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Excitonic absorption of GaN epilayers on sapphire:
Dynamics, intensity, and temperature dependence
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Using test-pump measurements, we studied the excitonic absorption of GaN epilayers on sapphire substrate
under nanosecond and picosecond pulsed excitation conditions. We measured a short exciton lifetime of 25 ps,
which is consistent with results obtained from degenerate four-wave mixing measurements. Since the radiative
lifetime should be much longer, this short characteristic time shows the dominance of nonradiative processes.
Under nonresonant excitation condition, we observed an intensity dependent shift and damping of the exciton
resonance, attributed to an inhomogeneous temperature distribution. This thermal effect was not observed
under resonant excitation conditions. This behavior is tentatively explained by the presence of shallow centers
that have a rather long lifetime and recombine nonradiatively.@S0163-1829~99!10203-0#
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I. INTRODUCTION

Gallium nitride is a direct-band-gap semiconductor ha
ing an energy gap of approximately 3.50 eV at liquid-heliu
temperature.1 It is considered to be one of the most prom
ing materials for the elaboration of light emitting devices
the blue-green spectral region.2 For applications in optoelec
tronics, one has to search for a better understanding of
ergy relaxation and transport processes close to the exc
resonance of the material. In recent years, GaN films of g
optical quality have been grown on sapphire substrate ma
by molecular-beam epitaxy~MBE! or by metal organic
chemical vapor deposition~MOCVD!. Although an impor-
tant lattice mismatch between the sapphire substrate
GaN exists, a good optical quality was obtained when AlN
GaN buffer layers were first grown at low temperatures
the substrate,3–6 which is annealed afterwards. In this way,
is possible to produce high-quality samples, which are t
enough to exhibit excitonic structures in their absorpt
spectra.7 It has been shown that epitaxial layers of Ga
~Refs. 8 and 9! or InGaN ~Ref. 10! show strong nonlineari-
ties near their absorption edge, but their origin is still n
clear.

The sample studied throughout this work is an epilaye
unintentionally doped GaN, grown by MOCVD on a~0001!
sapphire substrate with an intermediate AlN buffer. Beca
of the important exciton absorption (a;106 cm21) we were
bound to investigate thin samples, which is quite problem
on two points. First, it has been shown that the quality
GaN samples increases with increasing thickness of
layer.11,12 Additionally, it is well known that residual strain
due to the lattice mismatch between substrate and sam
modifies the electronic band structure of GaN.13,14This gives
rise to a shift of the conduction band havingG7 symmetry. In
addition, it affects the valence band by mixing the valen
PRB 590163-1829/99/59~3!/2254~7!/$15.00
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band states and changing their energies with respect to
nonperturbed situation.

In this paper, we were mainly interested in the nonline
absorption characteristics of GaN close to the excitonic re
nance under high-excitation conditions. We first describe
experimental setup. Then, we study the linear propertie
detail, in order to explain further results obtained by stand
test-pump and four-wave mixing measurements in the na
second and picosecond regime.

II. EXPERIMENTAL SETUP

For low-temperature measurements, the sample is
mersed in pumped liquid helium below thel point, or in a
continuous He flow cryostat if the temperature depende
of the transmission is studied. Linear reflection and transm
sion spectra are obtained with a high-pressure Xe lamp u
lock-in techniques. The reflected or transmitted light is
cused onto the entrance slit of a 65-cm Jobin-Yvon sp
trometer and detected by a photomultiplier. The overall sp
tral resolution is better than 0.5 meV. To measure lin
luminescence spectra, the sample is excited at\vexc
54.024 eV ~308 nm! by the emission of a XeCl excime
laser delivering pulses of 20 ns with a repetition rate of 5 H
The excitation intensity is kept sufficiently low to avoid no
linear processes (I 52 kW cm22) asP lines, stimulated emis-
sion, or gain.15–17

We also used the excimer laser to perform pump a
probe measurements at high intensities of excitation. In th
experiments, probe pulses of approximately 7 ns duration
obtained from the superradiant emission of BMQ dye d
solved in dioxane, pumped by one part of the excimer la
emission. The pulses transmitted through the sample
liquid-He temperature~with or without excitation! are dis-
persed by a 75-cm Spex spectrograph, pass a light amp
and are detected by a Reticon camera. The spectral resol
2254 ©1999 The American Physical Society
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is about 0.5 meV. The intensity dependence of the nonlin
transmission spectra was obtained either by exciting
sample with the excimer laser at 4.02 eV, or by a tunea
dye laser, pumped by the excimer laser. The intensity
pump pulses can be varied between 0 to 75 kW cm22. In the
dye laser, having a grating working in grazing incidence,
active medium is also BMQ dissolved in dioxane.

The spectral width of the output pulses of 7 ns duration
less than 0.05 meV and the tuning range between 3.40
3.55 eV, thus covering the absorption region ofA, B, andC
excitons. For test-pump measurements under picosecon
citation conditions, we excite the sample by single pulses
the fourth harmonics of a Nd:-YAG laser~4.659 eV! with a
repetition rate of 10 Hz. Probe pulses are obtained by
superradiant emission of a dye~BMQ in dioxane! excited by
part of the pulses. The pulse duration of both beams is m
sured with a Streak camera and found to be about 25 ps.
time delay between pump and probe pulses is adjusted
using an optical delay on the probe pulse. The transmi
pulses are detected similarly as in the nanosecond setup~us-
ing a 65-cm Jobin-Yvon spectrograph! with a resolution of
about 0.5 meV. In order to control the intensity fluctuatio
of the pump beam, pump pulse intensities are discrimina
and only pump pulses within a window of610 % around a
mean value are considered when the signals are read o

In standard degenerate four-wave mixin
experiments,18,19 two pulses at temporal coincidence exc
the sample under different angles. They form an inten
grating, on which a time delayed third pulse is diffracte
The temporal behavior of the diffraction intensity gives
measure of the time evolution of the complex index of
fraction which is, in our case, function of the exciton and
electron-hole density. Pulses used for our measurement
generated by the third harmonics of a Nd-YAG laser~3.49
eV! delivering pulses of about 25 ps. The diffracted beam
detected by a Reticon camera and the signals are agai
lected in order to compensate the intensity fluctuations of
pump pulses.

III. LINEAR OPTICAL CHARACTERIZATION
AND TEMPERATURE DEPENDENCE

OF EXCITONIC RESONANCES

In optical experiments, transitions from all three valen
bands to the conduction band of GaN are possible if
polarization vector of the light fieldE is perpendicular to the
optical axis c of the sample.20 This is the case for films
grown on sapphire substrate wherec is parallel to the growth
direction, i.e., perpendicular to the plane of the substr
Then, three exciton series may be observed in reflection
in absorption, corresponding to theG9

v2G7
c , G7

v2G7
c , and

G7
v2G7

c interband transitions, which are usually labeledA, B,
and C, respectively. When using wave vectorsK ic and
adopting the polariton concept21 due to the nonanalytic ex
change interaction, dipole active excitons ofG2 andG5 sym-
metry are further split into longitudinal and transverse ex
ton states with eigenfrequencies\vL and\vT .

For linear optical characterization, the resulting measu
luminescence intensityI L

M(\v) is given in Fig. 1~b! by the
thin line. Since in this spectral region the absorption coe
cient @as can be determined from the absorption spectrum
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Fig. 1~a!# is strongly dependent on the photon energy,
have to correct the luminescence spectra with respect to
reabsorption and to the inhomogeneous excitation by the
cimer laser. Neglecting reflection losses in the corrected
minescence spectrum,I L

0(\v) is then given by22

I L
0~\v!}

I L
M~\v!@a~\v!1a~\vex!#d

12exp$2@a~\v!1a~\vex!#d%
, ~1!

wherea~\v! is the photon-energy-dependent absorption
efficient governing the reabsorption,a(\vex)5106 cm21

gives rise to the inhomogeneous excitation profile andd
50.35mm is the sample thickness. As we will see later, t
exciton lifetime in our sample is very short~;20 ps!, such
that diffusion processes can be neglected, and the sim
model of Eq. ~1! applied. When comparing the differen
spectra of Fig. 1, one first clearly remarks two spectral re
nances at 3.497 and 3.508 eV, which we attribute to thA
and B excitons, respectively. As discussed in the introdu
tion, these relatively high exciton energies are due to
important compressive strain present in the 0.35-mm-thick
sample.14 Concerning theB exciton, resonances of the ab
sorption and luminescence spectra are~within our experi-
mental precision! exactly at the same photon energy. Add
tionally, no phonon replicas are observed in t
luminescence spectra. Therefore, we conclude that the
pling to longitudinal optical phonons having an energy
\vLO591.6 meV~Refs. 23 and 24! is quite small.

Concerning theA-exciton emission and absorption, tw
problems arise: first, the spectral position of theA exciton
cannot be determined with the same precision from the

FIG. 1. ~a! Measured linear reflection~dotted line! and absorp-
tion ~open circles! spectra of a 0.35-mm-thick GaN film at 2 K and
normal incidence. The fit of the absorption spectra obtained w
Eq. ~2! is shown by the full line. ~b! Emission spectrum of the
sample excited at 4.024 eV at low intensities~thin line!. The lumi-
nescence is corrected for reabsorption~open circles! and deconvo-
luted ~full line! into three Gaussian lines~dashed-dotted lines! as
explained in the text.
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2256 PRB 59H. HAAG et al.
sorption spectrum as it is the case for theB exciton. The
maximum of the exciton luminescence, on the contrary
situated at 3.494 eV and shows a shoulder around 3.491
This shoulder is probably due to the well-known emiss
from an exciton bound to a neutral donor (D0X complex!,
situated 5.8 meV below theA exciton resonance.25 We there-
fore deconvolute the exciton emission into three lines
Gaussian shape at 3.491, 3.497, and 3.508 eV correspon
to theD0X-, A-, andB-exciton lines, respectively. They ar
given in Fig. 1~b! by the dashed-dotted lines and their su
by the full line. We clearly see that the emission is dom
nated by freeA- and B-exciton emission and that th
D0X-exciton emission gives rise only to a minor contributi
at 2 K.26 We can now fit the absorption spectra@Fig. 1~a!#
with Eliott’s theory,27 assuming three excitonic resonanc
corresponding to theA, B, andC excitons in the 1s state:

a~v!} (
i 5A,B,C

4p f id~D11!1u~D!
pev/D

sh~p/D!
, ~2!

whereD5(2\2«0
2/e4m)(\v2Eg), d(x)51/@pGch(x/G)#,

u(x) is the Heavyside unit-step function,Eg is the energy
gap, f i the oscillator strength,m the reduced mass (m
50.15m0 , assumed to be the same for all excitons! andG the
linewidth of the excitonic resonances. Spectral positions
the A and B excitons are determined by the luminescen
spectra and fixed to 3.497 and 3.508 eV, respectively
addition, the small luminescence maximum at 3.532 eV
tentatively attributed to theC-exciton emission. The best fi
of Eq. ~2! is obtained with the following values:Eg
53.557 eV, f A50.26, f B50.33, f C50.13, and G
57.32 meV.

Let us now compare these results with the reflection sp
trum. We find well-pronounced minima of reflection at 3.5
and 3.499 eV. Usually, at normal incidence, reflecti
minima are very close to the energy of the longitudinal e
citon \vL and ~due to the high density of states in the p
lariton model! absorption maxima are close to that of t
transverse excitons28 \vT . This statement remains vali
even if spatial dispersion and exciton free layers have to
included into the interpretation of reflection spectra.29 There-
fore, we conclude that the oscillator strength~proportional to
the longitudinal-transverse splittingDLT52 meV in the case
of theB exciton! of bothA andB excitons are comparable, i
agreement with the values obtained from Eq.~2!. Again, the
small reflection structure around 3.532 eV is attributed to
C exciton.30

The damping constantG obtained from the fit of the ab
sorption measurements and the linewidth of the lumin
cence both largely exceed the longitudinal-transverse s
ting DLT of the exciton resonances. This indicates that b
resonances are probably not due to free-exciton lines, w
are homogeneously broadened due to the finite coher
time of the states, but rather due to exciton lines that
inhomogeneously broadened due to exciton localization o
the strain which varies with the film depth.G and the decon-
volution of the luminescence spectrum then rather reflect
distribution of the states in these bands. This interpretatio
in agreement with Ref. 31, where the homogeneous exc
line of about 1.7 meV has been reported for a 3-mm-thick
sample.31 Inhomogeneous broadening, of cours
s
V.
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smears out the reflection structures discussed above bu
argument concerning the spectral position of the reflect
minima and absorption maxima should remain valid. T
rather close coincidence of reflection minima and absorp
maxima could also result from the aforementioned inhom
geneous strain, which is probed by different methods at
ferent depths of the sample.

In order to determine the exciton-phonon interaction,
measured the absorption spectra of our sample for diffe
temperatures. It is important to notice that the absorption
theA and theB excitons remain well defined up to about 15
K, i.e., the half-width of the absorption line approximate
doubles when heating the sample from 2 to 150 K. From t
measurements, we determine the spectral positions of thA
and B transverse excitons as a function of the temperatu
which follow the energy gap. It appears in Fig. 2 that th
separation remains constant at 11 meV and the energy
shrinks by about 45 meV when the temperature increa
from 2 to 240 K. As shown by the full lines in Fig. 2, th
variation of the exciton energy as a function of the tempe
ture of the sample follows the phenomenological Vars
formula32

E~T!5E02aT2/~T1b!, ~3!

wherea51023 eV K21, b51000 K, are constants andE0
is the energy of theA and B excitons, respectively, atT
50 K. The values ofa andb are not very precise but give
only an order of magnitude.

Using Eq.~2!, we can determine the variation of the e
citonic linewidth G as a function of the lattice temperatur
By increasing the lattice temperature,G stays constant at 7.5
meV up to 40 K and then increases linearly, in order to rea
20 meV at 200 K. We can fitG(T) with the following phe-
nomenological equation:33

G~T!5G01aT1bn~T!, ~4!

FIG. 2. Temperature variation of theA- andB-exciton resonance
~open circles and full squares, respectively!. Full lines are calcu-
lated with Varshni’s formula and the parameters given in the te
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whereG0 is a temperature independent term due to the in
mogeneous broadening,aT is the contribution of acoustic
phonons, andbn(T) reflects the scattering with optica
phonons which have an occupation factorn(T)
51/@exp(\vLO /kT)21#. The best fit is obtained withG0
57.3 meV,a57 meV K21, andb5137 meV.

To conclude this part, it is important to stress that t
exciton energies given in this paper were obtained wit
0.35-mm-thick film that contains considerable residual stra
For this reason, the energy of theA exciton in our sample is
\vT(A)53.496 eV, which is about 25 meV higher than
an unstrained one.13 The presence of exciton resonances t
dominate our absorption, reflection or luminescence spe
shows, however, that our samples are of quite good op
quality.

IV. THERMAL EFFECTS ON THE EXCITONIC
ABSORPTION AT HIGH EXCITATION INTENSITY

A. Nonlinear transmission spectra under nanosecond
and picosecond excitation conditions

For test-pump measurements under picosecond excita
conditions, we excite the sample at 4.659 eV for a fix
excitation intensity of 87 kW cm22. The absorption spectrum
is determined for different time delays between test a
pump pulses~Fig. 3!. At temporal coincidence, band filling
effects first show up, leading to the quenching of the ex
tonic resonances. After excitation, a rapid decay is obser
characteristic for the time restitution of the excitonic res
nances. Then, at delays of approximately 40 ps after the
citation, the excitonic resonances show up again but shi
by about 8 meV to lower energies. The excitonic resona
remains at this spectral position, indicating a relaxation ti
longer than 10 ns. As we will discuss later, we attribute t

FIG. 3. Absorption spectra for different delayst between test
and pump pulses ofI ex587 kW cm22 ~squarest50 ps; circles,t
525 ps; dots,t540 ps; line, t51.5 ns; bold line, linear absorp
tion!.
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redshift of 8 meV to a heating of the sample, induced by
pump pulses. The long time constant of 10 ns indicates
bad thermal conductivity of the film, since the sample
immersed in liquid He and the sapphire substrate has a
high thermal conductivity at 2 K.

This thermal behavior also appears by measuring the
tensity dependence of the absorption spectrum under n
second excitation conditions. We present in Fig. 4 the va
tion of the absorption spectra for different intensities
pump pulses, exciting the sample at a photon energy
\vex54.024 eV. Our maximum excitation intensity of 7
kW cm22 leads to a density of electron-hole pairs of t
order of 931018 cm23 ~obtained with a carrier lifetime of 20
ps and an optical density of 0.8!. This value is higher than
the Mott density of 631018 cm23, which can be obtained
experimentally with pulses of 50 kW cm22. Due to the exci-
tation, one clearly observes Fig. 4 an overall decrease of
sample absorption, accompanied with a spectral shift of b
exciton resonances to lower energies. Since we attribute
effect to a heating of the sample, we compare Fig. 4 to lin
absorption spectra for different temperatures~Fig. 2!. We
find that the excitation leads to an increase of temperatur
approximately 130 K when exciting with an intensity of 4
kW cm22. In addition, the absorption spectra with pump e
citation ~Fig. 4! show that theA-exciton absorption become
more important than that of theB exciton with increasing
intensity. In addition, absorption and reflection structures
der high intensities of excitation are broader than line
structures, which may be due to an increase of the exc
damping due to scattering processes with free carriers
simply to an inhomogeneous temperature profile.

We show Fig. 5 resonant exciton excitation experime
at 2 K, using a constant excitation intensity of 72 kW cm22.
The excitonic resonancesA and B are smeared out and th
overall absorption decreases drastically when the photon
ergy of the pump beam is tuned into the exciton resonan
Contrary to the band to band excitation as function of inte

FIG. 4. Absorption spectra at 2 K when the sample is excited a
4.024 eV with nanosecond pulses of different intensities~a! 0
kW cm22, ~b! 8 kW cm22, ~c! 14 kW cm22, ~d! 24 kW cm22, ~e! 38
kW cm22, ~f! 46 kW cm22, ~g! 58 kW cm22, ~h! 75 kW cm22.
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2258 PRB 59H. HAAG et al.
sity, thermal effects are only slightly observed here. In
same way, no heating has been observed by time reso
pump and probe experiments performed under resonan
citation (\vp53.49 eV! in the picosecond regime. In thi
case, the transmission decreases under excitation and re
to its initial value with a time constant of about 25 ps. W
explain these results by the fact that under resonant ex
tion of the excitons, nonradiative recombination proces
leading to a heating of the sample are less important t
band filling effects, band-gap renormalization, or Coulom
screening~see Sec. V C!. Band filling effects are predomi
nantly responsible to an increase of the exciton damping
to collision processes between excitons or with the electr
hole plasma. In addition, collision processes give rise to
important exciton population in the bottleneck region a
may lead to an important induced absorption. Such effe
have been clearly observed in emission spectroscopy21,34

Therefore, we suppose that thermal effects are essent
due to thermalization of carriers in the continuum states.

B. Nonlinear reflection spectra under nanosecond excitation

Figure 6 shows the variation of the nonlinear reflecti
spectra for different intensities of a pump beam, exciting
sample at 4.02 eV. It appears that the shift of the exci
resonances is much smaller in reflection than in absorp
under the same excitation conditions. This shift correspo
to a maximum induced temperature change at the surfac
the sample of 30 K. To explain this inhomogeneous tempe
ture profile between surface and bulk measurements, we
mind that our sample is immersed into a bath of liquid h
lium pumped below thel point. Therefore, rapid hea
exchange takes place on the surface of the sample. On
other hand, a slow heat diffusion due to the bad therm
conductivity of GaN would explain the higher temperature
the core of the sample~tested in a transmission configur
tion!, and the inhomogeneous heat profile that smears ou
exciton resonances in transmission measurements under
excitation conditions.

FIG. 5. Absorption spectra of GaN at 2 K when excited at dif-
ferent photon energies by a dye laser at excitation intensity o
kW cm22. Its photon energy is indicated by vertical bold lines.
e
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V. EXCITON DYNAMICS UNDER PICOSECOND
EXCITATION CONDITIONS

A. Pump and probe experiments

From the pump and probe experiments performed un
picosecond excitation~Fig. 3!, we determine the absorptio
change as a function of the time delay. This is shown in F
7 for an excitation intensity ofI ex587 kW cm22. The photon
energy is fixed at\v53.508 eV, which corresponds to th
energy of theB exciton at 2 K. Since the measured chara
teristic time is close to our experimental resolution, we
our data assuming that the carriers are generated by a p
with a Gaussian shape and decay exponentially:

dn~ t !

dt
5G~ t !2

1

t
n~ t !, ~5!

5

FIG. 6. Reflection spectra at 2 K when the sample is excited a
4.024 eV with nanosecond pulses for different intensities
50 kW cm22, (b)55 kW cm22, (c)511 kW cm22, (d)
524 kW cm22, (e)542 kW cm22, and (f)561 kW cm22.

FIG. 7. Excitonic recombination under picosecond regime:
namics of the excitonic absorption (\vT53.508 eV) under non-
resonant excitation condition (\vP54.66 eV) for I ex

587 kW cm22 @full circles, data; dotted line, fit with Eq.~5!# and
temporal behavior of the diffraction efficiency obtained by FW
measurements under resonant excitation condition (\vP

54.66 eV) forI ex575 kW cm22 @open squares, experimental dat
line, fit with Eq. ~7!#.
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PRB 59 2259EXCITONIC ABSORPTION OF GaN EPILAYERS ON . . .
wheren(t) is the density of carriers,G(t)5G0e2t2/s is the
generation rate of widths, andt is the characteristic time o
decay. We suppress the constant absorption change an
convolute the absorption changed(t) with the test pulse:

d~ t !5E n~ t !G~ t2t8!dt8. ~6!

We find a characteristic time of 23 ps, which is independ
of the lattice temperature of the sample.

B. Four-wave mixing experiments

As shown in Fig. 7, the temporal evolution of test-pum
measurements is comparable to the results obtained in
dard degenerate four-wave mixing experiments. We no
that pump pulses excite the sample at 3.49 eV, i.e., clos
the excitonic resonances. Since there is no excess of en
from the exciting pulses, no thermal effects are expecte
this experiment.

Again, the time constants obtained are very close to
experimental resolution. We fit our data by the same mo
as for the test-pump measurements@Eq. ~5!# and deconvolute
the diffraction efficiencyh(t) by the test pulse:

h~ t !5E
2`

`

n2~ t !G~ t2t8!dt8. ~7!

In agreement with pump and probe experiments, we fi
decay times of about 20 ps, which is independent of
lattice temperature and of the fringe spacing of the grati
This latter means that diffusion does not show up during
short lifetime of the free carriers. In addition, the relaxati
time t depends slightly on the excitation intensity, indicati
the importance of bimolecular electron-hole recombinati
exciton/exciton scattering, or Auger recombination p
cesses. Time-resolved luminescence measurements o
sample also exhibit the same temporal behavior.

C. Discussion

Theoretically, energy relaxation times of the order of se
eral nanoseconds are expected for good monocrysta
GaN/films.35 Indeed, thicker samples~which have a better
crystalline structure! exhibit excitonic decay times up to 50
ps.36 On the other hand, very short energy relaxation tim
have been observed in test-pump and four-wave mixing
l.
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periments performed on polycrystalline CdZnTe~Refs. 37
and 38! or porous silicon.39 Therefore, we attribute the fas
energy relaxation time to structural defects of our samp
which lead to an important nonradiative channel.

Important nonradiative recombinations should stron
heat the sample, which was not observed under resonan
citation conditions, neither in the nanosecond nor in the
cosecond regime. In addition, test-pump experiments h
been performed on a GaN sample by Shanet al.5 under reso-
nant excitation conditions but, as in our case, heating p
cesses were not observed. This can be tentatively expla
by the presence of shallow centers. Trapped carriers sh
recombine nonradiatively with a long characteristic tim
thus masking thermal effects.40

VI. CONCLUSION

We have shown that exciton localization, rapid electro
effects, and sample heating govern the scenario of opt
nonlinearities and energy relaxation of 0.35-mm-thick GaN
films at 2 K. Under nanosecond pulsed band to band exc
tions, pump and probe experiments show a redshift of
excitonic resonances, which is interpreted by a heating of
sample induced by the pump beam. This is confirmed
time-resolved experiments in the picosecond regime: the
shift appears roughly 40 ps after the pulse excitation a
decreases with a characteristic time of the order of sev
nanoseconds. This heating does not occur under resonan
citation conditions. The difference between nonlinear a
sorption and reflection spectra is explained by the low th
mal conductivity of GaN, which leads to an inhomogeneo
temperature profile within the sample. Since the coupling
optical phonons is quite small, the rapid energy relaxat
time of 20 ps measured by time-resolved test-pump exp
ments is attributed to a high density of crystal defects, wh
gives rise to such short lifetimes. Degenerate four-wave m
ing experiments confirm the temporal behavior of the exci
states and show no diffusion of carriers.

Even if nonradiative recombination is important, pum
and probe and DFWM experiments under resonant excita
conditions have shown that they have no influence on th
mal processes. This is assumed to be due to the presen
shallow centers responsible for the nonradiative pa
Trapped carriers relax nonradiatively with a long charact
istic time.
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