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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 nonradiatif&9163-182€09)10203-0

[. INTRODUCTION band states and changing their energies with respect to the
nonperturbed situation.

Gallium nitride is a direct-band-gap semiconductor hav- In this paper, we were mainly interested in the nonlinear
ing an energy gap of approximately 3.50 eV at liquid-heliumabsorption characteristics of GaN close to the excitonic reso-
temperaturé_n is considered to be one of the most promis_ nance under high—excitation conditions. We first describe the
ing materials for the elaboration of light emitting devices in €xperimental setup. Then, we study the linear properties in
the blue-green spectral regidiror applications in optoelec- detail, in order to explain futh_er results obtained py standard
tronics, one has to search for a better understanding of ef€St-Pump and four-wave mixing measurements in the nano-
ergy relaxation and transport processes close to the excitoifcond and picosecond regime.
resonance of the material. In recent years, GaN films of good
optical quality have been grown on sapphire substrate mainly Il. EXPERIMENTAL SETUP
by molecular-beam epitaxyMBE) or by metal organic
chemical vapor depositioMOCVD). Although an impor-
tant lattice mismatch between the sapphire substrate a
GaN exists, a good optical quality was obtained when AN 0 ¢ w0 transmission is studied. Linear reflection and transmis-
GaN buffer Ie_l)e/ers. were first grown at low temperatures ongion spectra are obtained with a high-pressure Xe lamp using
the substratd;®which is annealed afterwards. In this way, it |ock-in techniques. The reflected or transmitted light is fo-
is possible to produce high-quality samples, which are thiysed onto the entrance slit of a 65-cm Jobin-Yvon spec-
enough to exhibit excitonic structures in their absorptiontrometer and detected by a photomultiplier. The overall spec-
spectrd. It has been shown that epitaxial layers of GaNtral resolution is better than 0.5 meV. To measure linear
(Refs. 8 and Por InGaN (Ref. 10 show strong nonlineari- |uminescence spectra, the sample is excited aiqy.
ties near their absorption edge, but their origin is still not=4.024 eV (308 nm by the emission of a XeCl excimer
clear. laser delivering pulses of 20 ns with a repetition rate of 5 Hz.

The sample studied throughout this work is an epilayer ofThe excitation intensity is kept sufficiently low to avoid non-
unintentionally doped GaN, grown by MOCVD on(@001) linear processed &2 kW cm ?) asP lines, stimulated emis-
sapphire substrate with an intermediate AIN buffer. Becaussion, or gain'>~*’
of the important exciton absorptio10° cm™t) we were We also used the excimer laser to perform pump and
bound to investigate thin samples, which is quite problemati@robe measurements at high intensities of excitation. In these
on two points. First, it has been shown that the quality ofexperiments, probe pulses of approximately 7 ns duration are
GaN samples increases with increasing thickness of thebtained from the superradiant emission of BMQ dye dis-
layer**2 Additionally, it is well known that residual strain solved in dioxane, pumped by one part of the excimer laser
due to the lattice mismatch between substrate and samptnission. The pulses transmitted through the sample at
modifies the electronic band structure of GEN?This gives  liquid-He temperaturdwith or without excitation are dis-
rise to a shift of the conduction band havilig symmetry. In  persed by a 75-cm Spex spectrograph, pass a light amplifier
addition, it affects the valence band by mixing the valence-and are detected by a Reticon camera. The spectral resolution

For low-temperature measurements, the sample is im-
ersed in pumped liquid helium below thepoint, or in a
ntinuous He flow cryostat if the temperature dependence
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is about 0.5 meV. The intensity dependence of the nonlinear
transmission spectra was obtained either by exciting the
sample with the excimer laser at 4.02 eV, or by a tuneable
dye laser, pumped by the excimer laser. The intensity of
pump pulses can be varied between 0 to 75 kW rin the

dye laser, having a grating working in grazing incidence, the
active medium is also BMQ dissolved in dioxane.

The spectral width of the output pulses of 7 ns duration is P
less than 0.05 meV and the tuning range between 3.40 and 3.46 348 5850 352 354
3.55 eV, thus covering the absorption region2fB, andC 5
excitons. For test-pump measurements under picosecond ex-
citation conditions, we excite the sample by single pulses of
the fourth harmonics of a Nd:-YAG lasé4.659 eV} with a
repetition rate of 10 Hz. Probe pulses are obtained by the
superradiant emission of a dyBMQ in dioxane excited by
part of the pulses. The pulse duration of both beams is mea-
sured with a Streak camera and found to be about 25 ps. The
time delay between pump and probe pulses is adjusted by
using an optical delay on the probe pulse. The transmitted e . .
pulses are detected similarly as in the nanosecond $esip 3.48 350 352 354
ing a 65-cm Jobin-Yvon spectrograpwith a resolution of Energy (eV)
about 0.5 meV. In order to control the intensity fluctuations -~ | (@) Measured linear reflectiofdotted ling and absorp-
of the pump beam, pump pulse intensities are discriminategon (open circleg spectra of a 0.32:m-thick GaN film & 2 K and
and only pump pulses within a window af10 % around &  5rmal incidence. The fit of the absorption spectra obtained with
mean value are considered when the signals are read out. gq (2) is shown by the full line. (b) Emission spectrum of the

In  standard ~ degenerate  four-wave  MIiXing sample excited at 4.024 eV at low intensitiésin line). The lumi-
experiments’*° two pulses at temporal coincidence excite nescence is corrected for reabsorptiopen circles and deconvo-
the sample under different angles. They form an intensityuted (full line) into three Gaussian line&ashed-dotted lingsas
grating, on which a time delayed third pulse is diffracted.explained in the text.

The temporal behavior of the diffraction intensity gives a

measure of the time evolution of the complex index of re-Fig. 1(a)] is strongly dependent on the photon energy, we

fraction which is, in our case, function of the exciton and/orhave to correct the luminescence spectra with respect to the
electron-hole density. Pulses used for our measurements af@absorption and to the inhomogeneous excitation by the ex-
generated by the third harmonics of a Nd-YAG lag&49  cimer laser. Neglecting reflection losses in the corrected lu-

eV) delivering pulses of about 25 ps. The diffracted beam isninescence spectrurt)(% ) is then given b§?
detected by a Reticon camera and the signals are again se-

Intensity (arb. units)

Luminescence (arb. units)

w
»
»

lected in Iorder to compensate the intensity fluctuations of the 007 M) a(fiw)+ a(fiwe)]d .
ump pulses. o
pump p L) e o —[atho) talhog]d)’ P
I1. LINEAR OPTICAL CHARACTERIZATION where o(fiw) is the photon-energy-dependent absorption co-
AND TEMPERATURE DEPENDENCE efficient governing the reabsorptiomy(# we)=10° cm™?
OF EXCITONIC RESONANCES gives rise to the inhomogeneous excitation profile ahd

) _ . =0.35um is the sample thickness. As we will see later, the

In optical experiments, transitions from all three valencegyiton lifetime in our sample is very shart-20 p9, such
bands to the conduction band of GaN are possible if thenat diffusion processes can be neglected, and the simple
polarization vector of the light fiel& is perpendicular to the odel of Eq.(1) applied. When comparing the different
optical axisc of the samplé’ This is the case for films gpectra of Fig. 1, one first clearly remarks two spectral reso-
grown on sapphire substrate wheres parallel to the growth  hances at 3.497 and 3.508 eV, which we attribute toAhe
direction, i.e., perpendicular to the plane of the substrateang B excitons, respectively. As discussed in the introduc-
Then, three exciton series may be observed in reflection an[qion, these relatively high exciton energies are due to the
in absorption, corresponding to th&—T'7, I'3—T7, and  important compressive strain present in the .38-thick
I'y—TI'7 interband transitions, which are usually labefedB,  sample!* Concerning theB exciton, resonances of the ab-
and C, respectively. When using wave vectokdic and  sorption and luminescence spectra éngthin our experi-
adopting the polariton concéptdue to the nonanalytic ex- mental precisionexactly at the same photon energy. Addi-
change interaction, dipole active excitonslgfandl's sym-  tionally, no phonon replicas are observed in the
metry are further split into longitudinal and transverse exci-luminescence spectra. Therefore, we conclude that the cou-

ton states with eigenfrequencifs, andz w+. pling to longitudinal optical phonons having an energy of
For linear optical characterization, the resulting measure w o=91.6 meV(Refs. 23 and 24is quite small.
luminescence intensitW(hw) is given in Fig. 1b) by the Concerning theA-exciton emission and absorption, two

thin line. Since in this spectral region the absorption coeffi-problems arise: first, the spectral position of the=xciton
cient[as can be determined from the absorption spectrum igannot be determined with the same precision from the ab-



2256 H. HAAG et al. PRB 59

sorption spectrum as it is the case for tBeexciton. The 3.51 J
maximum of the exciton luminescence, on the contrary, is

situated at 3.494 eV and shows a shoulder around 3.491 eV.

This shoulder is probably due to the well-known emission 3.50 +
from an exciton bound to a neutral dondd{X compley,

situated 5.8 meV below th& exciton resonance.We there-

fore deconvolute the exciton emission into three lines of

Gaussian shape at 3.491, 3.497, and 3.508 eV corresponding

to the D%X-, A-, andB-exciton lines, respectively. They are 2 3.48 -
given in Fig. 1b) by the dashed-dotted lines and their sum
by the full line. We clearly see that the emission is domi-
nated by freeA- and B-exciton emission and that the

D®X-exciton emission gives rise only to a minor contribution
at 2 K25 We can now fit the absorption specfféig. 1(a)] 5.46 ]
with Eliott’s theory?’ assuming three excitonic resonances '
corresponding to thd, B, andC excitons in the § state:

3.49

3.47

0 50 100 150 200 250
Temperature (K
) p (K)

77.ea)/A

a(w)= X, . At 5(A+1)+6(A) ShaTA)"

i=AB, o .
FIG. 2. Temperature variation of thhe andB-exciton resonance

WhereA=(2hzsgle4M)(ﬁw—E ), 8(x)=1U[#T'ch(x/T)], (open circles and full squares, respectiyelyull lines are calcu-
o(x) is the Heavyside unit-sté]p functiok, is the energy lated with Varshni's formula and the parameters given in the text.
gap, f; the oscillator strengthy the reduced massy(

=0.15m,, assumed to be the same for all excitomsdl’ the ~ Smears out the reflection structures discussed above but our
linewidth of the excitonic resonances. Spectral positions ofirfgument concerning the spectral position of the reflection
the A and B excitons are determined by the luminescenceminima and absorption maxima should remain valid. The
spectra and fixed to 3.497 and 3.508 eV, respectively. Ifiather close coincidence of reflection minima and absorption
addition, the small luminescence maximum at 3.532 eV ignaxima could also result from the aforementioned inhomo-
tentatively attributed to th€-exciton emission. The best fit geneous strain, which is probed by different methods at dif-
of Eq. (2) is obtained with the following values:E, ferent depths of the sample.

=3.557eV, f,=0.26, fg=0.33, f.=0.13, and T In order to determine the exciton-phonon interaction, we
=7.32 meV. measured the absorption spectra of our sample for different

Let us now compare these results with the reflection spedemperatures. It is important to notice that the absorption of
trum. We find well-pronounced minima of reflection at 3.510the A and theB excitons remain well defined up to about 150
and 3.499 eV. Usually, at normal incidence, reflectionK, i.e., the half-width of the absorption line approximately
minima are very close to the energy of the longitudinal ex-doubles when heating the sample from 2 to 150 K. From this
citon 7w, and (due to the high density of states in the po- measurements, we determine the spectral positions ofithe
lariton mode) absorption maxima are close to that of the and B transverse excitons as a function of the temperature,
transverse excitoR$ #wr. This statement remains valid Which follow the energy gap. It appears in Fig. 2 that their
even if spatial dispersion and exciton free layers have to b&€paration remains constant at 11 meV and the energy gap
included into the interpretation of reflection spectahere-  shrinks by about 45 meV when the temperature increases
fore, we conclude that the oscillator strengioportional to  from 2 to 240 K. As shown by the full lines in Fig. 2, the
the longitudinal-transverse splittiny, ;=2 meV in the case Vvariation of the exciton energy as a function of t_he tempera-
of the B exciton) of both A andB excitons are comparable, in ture of t2he sample follows the phenomenological Varshni
agreement with the values obtained from E2). Again, the formula®
small reflection structure around 3.532 eV is attributed to the
C exciton™ E(T)=Eq—aT2/(T+B), 3

The damping constart obtained from the fit of the ab-
sorption measurements and the I|n_eW|_dth of the lum'ne§Wherea=10‘3 eVKl B=1000K, are constants ari,
cence both largely exceed the longitudinal-transverse splltl-s the energy of theA and B excitons, respectively, af
ting A 7 of the exciton resonances. This indicates that both:0 K. The values ofx and 8 are not véry precise bL,Jt give
resonances are probably not due to free-exciton lines, whicgnIy én order of magnitude
are homogeneously broadened due to the finite coherence Using Eq.(2), we can delterm'ne the variation of the ex-
time of the states, but rather due to exciton lines that are sing £0.{=), W : variatl X

. . N citonic linewidthT" as a function of the lattice temperature.
inhomogeneously broadened due to exciton localization or tg, "~ : .
the strain which varies with the film depth.and the decon- y increasing the lattice temperatuiéstays constant at 7.5

volution of the luminescence spectrum then rather reflect thmeV up t0 40 K and then increases linearly, in order to reach

distribution of the states in these bands. This interpretation igo meV at 200 K. We can fif (T) with the following phe-

in agreement with Ref. 31, where the homogeneous excitoﬂomenologmal equatioft
line of about 1.7 meV has been reported for a-thick
sample?!  Inhomogeneous  broadening, of  course, [(T)=To+aT+bn(T), (4)
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FIG. 4. Absorption spectra @ K when the sample is excited at
4.024 eV with nanosecond pulses of different intensitigs O
kW cm ™2, (b) 8 kW cm 2, (c) 14 kW cm 2, (d) 24 kW cm 2, (e) 38

FIG. 3. Absorption spectra for different delaybetween test KW cm2. (f) 46 KW onT 2, (g) 58 KW o2, (h) 75 KW e 2.

and pump pulses off.,=87 kW cni 2 (squarest=0 ps; circles,t

=25 ps; dotst=40 ps; line,t=1.5ns; bold line, linear absorp-

tion). redshift of 8 meV to a heating of the sample, induced by the
pump pulses. The long time constant of 10 ns indicates the

whereTl', is a temperature independent term due to the inhoP2d thermal conductivity of the film, since the sample is

mogeneous broadeningT is the contribution of acoustic Immersed in liquid He and the sapphire substrate has a very
phonons, andon(T) reflects the scattering with optical M9h thermal conductivity at 2 K.

phonons which have an occupation facton(T) This thermal behavior also appears by measuring the in-
= 1[expliw,o/kT)—1]. The best fit is obtained witl', tensity dependence of the absorption spectrum under nano-
=7.3meV,a=7 peV KL, andb=137 meV second excitation conditions. We present in Fig. 4 the varia-

ion of the absorption spectra for different intensities of

To conclude this part, it is important to stress that thel "
ump pulses, exciting the sample at a photon energy of

exciton energies given in this paper were obtained with ; DR .
0.35-um-thick film that contains considerable residual strain.”:@ex=4.024 eV. Our maximum excitation intensity of 75
For this reason, the energy of tieexciton in our sample is kW cm Ieadg o g density of electron-hole pairs of the
fhwt(A)=3.496 eV, which is about 25 meV higher than in order of 9X101. cm * (obtained with a carrier lifetime of 20
an unstrained on¥. The presence of exciton resonances thaf> and an optical densﬂygof Q,-%Th's value is higher than
dominate our absorption, reflection or luminescence spectri® Mott density of 610" cm , which can be obtained

shows, however, that our samples are of quite good Opticaqxperlmentally with pulses of 50 kW crf. Due to the exci-
tation, one clearly observes Fig. 4 an overall decrease of the

quality. sample absorption, accompanied with a spectral shift of both

exciton resonances to lower energies. Since we attribute this

IV. THERMAL EFFECTS ON THE EXCITONIC effect to a heating of the sample, we compare Fig. 4 to linear
ABSORPTION AT HIGH EXCITATION INTENSITY absorption spectra for different temperatus€sy. 2. We

find that the excitation leads to an increase of temperature of
approximately 130 K when exciting with an intensity of 46
kW cm™2. In addition, the absorption spectra with pump ex-
For test-pump measurements under picosecond excitatiasitation (Fig. 4) show that theA-exciton absorption becomes
conditions, we excite the sample at 4.659 eV for a fixedmore important than that of thB exciton with increasing
excitation intensity of 87 kW cit. The absorption spectrum intensity. In addition, absorption and reflection structures un-
is determined for different time delays between test andler high intensities of excitation are broader than linear
pump pulsegFig. 3). At temporal coincidence, band filling structures, which may be due to an increase of the exciton
effects first show up, leading to the quenching of the exci-damping due to scattering processes with free carriers, or
tonic resonances. After excitation, a rapid decay is observedimply to an inhomogeneous temperature profile.
characteristic for the time restitution of the excitonic reso- We show Fig. 5 resonant exciton excitation experiments
nances. Then, at delays of approximately 40 ps after the ext 2 K, using a constant excitation intensity of 72 kW ém
citation, the excitonic resonances show up again but shiftedhe excitonic resonances and B are smeared out and the
by about 8 meV to lower energies. The excitonic resonanceverall absorption decreases drastically when the photon en-
remains at this spectral position, indicating a relaxation timesrgy of the pump beam is tuned into the exciton resonance.
longer than 10 ns. As we will discuss later, we attribute thisContrary to the band to band excitation as function of inten-

A. Nonlinear transmission spectra under nanosecond
and picosecond excitation conditions
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FIG. 6. Reflection spectra 2 K when the sample is excited at
FIG. 5. Absorption spectra of GaN a K when excited at dif- 4.024 eV with nanosecond pulses for different intensities (a)
ferent photon energies by a dye laser at excitation intensity of 75=0 kW cm 2, (b)=5 kW cm 2, (c)=11 kW cm 2, (d)
kW cm™2. Its photon energy is indicated by vertical bold lines. =24 kW cmi 2, (e)=42 kW cm 2, and (f)j=61 kW cm 2.

sity, thermal effects are only slightly observed here. In the V. EXCITON DYNAMICS UNDER PICOSECOND
same way, no heating has been observed by time resolved EXCITATION CONDITIONS

pump and probe experiments performed under resonant ex-
citation (hw,=3.49 eV} in the picosecond regime. In this _
case, the transmission decreases under excitation and returnsFrom the pump and probe experiments performed under
to its initial value with a time constant of about 25 ps. We picosecond excitatiofFig. 3), we determine the absorption
explain these results by the fact that under resonant excit&hange as a function of the time delay. This is shown in Fig.
tion of the excitons, nonradiative recombination processe for an excitation intensity df,,=87 kW cm 2. The photon
leading to a heating of the sample are less important thafnergy is fixed afiw=3.508 eV, which corresponds to the
band filling effects, band-gap renormalization, or Coulombenergy of theB exciton at 2 K. Since the measured charac-
screening(see Sec. V € Band filling effects are predomi- teristic time is close to our experimental resolution, we fit
nantly responsible to an increase of the exciton damping dueur data assuming that the carriers are generated by a pulse
to collision processes between excitons or with the electronwith a Gaussian shape and decay exponentially:

hole plasma. In addition, collision processes give rise to an dn(t) 1

important exciton population in the bottleneck region and —G(t)— = n(b), (5)

may lead to an important induced absorption. Such effects dt T

have been clearly observed in emission spectrosébpsy. .

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

A. Pump and probe experiments

6

ange (10 cm

B. Nonlinear reflection spectra under nanosecond excitation

Figure 6 shows the variation of the nonlinear reflection
spectra for different intensities of a pump beam, exciting the &
sample at 4.02 eV. It appears that the shift of the exciton
resonances is much smaller in reflection than in absorption.S
under the same excitation conditions. This shift corresponds &
to a maximum induced temperature change at the surface o
the sample of 30 K. To explain this inhomogeneous tempera- 2
ture profile between surface and bulk measurements, we re time (ps)
mind that our sample is immersed into a bath of liquid he- P

lium pumped below then point. Therefore, rapid heat  rig 7. Excitonic recombination under picosecond regime: dy-
exchange takes place on the surface of the sample. On th@mics of the excitonic absorptiori¢=3.508 eV) under non-
other hand, a slow heat diffusion due to the bad thermajesonant excitation condition #@p=4.66€V) for Ig
conductivity of GaN would explain the higher temperature of = 87 kw cni 2 [full circles, data; dotted line, fit with E¢5)] and
the core of the sampléested in a transmission configura- temporal behavior of the diffraction efficiency obtained by FWM
tion), and the inhomogeneous heat profile that smears out th@easurements under resonant excitation conditiof wp(
exciton resonances in transmission measurements under hight.66 eV) forl.,=75 kW cm 2 [open squares, experimental data;
excitation conditions. line, fit with Eq. (7)].

nc
(suun -que) u
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wheren(t) is the density of carriers3(t)=Gge /7 is the ~ Periments performed ongpolycrystalline CdZnTRrefs. 37
generation rate of widthr, and is the characteristic time of and 38 or porous silicor?® Therefore, we attribute the fast
decay. We suppress the constant absorption change and dergy relaxation time to structural defects of our sample,

convolute the absorption changét) with the test pulse: ~ Which lead to an important nonradiative channel.
Important nonradiative recombinations should strongly

e heat the sample, which was not observed under resonant ex-
5(t):f n(t)G(t—t")dt’. (6) citation conditions, neither in the nanosecond nor in the pi-
We find a characteristic time of 23 ps, which is independengce):csggor:ﬁég]i'n Ig Gagﬂlt;c;r:ﬁ;;aesw usrggatla.%( E(ra]gr;rerr::of]ave
of the lattice temperature of the sample. nant excitation conditions but, as in our case, heating pro-
N _ cesses were not observed. This can be tentatively explained
B. Four-wave mixing experiments by the presence of shallow centers. Trapped carriers should
As shown in Fig. 7, the temporal evolution of test-pumprecombine nonradiatively with a long characteristic time,
measurements is comparable to the results obtained in staiius masking thermal effect§.
dard degenerate four-wave mixing experiments. We notice
that pump pulses excite the sample at 3.49 eV, i.e., close to
the excitonic resonances. Since there is no excess of energy
from the exciting pulses, no thermal effects are expected in we have shown that exciton localization, rapid electronic
this experiment. effects, and sample heating govern the scenario of optical
Again, the time constants obtained are very close to oUponlinearities and energy relaxation of 0.8B-thick GaN
experimental resolution. We fit our data by the same modefiims at 2 K. Under nanosecond pulsed band to band excita-
as for the test-pump measuremeliig. (5)] and deconvolute tions, pump and probe experiments show a redshift of the

VI. CONCLUSION

the diffraction efficiencyn(t) by the test pulse: excitonic resonances, which is interpreted by a heating of the
. sample induced by the pump beam. This is confirmed by

n(t)= J' n2(t)G(t—t")dt’. 7) time-resolved experiments in the picosecond regime: the red-

—o shift appears roughly 40 ps after the pulse excitation and

i agrecment wih pup an robe expermerts, we ndSCIESES W 8 characterite e of e order of severs
decay times of about 20 ps, which is independent of th%itation condi.tions The c?ifference between nonlinear ab-
lattice temperature and of the fringe spacing of the grating. '

This latter means that diffusion does not show up during thesorptlon and reflection spectra is explained by the low ther-

short lifetime of the free carriers. In addition, the reIaxationmaI conductivity of GaN, which leads to an inhomogeneous

time 7 depends slightly on the excitation intensity, indicatingtemper"’lture profile within the sample. Since the coupling to

the importance of bimolecular electron-hole recombinationOpt'Cal phonons is quite small, the rapid energy relaxation

exciton/exciton scattering, or Auger recombination pro-tIme of 20 ps measured by time-resolved test-pump experi-

cesses. Time-resolved luminescence measurements on thi nts is attributed to a high density of crystal defects, which

sample also exhibit the same temporal behavior gives rise to such short lifetimes. Degenerate four-wave mix-
P P ' ing experiments confirm the temporal behavior of the excited

states and show no diffusion of carriers.

Even if nonradiative recombination is important, pump

Theoretically, energy relaxation times of the order of sev-and probe and DFWM experiments under resonant excitation
eral nanoseconds are expected for good monocrystallineonditions have shown that they have no influence on ther-
GaN/films® Indeed, thicker sample@vhich have a better mal processes. This is assumed to be due to the presence of
crystalline structureexhibit excitonic decay times up to 500 shallow centers responsible for the nonradiative path.
ps3® On the other hand, very short energy relaxation timesTrapped carriers relax nonradiatively with a long character-
have been observed in test-pump and four-wave mixing exstic time.

C. Discussion
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