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Temperature quenching of photoluminescence intensities in undoped
and doped GaN

M. Leroux, N. Grandjean, B. Beaumont, G. Nataf, F. Semond, J. Massies, and P. Gibart
Centre de Recherches sur l’ He´téro-Epitaxie et ses Applications-CNRS, Sophia Antipolis, Rue B. Gre´gory,
06560 Valbonne, France

~Received 15 March 1999; accepted for publication 25 June 1999!

This work discusses the temperature behavior of the various photoluminescence~PL! transitions
observed in undoped,n- andp-doped GaN in the 9–300 K range. Samples grown using different
techniques have been assessed. When possible, simple rate equations are used to describe the
quenching of the transitions observed, in order to get a better insight on the mechanism involved. In
undoped GaN, the temperature dependence of band edge excitonic lines is well described by
assuming that theA exciton population is the leading term in the 50–300 K range. The activation
energy for free exciton luminescence quenching is of the order of theA rydberg, suggesting that free
hole release leads to nonradiative recombination. In slightlyp-doped samples, the luminescence is
dominated by acceptor related transitions, whose intensity is shown to be governed by free hole
release. For high Mg doping, the luminescence at room temperature is dominated by blue PL in the
2.8–2.9 eV range, whose quenching activation energy is in the 60–80 meV range. We also discuss
the temperature dependence of PL transitions near 3.4 eV, related to extended structural defects.
© 1999 American Institute of Physics.@S0021-8979~99!05619-4#
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I. INTRODUCTION

GaN is the base of a family of compounds~Al,Ga,In!N
which during the last decade has gained a lot of attention
to their present or future applications such as, for instan
light emitting diodes,1 laser diodes,1 ultraviolet
photodetectors2,3 and high temperature, high power ele
tronic devices.3,4 These developments are due to tremend
improvements in the crystal growth of these alloys. Co
comitantly, the understanding of the basic properties of G
and its alloys has been increasing, and optical studies suc
photoluminescence~PL! have been widely used to this en
~see for instance Refs. 5–12!. However, there are still som
problems that are unresolved, for instance, the nature of
residual acceptor and the optical depth of Mg acceptors,13–15

the identification of some bound exciton lines16,17 etc. Re-
cently, Monemar18 has reviewed the difficulties that rema
regarding the optical properties of GaN, and his remarks
still up-to-date. The present work studies the temperature~T!
dependence of the various PL transitions observed in
doped and doped GaN in the 9–300 K range. A particu
emphasis is given to the quenching of these transitions,
an explanation in terms of simple rate equations is giv
when possible. Our aim is to get a deeper understanding
the mechanisms involved in the temperature induced red
tion of the quantum efficiency of GaN. We show that it
possible in some cases to get general rules for the quenc
of PL intensities, and point cases where it is not~for instance
highly p-doped samples!. This article is organized as fol
lows: Sec. II will present the experimental details and so
generalities about the temperature dependent PL spect
GaN. Section III will discuss the temperature dependenc
band edge PL intensities in undoped andn-doped GaN. Sec-
tion IV is devoted top-doped GaN. Conclusions are given
Sec. V.
3720021-8979/99/86(7)/3721/8/$15.00
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II. EXPERIMENTS AND GENERALITIES

The samples were grown by metal-organic vapor ph
epitaxy ~MOVPE!, molecular beam epitaxy~MBE! using
NH3 as nitrogen precursor, and halide vapor phase epit
~HVPE!. The substrates arec plane sapphire in each cas
Typical thicknesses for the samples used in the present s
are in the 2–4mm range for MOVPE- or MBE-grown ones
and much larger for HVPE-grown ones~>20 mm!. Details
on the growth procedures can be found in Ref. 19 and 20
MOVPE and MBE, respectively. Typical residualn-type
doping are about 531016, 531016, and 531017cm23, and
mobilities 500, 150, and 150 cm2/V s for our MOVPE-,
MBE-, and HVPE-grown samples, respectively. Intention
n-type doping is achieved using SiH4 or elemental Si for
MOVPE and MBE growth, respectively. In MOVPE growth
p-type doping is achieved using bismethylcyclopentadien
magnesium, and acceptor activation is obtained through
nealing under N2 atmosphere.1,19 Elemental Mg is used forp
doping in MBE growth, and no postgrowth annealing is ne
essary in this case.21 For PL experiments, the samples we
placed in a closed cycle He cryostat. PL was excited wit
10 mW HeCd laser working at 325 nm (maximu
excitation intensity'15 W/cm2) and was detected through
Jobin Yvon HR 640 monochromator using a cooled Ga
photomultiplier and conventional lock-in techniques. For u
doped or slightlyn-doped samples, the energy positions
the freeA, B, andC excitons were measured by reflectivity,22

in order to ascertain the identification of near edge PL tr
sitions. However, reflectivity spectra proved to be featurel
in p-type samples, or inn-type samples with doping large
than 1018cm23.

Before talking about luminescence quenching, it is u
ful to briefly present temperature dependent PL spectra
1 © 1999 American Institute of Physics
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3722 J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Leroux et al.
the temperature dependence of PL energies. Figure 1 sh
the typical PL spectra of undoped GaN grown by MOCV
as a function of temperature. At low temperature, the spe
are dominated by neutral donor bound recombinationI 2

line!. With increasingT, the I 2 line progressively quenche
to the benefit of theA free exciton line. The freeB exciton
recombination can also be observed. Note that the ass
ment of theA andB lines to free excitons comes from tem
perature dependent reflectivity experiments. At high te
perature, the spectra are dominated by freeA excitons and
their LO phonon replica. Other features appearing in
spectra shown in Fig. 1 are the phonon replica of do
bound excitons (I 2-LO), neutral donor acceptor pairs recom
bination (D0A0) near 3.27 eV and their LO phonon replic
(D0A0-LO) near 3.18 eV, involving the usual residual a
ceptor in GaN, with a Huang–Rhys factorS of 0.7.10 The
line labeledI 2(n52) is the two electron replica of the dono
bound exciton line, corresponding to a 29 meV de
donor.22,23 We have observed a similar replica in intentio
ally Si doped samples24 and tentatively identify this 29 meV
donor to Si.18,25 Figure 2 gives the temperature dependen
of PL energies corresponding to Fig. 1. TheA line is fol-
lowed in the whole temperature range, and the fitting of
energy to a Varshni-type equation gives

E~T!~eV!5E~0!28.8731024T2/~T1874!. ~1!

This relation gives a very satisfactory account of t
excitonic energy variation in themm thick GaN films on

FIG. 1. Typical temperature dependence of the luminescence spectra o
quality undoped GaN. The spectra have been shifted vertically for cla
The sample is grown by MOVPE.
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sapphire that we investigated. It is also in excellent agr
ment with that quoted in Ref. 26. TheI 2 and B lines are
shown to follow theA line. The position of the LO replica o
the A line is compared to its expected temperature dep
dence deduced from its theoretical line shape11,27

I (A-LO)aE3/2exp(2E/kT). Some departure of the expecte
dependence can be due to point defect scattering, as
cussed by Buyanovaet al.11 As Fig. 2 shows, forT.50 K,
the D0A0 band progressively evolves towards a fr
electron–neutral acceptor bandeA0 due to donor ionization.
The position of this last band points to a 22361 meV deep
residual acceptor, in agreement with most findings.8,10,13,18,22

Under injection, the population governing a certain tra
sition is given by

]n/]t5G2n/tR2n/tNR , ~2!

wheren is the density of the minority carrier or exciton con
cerned,G is the generation rate,tR andtNR are radiative and
nonradiative lifetimes. Nonradiative recombination rates
generally thermally activated~whether they correspond t
level depopulation or to the activation of a nonradiative
combination center!, i.e., tNR5t0 exp(EA /kT). Under steady
state, and since PL intensities are proportional ton/tR , one
obtains the familiar expression

I 5I 0 /@11a exp~2Ea /kT!# ~3!

with a5tR /t0 . If for instance two nonradiative recombina
tion channels are competitive, one gets

I 5I 0 /@11a1 exp~2Ea1 /kT!1a2 exp~2Ea2 /kT!#.
~4!

igh
y.

FIG. 2. Temperature dependence of the energy of the various transi
recorded in Fig. 1.
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3723J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Leroux et al.
Equations~3! and~4! will be used in this work. They deserv
some comments. A first one is that a quantum efficiency n
unity is assumed at lowT. The second is that the temperatu
dependence of radiative lifetimes is not taken into accou
This variation is assumed to be weak in the tempera
range where PL intensities are exponentially varying. A
other comment is that apparent thermal depths are gene
lower than optical ones, due for instance to the existenc
excited states, of crystal field or spin orbit split levels.28

III. UNDOPED AND n-DOPED GaN

Figure 3 is an Arrhenius plot of the integrated intensit
of the I 2 , A, andB lines of an undoped MBE-grown sampl
Figure 4 is the same for an undoped MOVPE-grown o
The solid lines are least square fits to their variations us
Eq. ~3! for theA exciton intensity, and Eq.~4! for the I 2 one.
As Figs. 3 and 4 show, theA intensity is well described using
a single activation energy, which amounts to 23 meV for
MOVPE sample and 28–29 meV for the MBE one. We e
phasize that in all the samples studied, we measured ac
tion energies in this range for theA exciton, with most values
near the 25 meV range. This result is also in good agreem
with Ref. 27 (Ea526.7 meV), and we note that the therm
activation energies so obtained for free exciton luminesce
quenching is of the order of theA exciton Rydberg~reported
to be in the 21–27 meV range5,10,12,18,23,25,29!. The I 2 line
first quenches with a weak activation energy in the range
5–7 meV. This is in good agreement with the optical bindi
energy of donor bound excitons, ranging from 5.8 to 6
meV among the samples we have studied. As such we in
pret the first decrease of theI 2 line to thermal detrapping

FIG. 3. Temperature dependence of the intensities of the main band
luminescence lines in the case of an undoped MBE-grown GaN sam
Solid lines correspond to least square fits using the various expres
given in the text.
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towards the free exciton band, in agreement with ot
authors.25 As a proof is the fact that in samples whereI 2

luminescence is relatively very strong at lowT, the quench-
ing of theI 2 line is accompanied by an increase of theA line
~not shown!. At higher temperature, Figs. 3 and 4 show th
a second activation energy is measured for the quenchin
the I 2 line intensity. The overall behavior is well accounte
for by an equation similar to Eq.~4!. The second nonradia
tive path could be for instance the ionization of the neut
donor involved in the excitonic complex25 ~a similar activa-
tion energy should be observed in the case where unreso
free hole to neutral donor transitions are involved in theI 2

band!. However, we remark that the second activation ene
observed in theI 2 case is equal to the sum of theI 2 binding
energy and of the activation energy for free exciton
quenching. Moreover, the second highT nonradiative path
for I 2 becomes effective at temperatures where the quen
ing of free exciton PL is also effective. As such, in Figs.
and 4, a second fit for theI 2 intensity variation is proposed
following the equation:

I ~ I 2!aI ~A!/@11a exp~2Ea /kT!#, ~5!

where I (A) is the freeA exciton PL intensity previously
determined, proportional to theA exciton density. Equation
~5! simply assumes that free excitons are the source for
nor bound excitons. As Figs. 3 and 4 show, Eqs.~4! or ~5!
both account fairly well for theI 2 line quenching behavior
though we emphasize that Eq.~5! has two fitting parameters
less than Eq.~4!.

As Fig. 3 shows, theB exciton luminescence intensit
temperature dependence can be fitted using

ge
le.
ns

FIG. 4. Temperature dependence of the intensities of the main band
luminescence lines in the case of an undoped MOVPE-grown GaN sam
Solid lines correspond to least square fits using the various express
given in the text.
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3724 J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Leroux et al.
I ~B!aI ~A!exp~2EAB /kT! ~6!

which accounts for both the increase and decrease with
perature ofI (B). EAB is of the order of 7–8 meV, corre
sponding to theA-B energy splitting~which is slightly strain
dependent12!. The fact that Eqs.~5! and~6! can describe the
thermal quenching of theI 2 and B lines, respectively, by
using theA exciton density shows that theA exciton popu-
lation governs the near edge PL in the 50–300 K range
low T, excitons are trapped to neutral donors, but forT larger
than about 20 K, they are significantly thermalized towa
the A band ~see also Ref. 30!. Above 50 K the further
quenching ofI 2 is related to the depopulation ofA, which is
the source of donor bound excitons. Similarly,B excitons are
created by thermal excitation ofA excitons, and their therma
quenching is again due to the disappearance ofA excitons.
All this discussion is of course in agreement with the fa
that the PL spectra of undoped GaN are dominated bA
exciton recombinations from moderate temperature up to
K ~see Fig. 1!. Finally, it is worth reminding that we found
an activation energy forA quenching close to theA Rydberg.
Since undoped GaN isn type, this suggest that free ho
release is a major nonradiative path in GaN. We think t
free excitons being neutral are less sensitive to nonradia
centers than holes. As an origin for these nonradiative c
ters, dislocations should play a role. They are known to
nonradiative centers in GaN at room temperature,31 and they
are negatively charged,32 i.e., attractive for holes. Moreover
we mention that the pre-exponential terma in Eq. ~3! is
equal to 300 for the MBE-grown sample of Fig. 3 and on
30 for the MOVPE-grown one in Fig. 4. These prefactors
inversely related to the nonradiative lifetimes, i.e., to t
density of nonradiative centers, and the dislocation densit
typically 53109 cm22 in our MBE-grown samples~a value
typical for GaN/Al2O3) whereas it is only about 5
3108 cm22 in our MOVPE-grown ones.33 Therefore our
data indicate that dislocations may be at least partly resp
sible for hole recombination and PL quenching in undop
GaN.

As Fig. 1 shows, near 3.27 eV, transitions involving r
sidual acceptors are observed. These are donor acceptor
(D0A0) recombinations at lowT, transforming to electron
acceptor (eA0) recombination at higherT, typically 100 K,
as Figs. 1 and 2 show. The residual acceptor involved ha
optical depth of 222–224 meV.13,22 We mention here tha
similar optical acceptor depths have been reported in slig
Mg doped GaN14,22 ~see also below! and in Si doped GaN.34

The intensity of these acceptor related transitions is too w
in our MBE- and MOVPE-grown samples to allow the stu
of their temperature dependence. We then present result
HVPE-grown ones, where these transitions are more inte
Figure 5 gives the temperature dependence of PL intens
of a selected HVPE-grown sample, while the inset shows
corresponding 10 K PL spectrum. The edge excitonic b
quenches with an activation energy of 5 meV, showing tha
is primarily built from donor bound excitons, following th
previous discussion. Also given is the temperature dep
dence of the integrated intensities of theD0A0, eA0 and first
phonon replica transitions involving the residual accep
Downloaded 19 Apr 2005 to 128.178.175.81. Redistribution subject to AI
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The quenching is well described by Eq.~3!, and the resulting
activation energy is 170 meV. This value is equal to the H
activation energy of Mg acceptors in GaN,35 which is to date
the only acceptor giving reliablep-type conductivity in GaN.

In an n-type sample, the densities of minority holes a
neutral acceptors are governed by

]p/]t5G2p/t2cANA
2p1eANA

0,
~7!

]NA
0/]t52NA

0/tDA1cANA
2p2eANA

0,

wherep is the hole density,t their lifetime,NA
2 andNA

0 are
the density of ionized and neutral acceptors, andtDA is the
lifetime for acceptor related recombination.cA andeA are the
hole capture and emission coefficients of the acceptors. T
are related by detailed balance aseA5(NvcA /g)
3exp(2EA /kT), where EA and g are the thermal accepto
depth and degeneracy, respectively, andNv is the valence
band effective density of states. The solution of Eq.~7! for
steady state is

NA
05~cANA

2Gt!/@1/tDA1cANA
2t/tDA1~NvcA /g!

3exp~2EA /kT!# ~8!

which, assuming that the lifetime ofD0A0 pairs is long com-
pare to the lifetime of free holes, and that in ann-type
sample,NA

2;NA , reduces to

NA
05GtDA /@11~tDANv /g!exp~2EA /kT!/tNA#. ~9!

Equation ~9! explains our experimental result, i.e., that
n-type GaN, the acceptor related PL is quenched with
activation energy corresponding to the thermal depth of
acceptor.

FIG. 5. Temperature dependence of the intensities of the main luminesc
bands for an HVPE-grown GaN sample. The low temperature spectrum
the inset shows that this sample exhibits intense acceptor related lum
cence and extended defect bound exciton luminescence.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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As the inset in Fig. 5 shows, the particular HVPE sam
was not chosen only to study donor–acceptor pairs, but
because it displays a PL band around 3.41 eV that has b
frequently reported in GaN.36–39Figure 5 shows that it has
low activation energy for quenching of 12 meV. Investig
tions of this 3.41 eV PL band in other samples show so
scatter in the values for the activation energy, between
and 40 meV, but these values remain lower than an exc
escape energy~typically 60–70 meV!. A model39 has been
proposed for this transition, assigning it to the recombinat
of an exciton bound to aI 1 type stacking fault in GaN. In this
model, the stacking fault is similar to a cubic quantum w
in wurtzite GaN. The electrons are trapped by the stack
fault and holes are in the wurtzite matrix~type II quantum
well!. The low activation energy for quenching correspon
to the escape of the electron. Our results are then in qua
tive agreement with this model. The model was proposed
Albrecht et al.39 from the observation of numerousI 1-type
stacking faults in samples displaying strong PL at 3.41
We have studied by transmission electron spectrosc
samples displaying this transition. The principal defe
found are inversion domains, prismatic defects~i.e., stacking
faults in the prismatic planes!, and numerousI 1-type stack-
ing faults. So both our PL and transmission electron micr
copy studies are in agreement with the stacking fault mo
of the 3.41 eV PL band.39

We shall briefly discuss some results on intentiona
Si-doped GaN. When doping with silicon, in a range low
than that necessary for metallic behavior~n typically lower
than 131018cm23), one can observe a slight red shift of th
band edge excitonic transitions.22 This corresponds to a
deepening of the main PL line relative to theA free exciton
energy, as can be measured by reflectivity. This deepe
could be due to a broadening of the donor bound exc
line, or to a change of the main luminescence path~to free
electron–neutral donor transition for instance!.22 The tem-
perature dependent PL study we have performed on s
samples have shown that the quenching of the PL intensi
the same as that of theI 2 line reported in Figs. 3–5. We
therefore conclude from these experiments that the low t
perature PL of slightly Si-doped GaN (n<1018cm23) is still
dominated by neutral donor bound exciton recombination

IV. p-DOPED „Mg-DOPED… GaN

We shall begin this discussion by the study of sligh
p-type GaN. Figure 6 shows the PL spectra as a function
excitation intensity and temperature of MBE-grown M
doped GaN, with a room temperature free hole concentra
below 1017cm23. At low temperature, the spectra is com
posed of a near edge excitonic peak and a broad, pho
replicated band near 3.27 eV. The energy of the excito
peak is lower than that typical for donor bound excitons
our MBE-grown samples and similar to that of excitons
beled I 1 that we observe in very weakly Mg doped,n-type
GaN grown either by MBE or MOVPE.22 We assign this
transition to acceptor bound excitons. Note that in ot
works, this line is rather assigned to ionized donor bou
excitons.16 We prefer its assignment to neutral accep
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bound excitons because of its strong phonon replica
strength,22 and of its predominance in the band edge PL
p-doped GaN, as shown in Fig. 6. Figure 6 also shows t
the 3.27 eV band blue shifts with an increase of the exc
tion intensity, which is typical of neutral donor–accept
pairs (D0A0) recombination. Also, as the temperature i
creases above 50 K, theD0A0 band is progressively replace
by free electron–neutral acceptors (eA0) recombinations at
higher energy, due to the thermal ionization of the don
The energy position of theeA0 band as a function of tem
perature is well given, as expected, byEg2EA1kT/2 as-
suming an optical acceptor depthEA of 224 meV. Note that
within the precision of the experiment, this is the same va
as for the residual acceptor observed in undop
GaN10,13,18,22~see Figs. 1 and 5!. This means that, either th
residual acceptor in GaN is Mg, or that Mg and the resid
acceptor have the same depth~and same phonon couplin
strength!, or that, if the Mg doping is too slight, the accept
related PL is still dominated by the unknown residual acc
tor ~C for instance13,22!. Figure 7 gives the temperature d
pendence of the intensities of the PL bands reported in
6. The intensity of theI 1 line is well described by using Eq
~3!, giving an activation energy of 11 meV. This is precise
the binding energy of theI 1 line relative to the free exciton
A.22 So, as for the case of donor bound excitons discus
previously, we ascribe the quenching of theI 1 line to thermal
detrapping of the bound excitons. As also shown in Fig.
the intensity of the integratedD0A0, eA0 bands and their
first phonon replica also follows Eq.~3!, with an activation
energy of 190 meV. This result is very similar to the o
reported above in Fig. 5, and we already mentioned that
170–190 meV energy corresponds to the thermal depth
Mg acceptors. However, the expressions used in the pre
ing section were relative to acceptor occupation in ann-type
sample. Inp-type GaN, even at room temperature, only a fe

FIG. 6. Temperature and excitation intensity dependent luminescence s
tra of an Mg-doped, slightyp-type GaN sample grown by MBE. Note th
rapid quenching of theI 1 line and the progressive replacement ofD0A0

transitions byeA0 ones~see the text!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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percent Mg acceptors are thermally ionized.19,35 The decay
over orders of magnitude of acceptor related PL canno
related to the slight decay of neutral acceptor density.
also note in Fig. 6 that the replacement of theD0A0 band by
eA0 band, i.e., the release of free electrons, is not relate
a strong decay of the overall acceptor PL intensity. All the
remarks seem to indicate that in slightly Mg doped GaN,
decay of PL intensity is due to free hole release, i.e.,
same cause as in undoped GaN.

We shall now focus on highly Mg-doped Ga
@'1019at./cm3#, i.e., with room temperature free hole co
centrations equal or higher to 1017cm23. In the high Mg
doping range, one has to make a distinction between M
and MOVPE-grown samples. Figure 8 shows typical
spectra of MBE- and MOVPE-grown samples doped Mg
the 1017cm23 range. Both spectra are deformed by Fabr
Perot interferences, since the luminescence is emitted in
transparency range of the samples. As can be seen, the P
the MBE sample displays a band peaking near 3.1–3.2
i.e., at an energy lower than that of theD0A0 pairs band
observed inn type, or weakly Mg-doped samples~Figs. 1, 5,
and 6!. On the other hand, the spectrum of the MOVP
sample is dominated by a broad band in the blue range,
2.8 eV. This blue band is typical of highly Mg-dope
MOVPE-grown GaN.1,10,22,40–42Its origin is not clear in the
literature. Some authors assign it to recombinations invo
ing the shallow acceptors and deep donor levels,22,40,42while
others assign it to recombinations involving deep accep
like states.15,41We shall hereafter refer the 3.2 and the 2.8
bands as ‘‘shallow acceptor’’ and ‘‘blue’’ bands, respe
tively. Though in general for highly Mg-doped GaN, the 3
eV band is typical of MBE-grown samples, and the 2.8
one to MOVPE-grown ones, we mention that the blue ba

FIG. 7. Temperature dependence of the intensities of the luminescence
sitions for the sample shown in Fig. 6.
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can also be recorded in MBE grown samples, particularly
room temperature,43 and that in some MOVPE-grown
samples, both the shallow acceptor and the blue band ca
observed. An example is given in Fig. 9, displaying the te
perature dependent PL spectra of a Mg-doped MOVP
grown GaN sample. One can observe that with increas
temperature, the shallow acceptor band quenches first,

an-
FIG. 8. Comparison between typical low temperature luminescence sp
of highly Mg-doped GaN samples grown either by MOVPE or MBE.

FIG. 9. Temperature dependent luminescence spectra of a highly Mg-d
MOVPE-grown GaN sample. Note the slight reappearance of the sha
acceptor band on the 300 K spectrum, when the blue band stro
quenches.
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3727J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Leroux et al.
lowed by the quenching of the blue band. Interestingly,
underlined by the arrow in Fig. 9, the quenching of the b
band near 300 K is accompanied by a slight reappearanc
the shallow acceptor band.

The temperature dependence of the PL intensities of
MOVPE-grown samples of Figs. 8 and 9 is displayed in F
10. Both the shallow acceptor band and the blue b
quenching are well fitted using Eq.~3!, and the activation
energies found range between 70 and 90 meV. Regarding
MBE-grown sample of Fig. 8, the quenching of the broad
band, which includes unresolved shallow acceptors and
bands, leads to an activation energy for quenching of
meV. These values are significantly lower than those fou
for the acceptor related PL bands in slightly Mg doped~Fig.
6! or n-type ~Fig. 5! samples. We may think of differen
reasons for this. The 70–80 meV activation energy found
the blue band could be related to the ionization of a d
donor involved in the transition. This would be in agreeme
with the observation that the shallow acceptor band inten
increases when the blue band quenches~Fig. 9!. However,
assuming an optical depth in the 220–290 meV range for
Mg acceptors, this would place the zero phonon line of
blue band in the 3.12–3.2 eV range, a value which is rat
high, though not unrealistic in the light of the width of th
blue band. Unfortunately, this large width, and the unavo
able presence of Fabry–Perot interference fringes on the
band makes a detailed lineshape analysis difficult. On
other hand, even if such an explanation based on deep d
ionization may apply to the blue band, it cannot apply to
shallow acceptor band, for which activation energies in
60–90 meV have also been deduced. One may think of
other reason for these low values of activation energies
highly Mg-doped GaN relative to slightly doped. It is th
since large doping reduces compensation, hole release c
be governed by half the thermal energy of the accepto28

Indeed, the activation energies found in highly doped G
are roughly half those found in slightly doped, orn-type
samples, as shown above. However, this would be in con
diction with numerous Hall studies that have shown that
Mg-doped GaN, the hole release has an activation energ
the 160–180 meV range.35,44 We then have no definite ex
planation for the relatively low activation energies found f
the quenching of either the blue band or the shallow acce
band in our highly Mg-doped GaN samples.

V. CONCLUSIONS

A series of undoped andn- and p-doped GaN sample
grown using various techniques have been studied by ph
luminescence as a function of temperature, in order to st
the mechanisms for thermal quenching of the different tr
sitions observed. The donor bound exciton line, dominan
low temperature, first quenches by thermalization towa
the A free exciton band. At higherT, further quenching is
related to the decay of theA exciton population which ap
pears to be the source for both donor bound excitons and
B excitons. The activation energy forA exciton luminescence
extinction is always of the order of theA exciton Rydberg,
suggesting that inn-type samples, theA luminescence
Downloaded 19 Apr 2005 to 128.178.175.81. Redistribution subject to AI
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quenching is related to free hole release. Our data are c
sistent with a significant role of dislocations in these nonr
diative recombinations. In slightly Mg-doped samples, th
decay of the dominant neutral acceptor related PL bands
governed by an activation energy equal to the thermal de
of the acceptor. This again seems to point to free hole rele
as a step for nonradiative recombination. A significant
lower activation energy for PL quenching is measured
highly Mg-doped GaN, the origin of which is unclear at th
moment.
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