

FIG. 6. Temperature dependencies of QE of the main PL ba
in the sample RK85 at excitation density of 231024 W/cm2.
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TABLE II. Characteristic lifetimes in the GaN samples.

PL lifetime, tRi (ms) Hole capture time,a t i ~ns!, andt* (ns!
Sample SD-SAb BLc YLd SD-SA BL YL t*

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

aT515 K.
bT5110 K.
cT5200 K.
dT5300 K.
t
-
fo
,

t
od

be
s
a
th

iz
pe
n
in

tra

es

en-
be
PL

he

ive

ffi-

m is
PL

ation
im-
f
-
n in
r

he
on

II

BL
the

in
etersh i andCpi . The values oftRi have been obtained from
the transient PL study at elevated temperatures close to
beginning of the quenching25 ~Table II!. The temperature de
pendencies of the PL intensity in the quenching region
three PL bands in several samples are shown in Figs. 7
and 9. From the fit to the experimental data, using Eqs.~5!,
~6!, and ~8!–~10!, we have estimated parametersCpi , spi ,
and EAi for the studied acceptors~Table III!. Note that the
activation energies are close to those reported before8–10 and
the hole-capture cross section for the acceptor related to
YL is very close to the value found from the PICTS meth
(1.4310214 cm2).15

E. Concentration of acceptors in GaN

After hole-capture coefficients are evaluated, the ratio
tween concentrations of each acceptor from an analysi
the low-temperature PL spectrum can be determined for e
sample. This is a simple and effective method to estimate
relative concentration of uncontrolled acceptors inn-type
GaN, which can be widely used for the sample character
tion. Indeed, all that is necessary is to measure the PL s
trum at sufficiently low temperature and excitatio
intensity26 and to find the integrated intensity of each band
relative units. Then the ratio between the concen
tions of thei th and j th acceptor can be found from Eqs.~2!
and ~12! as

FIG. 7. Temperature-induced variation of the intensity of t
SD-SA band in the region of its quenching. Solid curves dem
strate the best fit for the samples RK93~1! and RK85~2! by Eqs.
~5!, ~6!, and~8!–~10!. The model parameters are listed in Tables
and III.
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NA j
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I i
PL

I j
PL

Cp j

Cpi
, ~28!

where the values ofCpi (Cp j) can be taken as average valu
listed in Table III.

To determine the absolute values of the acceptor conc
trations, the concentration of one of the acceptors should
found independently by evaluation the dependence of the
intensity on excitation intensity as described in Sec. II B. T
generation rate of the photoexcited carriers,G, was calcu-
lated from the excitation density assuming that the effect
thickness of the layer subject to excitation is 0.1mm
@0.07 mm is due to transmission with the absorption coe
cient a51.53105 cm21 at 325 nm~Ref. 27! and the rest
was added to account for the hole diffusion#. In each of the
samples, the dependencies were similar and one of the
shown in Fig. 10 as an example. A linear increase of the
intensity is followed by saturation ~after G
'1021 cm23 s21 or excitation density;1022 W/cm2). A
square-root dependence is observed for the higher gener
rates. From the fit to the experimental data using both s
plified expression~19! and exact solution of the system o
Eqs. ~20!, ~22!, ~23!, ~25! the concentration of acceptor re
sponsible for the YL band has been estimated as show
Fig. 10. Then, using Eq.~28!, concentrations of two othe

-
FIG. 8. Temperature-induced variation of the intensity of the

band in the region of its quenching. Solid curves demonstrate
best fit for the samples RK93~1! and RK120 ~2! by using
Eqs. ~5!, ~6!, and ~8!–~10!. The model parameters are listed
Tables II and III.
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acceptors have been calculated for the studied sam
~Table IV!. The resulting total concentration of acceptors
much less than the room-temperature concentration of
electrons in the studied samples. This result is consis
with the high mobility of electrons at room temperature~see
Table IV!.

The square-root dependence of the YL intensity on ex
tation power, observed in the high excitation region, can
explained by the presence of nonradiative deep donorsNDS
in the studied samples. It is essential for the implementa
of this model thatNDS@n0. However, high electron mobility
in our samples~Table IV! evidences that the concentration
the neutral donors cannot be higher than;2
31017–1018 cm23. To explain the discrepancy, we assum
that nonradiative deep donors dominate near the sample
face and thus contribute much to the PL~PL is collected
from about 0.1–0.3-mm-thick layer!. At the same time, the
Hall mobility of the 2-mm-thick GaN layer stays nearly un
affected by the presence of the deep donors in the sur
layer.

F. Characteristic lifetimes in GaN

One can find the lifetime of the minority carriers~free
holes! t* in these samples at low temperature. Rearrang
Eqs.~2! and~17!, one can obtain the expression for the lif
time:

FIG. 9. Temperature-induced variation of the intensity of the
band in the region of its quenching. Solid curves demonstrate
best fit for the samples RK85~1! and RK170 ~2! by using
Eqs. ~5!, ~6!, and ~8!–~10!. The model parameters are listed
Tables II and III.
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t* 5
h i~0!

CpiNAi
, ~29!

where parametersh i(0), Cpi , and NAi are taken for any
acceptor. The calculated values are shown in Table II@pa-
rametersh i(0) were taken from the direct measurement
QE for the dominant PL band in the sample, see Table#.
Characteristic times of the acceptor hole capture, obtaine
using Eq.~16!, are also shown in Table II.

Large difference between the hole-capture time and
lifetime for all studied acceptors~Table II! confirms our pre-
vious assumption that the recombination rate through e
channel is dictated solely by the hole-capture rate. There
the defect-related PL intensity is independent of both
luminescence lifetime and the transition mechanisms, s
as DAP- oreA-type recombination as seen from Eq.~5! in
the temperature range preceding PL quenching, wh
tRiQi!1 and t i!tRi . Thus one should be careful in a
tempting to determine the transition mechanism from

e
FIG. 10. Dependence of the YL intensity on excitation intens

for the sample RK120 at room temperature. Solid curve repres
a fit with Eqs.~20!, ~22!, ~23!, and~25! with the following param-
eters: n051.731017 cm23, NAi5531015 cm23, NDS

51019 cm23, CnS510213 cm3 s21, CpS57310210 cm3 s21,
Cni51.13310213 cm3 s21, Cpi51.631027 cm3 s21, Cex

51029 cm3 s21. Note that tRi5(Cnin0)21552 ms and h i

5CpiNAi(CpiNAi1CpSNDS1Cexn0)2150.1. Dotted line is a fit by
Eq. ~19! with the following parameters:h i50.1, tRi552 ms, and
NAi5531015 cm23.
l data
TABLE III. Parameters of radiative acceptors in undoped GaN found from the fit to experimenta
using Eqs.~5!, ~6!, and~8!–~10!.

Cpi (1027 cm3 s21) spi (10214 cm2) EAi ~meV!

Sample SD-SA BL YL SD-SAa BLb YLc 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 3.5 6.9 2.9 344 830
Average 9.9 9.0 3.3 13.6 9.2 2.7 174 340 812

aT5110 K.
bT5200 K.
cT5300 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 acceptors (1015 cm23)
Sample n0 (1017 cm23) mn (cm2 V21 s21) 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
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temperature dependence of PL intensity. Both mechani
result in the same kind of theI PL(T) dependence.

IV. DISCUSSION

A. Calculation of the capture cross section

In this section hole-capture coefficients are compa
with the ones obtained from calculations made in the fram
work of the Ridley model for the capture rate involving th
multiphonon process.28 In this model the capture coefficien
at reasonably low temperature can be expressed as28

Cpi'2pv0C0VT

SPexp~2S!

~P21!!
@R01~P21!R1#, ~30!

whereC0 is the Coulomb factor,v0 is the effective phonon
frequency,VT is the volume of the localized state,S is the
electron-phonon coupling strength~Huang-Rhys factor!, P is
the number of phonons emitted (P5EA /\v0), andR0 , R1
are numerical values of magnitude, respectively 0.26
0.18, and rather insensitive to other parameters. The C
lomb factor may be expressed as follows:28

C05
2pm

12exp~22pm!
with m5ZARH*

EK
, ~31!

whereZe is the charge of the acceptor,RH* is the effective
Rydberg energy, andEK' 3

2 kBT is the kinetic energy of the
hole in the valence band. For neutral centersC0 is unity, for
attractive centersC0'2pm. We have estimated the volum
of the localized state asVT5 4

3 pah
3 with the radius of the

bound hole ah calculated in the effective-mas
approximation29 and listed in Table V. ParametersS, P, and
\v0 are taken from Ref. 30 for the BL and YL bands~Table
V!. For the SD-SA band, it is reasonable to take\v0
591 meV since the coupling with the LO lattice phonons
strong for this band. The Huang-Rhys factor for this ba
can be found as a ratio between the intensities of the
phonon replica and the zero-phonon line.14 The values ofCpi
calculated using Eqs.~30! and ~31! are shown in Table V in
comparison with the experimentally found coefficients. No
that the expected values ofCpi for the attractive centers ar
quite close to those obtained from the experiment, yet
exact charge of the acceptors cannot be established from
comparison.
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B. Variation of the capture coefficients with temperature

In the fitting of theI PL(T21) dependence by Eq.~5!, only
two variable parameters were used:Cpi and EAi . The hole
capture coefficientCpi determines the position of th
quenching region, whereas the activation energy,EAi deter-
mines the slope of theI PL(T21) dependence in this region
Note that the possible temperature variation ofCpi does not
affect theI PL(T21) slope. Indeed, in the region of therm
quenching, the following inequality is correct, 1!(1
2h i)tRiQi in the denominator of Eq.~5!, and the tempera-
ture dependence ofCpi is cancelled since bothh i andQi are
proportional toCpi @see Eqs.~2! and~8!#. Thus the values of
the parametersCpi andEAi are quite insensitive to the tem
perature, in the quenching region. In contrast, the temp
ture dependence ofCpi reveals itself in variation ofh i(0) in
the regions before quenching, where the Eq.~5! is simplified
to I PL'h i(0)G. The slow variation of quantum efficiencyh i
with temperature can be caused not only by variation ofCpi
of the analyzed center, but also by slow variation of( jCp j ,
see Eq.~2!. Evidently, the temperature dependence of
capture rate of the dominant channel in the summation~non-
radiative recombination channel in the analyzed samp!
would cause the largest effect on the temperature depen
cies of all radiative channels. Relatively small variation
I i

PL with temperature in the regions between sharp quench
for the defect-related PL bands~see Fig. 5! may be related

TABLE V. Parameters used for calculation and the calcula
values of the capture coefficients for the main radiative defect
undoped GaN. Experimental capture coefficients are shown
comparison.

Parameter
SD-SA
band

BL
band

YL
band

ah (Å) 5.0a 3.6a 2.4a

\v0 ~meV! 91 43b 52b

S 0.5 3b 8b

EAi ~eV! 0.174 0.34 0.81
P 2 8 16
Cpi(Z50) (1027 cm3 s21) 0.3 0.079 0.061
Cpi(Z51) (1027 cm3 s21) 5.5 1.1 0.67
Cpi(Z52) (1027 cm3 s21) 11.0 2.1 1.3
ExperimentalCpi (1027 cm3 s21) 9.9 9.0 3.3

aReference 29.
bReference 30.
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to a small temperature variation of the average hole-cap
coefficient of nonradiative centersCpS.

C. Identification of the radiative acceptors in undoped GaN

Analysis of the capture parameters shows that all th
acceptors have large hole-capture cross sections. Sim
value of the hole-capture coefficient (1027–1026 cm3 s21)
has been obtained for the acceptor responsible for the 1.2
band in n-type GaAs,31 which was assigned to the G
vacancy-shallow donor (VGaD) complex.32 The charge state
of the VGaD complex in GaAs is either 12 ~Ref. 33! or
22.34 We assume that the acceptors responsible for the
BL, and SD-SA bands inn-type GaN also involve a gallium
vacancy associated with different defects. Our results
consistent with the assumptions that relate YL and BL ban
to the (VGaD)22 and (VGaH) complexes.10–13 Interestingly,
it was suggested earlier that the shallow acceptor respons
for the SD-SA band is justVGa,35–37 however, such identifi-
cation is inconsistent with much deeper energy-level posit
obtained forVGa from the first-principles calculations.11,12

The exact microscopic origin of the acceptors in undop
GaN is the subject of future investigations.
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V. SUMMARY

We have studied photoluminescence of the defect-rela
PL bands in undoped GaN as a function of temperature
excitation intensity. A general expression is obtained for
PL intensity of a given recombination channel in the pr
ence of several PL bands. A general technique is develo
to arrive at the acceptor concentrations responsible for th
bands, quantum efficiencies and the lifetimes of minor
carriers from the analysis of PL intensities at different te
peratures and excitation intensities. The hole-capture c
sections for the acceptors responsible for the 2.2-, 2.9-,
3.27-eV bands in undoped GaN are estimated from a
study. The absolute values of the hole-capture cross sec
(10214–10213 cm2) indicate that these acceptors could
related to multiple negatively charged defects.
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