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Temperature quenching of photoluminescence intensities in undoped
and doped GaN
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(Received 15 March 1999; accepted for publication 25 June)1999

This work discusses the temperature behavior of the various photolumineggdnceansitions
observed in undopedi- 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
guenching 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 thé exciton population is the leading term in the 50—300 K range. The activation
energy for free exciton luminescence quenching is of the order dk tigdberg, suggesting that free

hole release leads to nonradiative recombination. In slightthpped 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 Physid$50021-89789)05619-4

I. INTRODUCTION II. EXPERIMENTS AND GENERALITIES

GaN is the base of a family of compoung@sl,Ga,In)N )
which during the last decade has gained a lot of attention due  1he samples were grown by metal-organic vapor phase
to their present or future applications such as, for instancegPitaxy (MOVPE), molecular beam epitaxyMBE) using
light emitting diodes, laser dioded, ultraviolet —NHs as nitrogen precursor, and halide vapor phase epitaxy
photodetecto’s® and high temperature, high power elec- (HVPE). The substrates are plane sapphire in each case.
tronic devices* These developments are due to tremendoud YPical thicknesses for the samples used in the present study
improvements in the crystal growth of these alloys. Con-are in the 2—4um range for MOVPE- or MBE-grown ones,
comitantly, the understanding of the basic properties of GaNtnd much larger for HVPE-grown onés20 um). Details
and its alloys has been increasing, and optical studies such 88 the growth procedures can be found in Ref. 19 and 20 for
photoluminescencéPL) have been widely used to this end MOVPE and MBE, respectively. Typical residuattype
(see for instance Refs. 5-1However, there are still some doping are about 510'®, 5x 10", and 5<10'"cm 3, and
problems that are unresolved, for instance, the nature of theobilities 500, 150, and 150 ¢é#v's for our MOVPE-,
residual acceptor and the optical depth of Mg acceptors, MBE-, and HVPE-grown samples, respectively. Intentional
the identification of some bound exciton Iin&&’ etc. Re-  n-type doping is achieved using Sjtor elemental Si for
cently, Monemaf® has reviewed the difficulties that remain MOVPE and MBE growth, respectively. In MOVPE growth,
regarding the optical properties of GaN, and his remarks arg-type doping is achieved using bismethylcyclopentadienyl-
still up-to-date. The present work studies the temperaflire magnesium, and acceptor activation is obtained through an-
dependence of the various PL transitions observed in urhealing under Matmospheré:® Elemental Mg is used fop
doped and doped GaN in the 9-300 K range. A particuladoping in MBE growth, and no postgrowth annealing is nec-
emphasis is given to the quenching of these transitions, angssary in this case.For PL experiments, the samples were
an explanation in terms of simple rate equations is giverplaced in a closed cycle He cryostat. PL was excited with a
when possible. Our aim is to get a deeper understanding o0 mW HeCd laser working at 325 nm (maximum
the mechanisms involved in the temperature induced reduexcitation intensity- 15 W/cn?) and was detected through a
tion of the quantum efficiency of GaN. We show that it is Jobin Yvon HR 640 monochromator using a cooled GaAs
possible in some cases to get general rules for the quenchimgnotomultiplier and conventional lock-in techniques. For un-
of PL intensities, and point cases where it is (fot instance  doped or slightlyn-doped samples, the energy positions of
highly p-doped samplés This article is organized as fol- the freeA, B, andC excitons were measured by reflectivity,
lows: Sec. Il will present the experimental details and someén order to ascertain the identification of near edge PL tran-
generalities about the temperature dependent PL spectra sitions. However, reflectivity spectra proved to be featureless
GaN. Section Il will discuss the temperature dependence ah p-type samples, or im-type samples with doping larger
band edge PL intensities in undoped andoped GaN. Sec- than 13%cm ™3,
tion IV is devoted tgp-doped GaN. Conclusions are given in Before talking about luminescence quenching, it is use-
Sec. V. ful to briefly present temperature dependent PL spectra and
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FIG. 2. Temperature dependence of the energy of the various transitions
Energy (eV) recorded in Fig. 1.

FIG. 1. Typical temperature dependence of the luminescence spectra of high
quality undoped GaN. The spectra have been shifted vertically for clarity.

The sample is grown by MOVPE. sapphire that we investigated. It is also in excellent agree-

ment with that quoted in Ref. 26. ThHe and B lines are

shown to follow theA line. The position of the LO replica of

the temperature dependence of PL energies. Figure 1 shO\Qﬁ o ;
) e A line is compared to its expected temperature depen-
the typical PL spectra of undoped GaN grown by MOCVD e P P D P

: dence deduced from its theoretical line sHagé
as a function of temperature. At low temperature, the SpeCtr?(A-LO)aE3’2exp(—E/kT) Some departure of the expected
are dominated by neutral donor bound recombinatibn ( '

! oy . . ; dependence can be due to point defect scattering, as dis-
line). With increasingT, thel, line progressively quenches

cussed by Buyanovat al!! As Fig. 2 shows, foff >50K,
to the benefit of thed free exciton line. The fre® exciton y BUYy 9

o . the D°A® band progressively evolves towards a free
recombination can also be observed. Note that the assigiyjeiron_peutral acceptor baed® due to donor ionization.

mentt of tr:jeA angB JI(me; tot_frgte excno_ns cotmeztfrﬁmhtetm- The position of this last band points to a 228 meV deep
perature dependent retiectivity: experiments. '9" eM+asidual acceptor, in agreement with most findifigs!31822

perature, the spectra are dominated by fﬁeexmtons a_nd Under injection, the population governing a certain tran-
their LO phonon replica. Other features appearing in thesition is given by

spectra shown in Fig. 1 are the phonon replica of donor

bound excitonsl(,-LO), neutral donor acceptor pairs recom- onlot=G—n/rg—n/1yg, 2
bination D°A%) near 3.27 eV and their LO phonon replica
(D°A%-LO) near 3.18 eV, involving the usual residual ac-
ceptor in GaN, with a Huang—Rhys factsrof 0.71° The
line labeledl ,(n=2) is the two electron replica of the donor
bound exciton line, corresponding to a 29 meV dee
donor?>#We have observed a similar replica in intention-
ally Si doped samplé8and tentatively identify this 29 meV
donor to Sit®2° Figure 2 gives the temperature dependenc
of PL energies corresponding to Fig. 1. TAeline is fol-
lowed in the whole temperature range, and the fitting of its  1=1g/[1+aexp —E,/KkT)] 3)
energy to a Varshni-type equation gives

wheren is the density of the minority carrier or exciton con-
cernedG is the generation rateg and 7y are radiative and
nonradiative lifetimes. Nonradiative recombination rates are
generally thermally activatedwhether they correspond to
evel depopulation or to the activation of a nonradiative re-
combination centeri.e., 7ng= 7o €XPEA/KT). Under steady
state, and since PL intensities are proportionahieg, one
Sbtains the familiar expression

with a= rx/ 7. If for instance two nonradiative recombina-

E(T)(eV)=E(0)—8.87x 10 *T?%/(T+874). (1)  tion channels are competitive, one gets
This relation gives a very satisfactory account of the  |=I,/[1+a; exp —E,;/KT)+a,exp —Eg/kT)].
excitonic energy variation in theim thick GaN films on (4)
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FIG. 3. Temperature dependence of the intensities of the main band ed

e . - .
luminescence lines in the case of an undoped MBE-grown GaN samplg?lG_- 4. Temperature dependence of the intensities of the main band edge
Solid lines correspond to least square fits using the various expressioffgminescence lines in the case of an undoped MOVPE-grown GaN sample.
given in the text. Solid lines correspond to least square fits using the various expressions

given in the text.

Equationg3) and(4) will be used in this work. They deserve

some comments. A first one is that a quantum efficiency nedPwards the free exciton band, in agreement with other
unity is assumed at loW. The second is that the temperature @Uthors:® As a proof is the fact that in samples wheire
dependence of radiative lifetimes is not taken into accountUminescence is relatively very strong at Igwthe quench-
This variation is assumed to be weak in the temperaturéd of thel, line is accompanied by an increase of théne
range where PL intensities are exponentially varying. An-(Not shown. At higher temperature, Figs. 3 and 4 show that
other comment is that apparent thermal depths are genera!ggsecond activation energy is measured for the quenching of
lower than optical ones, due for instance to the existence dhe 2 line intensity. The overall behavior is well accounted

excited states, of crystal field or spin orbit split levéls. ~ for by an equation similar to Eq4). The second nonradia-
tive path could be for instance the ionization of the neutral

donor involved in the excitonic compl&(a similar activa-

tion energy should be observed in the case where unresolved
Figure 3 is an Arrhenius plot of the integrated intensitiesfree hole to neutral donor transitions are involved in the

of thel,, A, andB lines of an undoped MBE-grown sample. band. However, we remark that the second activation energy

Figure 4 is the same for an undoped MOVPE-grown oneobserved in thé, case is equal to the sum of the binding

The solid lines are least square fits to their variations usingnergy and of the activation energy for free exciton PL

Eq. (3) for the A exciton intensity, and Eq4) for thel, one.  quenching. Moreover, the second highnonradiative path

As Figs. 3 and 4 show, th&intensity is well described using for 1, becomes effective at temperatures where the quench-

a single activation energy, which amounts to 23 meV for theing of free exciton PL is also effective. As such, in Figs. 3

MOVPE sample and 28—-29 meV for the MBE one. We em-and 4, a second fit for thg, intensity variation is proposed,

phasize that in all the samples studied, we measured activéellowing the equation:

tion energies in this range for ti#eexciton, with most values

near the 25 meV range. This result is also in good agreement H(2)al (A)/[1+aexp(—Ea/kT)], ®)

with Ref. 27 E,=26.7 meV), and we note that the thermal where I(A) is the freeA exciton PL intensity previously

activation energies so obtained for free exciton luminescencdetermined, proportional to th& exciton density. Equation

guenching is of the order of th& exciton Rydberdreported  (5) simply assumes that free excitons are the source for do-

to be in the 21-27 meV rang&” 1218232539 The |, line  nor bound excitons. As Figs. 3 and 4 show, E@s.or (5)

first quenches with a weak activation energy in the range oboth account fairly well for the, line quenching behavior,

5-7 meV. This is in good agreement with the optical bindingthough we emphasize that E&) has two fitting parameters

energy of donor bound excitons, ranging from 5.8 to 6.5less than Eq(4).

meV among the samples we have studied. As such we inter- As Fig. 3 shows, thé& exciton luminescence intensity

pret the first decrease of tHg line to thermal detrapping temperature dependence can be fitted using

IIl. UNDOPED AND n-DOPED GaN

Downloaded 19 Apr 2005 to 128.178.175.81. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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I(B)al (A)exp( —Eag/kT) ®) [ "
* D%A%,eAl+1L0
which accounts for both the increase and decrease with tem- i o _V_
perature ofl(B). Epg is of the order of 7-8 meV, corre- omey L aAlev
sponding to theA-B energy splittingwhich is slightly strain : ﬁ

dependerif). The fact that Eqs(5) and(6) can describe the
thermal quenching of thé, and B lines, respectively, by
using theA exciton density shows that th& exciton popu-
lation governs the near edge PL in the 50—300 K range. At
low T, excitons are trapped to neutral donors, butfdarger
than about 20 K, they are significantly thermalized towards
the A band (see also Ref. 30 Above 50 K the further
guenching ofl , is related to the depopulation 8f which is

the source of donor bound excitons. SimilaByexcitons are
created by thermal excitation éfexcitons, and their thermal
guenching is again due to the disappearancd efcitons.

Al this discussion is of course in agreement with the fact ) . . ‘ .
that the PL spectra of undoped GaN are dominatedAby : 30 31 32 33 34 35

104 .

PL Intensity (arb. units)

109}

exciton recombinations from moderate temperature up to 300 | Energy (eV)

. . P . . 106 T T T T T
K (see Fig. 1 Finally, it is worth reminding that we found 000 002 004 006 008 0410
an activation energy foA quenching close to th& Rydberg. AT (K

Since undoped GaN is type, this suggest that free hole
release is a major nonradiative path in GaN. We think thaFIG. 5. Temperature dependence of the intensities of the main luminescence
free excitons being neutral are less sensitive to nonradiativands for an HVPE-grown GaN sample. The low temperature spectrum in
centers than holes. As an origin for these nonradiative cerﬂigz;j@’t‘;?ﬁ g;'fseif‘?opdi de’égg’i{fn"l‘sﬁi}ﬁzsac‘;ﬁ%tor related lumines-
ters, dislocations should play a role. They are known to be '

nonradiative centers in GaN at room temperatii@nd they

are negatively chargetd,i.e., attractive for holes. Moreover, o ) .

we mention that the pre-exponential temnin Eq. (3) is  1n€ quenching is well described by H), and the resulting
equal to 300 for the MBE-grown sample of Fig. 3 and 0n|yact!vat!on energy is 170 meV. Thls_value is gqugl to the Hall
30 for the MOVPE-grown one in Fig. 4. These prefactors arectivation energy of Mg acceptors in Géf\lwhph is to date
inversely related to the nonradiative lifetimes, i.e., to theth® only acceptor giving reliable-type conductivity in GaN.
density of nonradiative centers, and the dislocation density is " @nn-type sample, the densities of minority holes and
typically 5% 10° cm™2 in our MBE-grown samplega value ~ Neutral acceptors are governed by

typical for GaN/ALO;) whereas it is only about 5 aplat=G—pl7—caN;p+eaNS,

x10°cm 2 in our MOVPE-grown one&® Therefore our @)

data indicate that dislocations may be at least partly respon-  INR/dt=—N3/7pa+CaNA P—€aN3,

sible for hole recombination and PL quenching in undopeth

GaN. . . .
. . . . the density of ionized and neutral acceptors, apg is the
As Fig. 1 shows, near 3.27 eV, transitions involving '€ ifetime for acceptor related recombinatiar, ande, are the

S'd(‘fa(') acceptors are observed. These are ‘?'°”°r acceptor pglige capture and emission coefficients of the acceptors. They
(D”A”) recombinations at lowl, transforming to electron are related by detailed balance asy=(N,Ca/Q)
\

acceptor €A%) recombination at higheF, typically 100 K, x exp(—EA/KT), where E, and g are the thermal acceptor
as Figs. 1 and 2 show. The residual acceptor involved has pth and deéeneracy respectively, andis the valence

. ’22 .
o.pt|.cal depth of 222-224 me¥:** We mention her.e th.at band effective density of states. The solution of Ef.for
similar optical acceptor depths have been reported in Sl'ghﬂ%teady state is

Mg doped GaN+??(see also belowand in Si doped GaRf
The intensity of these acceptor related transitions is too weak N8=(caANL G7)/[Urpa+ CaNy 7/ Tpa+ (NyCA/Q)

in our MBE- and MOVPE-grown samples to allow the study

of their temperature dependence. We then present results for Xexp(—Ea/kT)] 8)
HVPE-grown ones, where these transitions are more intensehich, assuming that the lifetime &f°A° pairs is long com-
Figure 5 gives the temperature dependence of PL intensitiggare to the lifetime of free holes, and that in artype
of a selected HVPE-grown sample, while the inset shows theample,N, ~N,, reduces to

corresponding 10 K PL spectrum. The edge excitonic band 0_

quenches with an activation energy of 5 meV, showing that it Na=G7pa/[1+(70aN, /9)eXp( = BA/KT)/7NA]. - (9)
is primarily built from donor bound excitons, following the Equation(9) explains our experimental result, i.e., that in
previous discussion. Also given is the temperature depem-type GaN, the acceptor related PL is quenched with an
dence of the integrated intensities of B8A°, eA” and first  activation energy corresponding to the thermal depth of the
phonon replica transitions involving the residual acceptoracceptor.

erep is the hole densityr their lifetime, N, andN$ are
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As the inset in Fig. 5 shows, the particular HVPE sample 107 ¢ .
was not chosen only to study donor—acceptor pairs, but also E

because it displays a PL band around 3.41 eV that has been

frequently reported in GaRl~3°Figure 5 shows that it has a DOA%

DAL0 D

low activation energy for quenching of 12 meV. Investiga- 10°

|
[ | 10K 10mW

10* WW//

10K, 1mW

SOK, 10mW () | 3
tions of this 3.41 eV PL band in other samples show some ~ ]
scatter in the values for the activation energy, between 12
and 40 meV, but these values remain lower than an exciton
escape energitypically 60—70 meV. A modef® has been
proposed for this transition, assigning it to the recombination
of an exciton bound to b type stacking fault in GaN. In this
model, the stacking fault is similar to a cubic quantum well

in wurtzite GaN. The electrons are trapped by the stacking 10 ik "N 3N Mm
2N

50K, 10mW (x2)

A

PL Intensity (arb. units)

fault and holes are in the wurtzite matritype Il quantum ‘
well). The low activation energy for quenching corresponds _ 10K, 0.1mw ‘ ']‘ “

to the escape of the electron. Our results are then in qualita- 10 N ! ‘I‘I“‘lh‘m\
tive agreement with this model. The model was proposed by 31 3.2 3.3
Albrecht et al*® from the observation of numerous-type Energy (eV)
stacking faults in samples displaying strong PL at 3.41 eV.

We have studied by transmission electron spectroscop IG. 6. Temperature a_nd excitation intensity dependent luminescence spec-
samples displaying (s ansiton. The principal defects’yf 1 b 0" e Sol e g by MOE R e
found are inversion domains, prismatic defe@s., stacking  transitions bye A° ones(see the text

faults in the prismatic plangsand numerous,-type stack-

ing faults. So both our PL and transmission electron micros-
copy studies are in agreement with the stacking fault model, ng excitons because of its strong phonon replication

of the 3.41 eV PL ban_ﬁf? _ _ strength?? and of its predominance in the band edge PL in
We shall briefly discuss some results on mtentlonallyp_doped GaN, as shown in Fig. 6. Figure 6 also shows that

Si-doped GaN. When doping with silicon, in a range lowery,« 3 57 ey band blue shifts with an increase of the excita-
than that necessary for metallic behaviartypically lower  jon intensity, which is typical of neutral donor—acceptor
than 1x 10*¥cm™3), one can observe a slight red shift of the pairs (DA% recombination. Also, as the temperature in-

band edge excitonig tran;itioﬁ%.This corresponds 10 2 (reases above 50 K, tR°A° band is progressively replaced
deepening of the main PL line relative to thefree exciton 1,y free electron—neutral acceptorsA®) recombinations at
energy, as can be measured by reflectivity. This deepeningigher energy, due to the thermal ionization of the donor.

could be due to a broadening of the donor bound excitorrpo energy position of theA° band as a function of tem-
line, or to a change of the main luminescence pathfree perature is well given, as expected, By—Ex+kT/2 as-
electron—neutral donor transition for instanée The tem- suming an optical acceptor deg, of 224 meV. Note that

perature dependent PL study we have performed on SuGfiihin the precision of the experiment, this is the same value
samples have shown that the quenching of the PL intensity iS5 for the residual acceptor observed in undoped

the same as that of thie line reportgd in Figs. 3-5. We GaNi0131822(gee Figs. 1 and)5This means that, either the
therefore conclude from these experiments thaﬁtgth.e low teasiqual acceptor in GaN is Mg, or that Mg and the residual
perature PL of slightly Si-doped GaM € 10" cm ) is stil acceptor have the same degind same phonon coupling
dominated by neutral donor bound exciton recombination. strength, or that, if the Mg doping is too slight, the acceptor
related PL is still dominated by the unknown residual accep-
IV. p-DOPED (Mg-DOPED) GaN tor (C for instancé""zz). Figure 7 gives the temperature de-
pendence of the intensities of the PL bands reported in Fig.
We shall begin this discussion by the study of slightly 6. The intensity of the; line is well described by using Eq.
p-type GaN. Figure 6 shows the PL spectra as a function of3), giving an activation energy of 11 meV. This is precisely
excitation intensity and temperature of MBE-grown Mg- the binding energy of thé; line relative to the free exciton
doped GaN, with a room temperature free hole concentratioA.?? So, as for the case of donor bound excitons discussed
below 137cm™3. At low temperature, the spectra is com- previously, we ascribe the quenching of thdine to thermal
posed of a near edge excitonic peak and a broad, phonatetrapping of the bound excitons. As also shown in Fig. 7,
replicated band near 3.27 eV. The energy of the excitonithe intensity of the integrateB°A°, eA° bands and their
peak is lower than that typical for donor bound excitons infirst phonon replica also follows E@3), with an activation
our MBE-grown samples and similar to that of excitons la-energy of 190 meV. This result is very similar to the one
beledl, that we observe in very weakly Mg dopettype  reported above in Fig. 5, and we already mentioned that the
GaN grown either by MBE or MOVPE2 We assign this 170—-190 meV energy corresponds to the thermal depth of
transition to acceptor bound excitons. Note that in otheMg acceptors. However, the expressions used in the preced-
works, this line is rather assigned to ionized donor boundng section were relative to acceptor occupation imaype
excitons® We prefer its assignment to neutral acceptorsample. Inp-type GaN, even at room temperature, only a few

&

34
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N139 I(T) 10 7777

E GaN:Mg, T=8K 3.13eV
" MOVPE grown, N, annealed

[p = 1x1017 cm-3

10

I = 1/(1+exp(-E/KT))

=) ]

10 4 FW

D°A%eA’, E, = 190 meV

102

T rTTT T
L1 el

10° .

PLIntensity (arb. units)

103
I, Ex= 11 meV

Photoluminescence intensity (arb. units)

10
p
Mg doped GaN
104 . : . . . .
107 : . . : . 2.0 2.2 24 26 28 3.0 3.2 34 3.6
000 002 004 006 008 0.10

Photon energy (eV)
1UT(K™)
FIG. 8. Comparison between typical low temperature luminescence spectra
FIG. 7. Temperature dependence of the intensities of the luminescence trasf highly Mg-doped GaN samples grown either by MOVPE or MBE.
sitions for the sample shown in Fig. 6.

can also be recorded in MBE grown samples, particularly at

percent Mg acceptors are thermally ioni28d° The decay room temperatur&} and that in some MOVPE-grown
over orders of magnitude of acceptor related PL cannot b&amples, both the shallow acceptor and the blue band can be
related to the slight decay of neutral acceptor density. We®bserved. An example is given in Fig. 9, displaying the tem-
also note in Fig. 6 that the replacement of B®A° band by ~ perature dependent PL spectra of a Mg-doped MOVPE-
eA’ band, i.e., the release of free electrons, is not related tgrown GaN sample. One can observe that with increasing
a strong decay of the overall acceptor PL intensity. All theséemperature, the shallow acceptor band quenches first, fol-
remarks seem to indicate that in slightly Mg doped GaN, the
decay of PL intensity is due to free hole release, i.e., the
same cause as in undoped GaN. G376Mgdoped 288V

We shall now focus on highly Mg-doped GaN i
[~10%at./cn?], i.e., with room temperature free hole con-
centrations equal or higher to ¥@m3. In the high Mg
doping range, one has to make a distinction between MBE-
and MOVPE-grown samples. Figure 8 shows typical PL 109
spectra of MBE- and MOVPE-grown samples doped Mg in L
the 137cm 2 range. Both spectra are deformed by Fabry—
Perot interferences, since the luminescence is emitted in theg
transparency range of the samples. As can be seen, the PL 03]

units)

=
the MBE sample displays a band peaking near 3.1-3.2 eV, @
i.e., at an energy lower than that of tl¥’A° pairs band £
observed im type, or weakly Mg-doped samplé€Sigs. 1, 5, o

and 6. On the other hand, the spectrum of the MOVPE
sample is dominated by a broad band in the blue range, near
2.8 eV. This blue band is typical of highly Mg-doped,
MOVPE-grown GaN-102240-43ts origin is not clear in the
literature. Some authors assign it to recombinations involv-
ing the shallow acceptors and deep donor le?&f8:*?while o Rl || !
others assign it to recombinations involving deep acceptor- 24 26 28 3.0 32 34
like states™>*'We shall hereafter refer the 3.2 and the 2.8 eV Energy (eV)

bands as ‘“shallow acceptor” and “blue” bands, respec-

; ; ; _ FIG. 9. Temperature dependent luminescence spectra of a highly Mg-doped
tively. Though in general for highly Mg-doped GaN, the 3.2 MOVPE-grown GaN sample. Note the slight reappearance of the shallow

eV band is typical of MBE-grown sarr_lples, and the 2.8 €Vaeceptor band on the 300 K spectrum, when the blue band strongly
one to MOVPE-grown ones, we mention that the blue bandjuenches.
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lowed by the quenching of the blue band. Interestingly, as

underlined by the arrow in Fig. 9, the quenching of the blue Sample G300, blue band, Eq=80 meV

band near 300 K is accompanied by a slight reappearance v Y v

the shallow acceptor band. 109 | . ® . L
The temperature dependence of the PL intensities of th Sample G376, blue band, E =68 meV

MOVPE-grown samples of Figs. 8 and 9 is displayed in Fig.
10. Both the shallow acceptor band and the blue bani
quenching are well fitted using E¢3), and the activation
energies found range between 70 and 90 meV. Regarding tt
MBE-grown sample of Fig. 8, the quenching of the broad PL
band, which includes unresolved shallow acceptors and blu
bands, leads to an activation energy for quenching of 6(
meV. These values are significantly lower than those fount
for the acceptor related PL bands in slightly Mg dogEd).

6) or n-type (Fig. 5 samples. We may think of different
reasons for this. The 70—80 meV activation energy found fo
the blue band could be related to the ionization of a dee| 10°}
donor involved in the transition. This would be in agreement
with the observation that the shallow acceptor band intensit
increases when the blue band quencfigg. 9. However,
assuming an optical depth in the 220—290 meV range for th
Mg acceptors, this would place the zero phonon line of the
blue band in the 3.12-3.2 eV range, a value which is rathe 10 x u T . .
high, though not unrealistic in the light of the width of the 000 002 004 006 008 010 012
blue band. Unfortunately, this large width, and the unavoid- AT (K-1)

able presence of Fabry—Perot interference fringes on the blue

band makes a detailed lineshape analysis difficult. On thé&IG. 10. Temperature dependence of the intensities of the luminescence
other hand, even if such an explanation based on deep donp#nds recorded in the highly Mg-doped GaN samples grown by MOVPE
.. . corresponding to Figs. 8 and 9.

ionization may apply to the blue band, it cannot apply to the
shallow acceptor band, for which activation energies in the

60-90 meV have also been deduced. One may think of arguenching is related to free hole release. Our data are con-
other reason for these low values of activation energies igjstent with a significant role of dislocations in these nonra-
highly Mg-doped GaN relative to slightly doped. It is that diative recombinations. In slightly Mg-doped samples, the
since large doping reduces compensation, hole release coulidcay of the dominant neutral acceptor related PL bands is
be governed by half the thermal energy of the accefitor. governed by an activation energy equal to the thermal depth
Indeed, the activation energies found in highly doped GaNof the acceptor. This again seems to point to free hole release
are roughly half those found in slightly doped, mitype  as a step for nonradiative recombination. A significantly
samples, as shown above. However, this would be in contrgower activation energy for PL quenching is measured in
diction with numerous Hall studies that have shown that inhighly Mg-doped GaN, the origin of which is unclear at the
Mg-doped GaN, the hole release has an activation energy imoment.

the 160—180 meV rang&:** We then have no definite ex-

planation for the relatively low activation energies found for AckNOWLEDGMENTS

the quenching of either the blue band or the shallow acceptor
band in our highly Mg-doped GaN samples.

10—4 L

o o °

Sample G376, shallow acceptors, E,=94 meV

PL Intensity (arb. units)
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