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Ultrafast carrier dynamics in a highly excited GaN epilayer
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Femtosecond pump-probe transmission spectroscopy was performed at 10 K to study the nonequilibrium
carrier dynamics in a GaN thin film for carrier densities ranging from14'’" to 10°cm 2. Spectral hole
burning was initially peaked roughly at the excitation energy for an estimated carrier density of 4
x 10" cm ™2 and gradually redshifted during the excitation. Because of hot phonon effects, a very slow energy
relaxation of the hot carriers at these densities was observed. The hot carriers were strongly confined in a
nonthermal distribution and they relaxed collectively to the band edge-fops. We observed remarkable
persistence of the excitonic resonances in GaN at carrier densities well above the Mott density at early time
delays, indicating that the excitons do not strongly couple to the nonthermal electron-hole plasma.
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Developments in femtosecond laser technology have emaximum (FWHM)] pulses at a wavelength of 800 nm.
abled fundamental studies of nonequilibrium, nonlinear, and’hese pulses were fed into an optical parametric amplifier to
transport properties of semiconductérsNondegenerate create pulses with a FWHM of 355 fs, measured by
pump-probe(PP spectroscopy is a powerful tool for study- difference-frequency mixing in a BBO crystal, at 329 nm
ing the transient dynamics of hot carriers because it make.766 €V with a bandwidth of 22 meV. This beam was
possible the observation of not only coherent phenomengsed as the pump source to excite carriers above the GaN
occurring during excitation, but also the nonthermal carriePand gap. The leftover output from the REGEN was fre-
distribution reflecting the energy profile of the exciting pumpduency doubled to 400 nm and then used to create a broad-
pulse and its temporal evolution. Wurtzite GaN has a direcPand continuum probe source with a FWHM of 350 fs. The
band gap of 3.50 eV at 10 K, a large exciton binding energyeUmp and probe beams were orthogonally polarized, and the
of ~21 meV, and a large LO-phonon energy of 92 meV.angle between them was 15°. Neutral density filters were
Also, GaN is mechanically and thermally robust and has &ised to attenuate the probe beam to a power sufficiently low
higher damage threshold, making it a good candidate fop© that it would not alter the optical prope(ties of the sample.
investigating nonthermal carrier dynamics under strong excil he probe beam was fOCUSQd to a 1o diameter spot on
tation. There have been a few femtosecond PP spectroscoffje sample, and the transmitted light was collected and fo-
reports on GaN:*However, there has been no direct experi-cused into a spectrometer with an attached charge-coupled
mental observation of the nonthermal carrier distributionsdevice detector. The pump spot size was focused to.300
during the pump-pulse duration and their relaxation. to minimize the_ variation in_the pump beam intensity across

We present a study of nonequilibrium carrier dynamics inthe probed region. The optical delay between the pump and
a GaN epilayer photoexcited well above the band gap usin§e probe was accurately controlled using a computerized
nondegenerate PP spectroscopy at 10 K with light pulses of 8fep motor. All measurements were performed at 10 K.
duration time of~360 fs at excitation densities both above Differential transmission spectt®TS)” measures the dif-
and below the Mott density (3cm™2 for GaN at 10 K. ference between the probe transmission with and without the
We found that the photo-excited hot carriers are stronglyPUmp
confined in a nonthermal distribution and their relaxation ;
toward the band edge is very slow, partially because of the _ B _
hot-phonon effect. By investigating the change of absorption DTS=AT/To= (T_TO)/TO_eXp( B fo Aa(z)dz) -1
spectra at the exciton resonances while the nonthermal car- (1)
riers relax, we were able to evaluate the relative importance
of long-range Coulomb screening and Pauli blocking on thevhereT, Ty, Aa(z), andd are the transmitted probe inten-
bleaching of exciton resonances. sity with and without the pump, the pump-induced absorp-

The sample used in this paper is a high quality Ou38  tion change at deptlz, and the sample thickness, respec-
uncoated GaN epilayer grown by metalorganic chemical vatively. Figure 1 shows the DTS at early time delays for a
por deposition on0001) sapphire. An excitonic resonance peak carrier density of(a) 1X 10%cm™2 and (b) 4
was clearly observed in this sample’s absorption measurex 10cm™3, respectively. The peak carrier densities are es-
ments above 300 R.Femtosecond PP spectroscopy mea-timated based on theoretical modeling taking into account
surements were carried out ugia 1 kHz regenerative am- the band filling effect at zero time delégee below. For the
plifier (REGEN to create 100 fs duratiofull width at half ~ sample thickness of 0.38m with an absorption coefficient
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1.2 ~ e during the pump duratioffrom —200 to 200 f§, the spectral
64~ (@) n=1x10"em™= | hole burning shows fast broadening and distinct shifts of 47
§o° meV [Fig. 1(a)] and 38 me\[Fig. 1(b)] toward the band gap.

T %0_4 The fast broadening of the nonequilibrium carrier distribu-
=2 i i tion at this time scale is most likely caused by carrier-carrier
= 34353637 38e scattering, such as electron-electron, electron-hole, and hole-
» | s00fs hole collisions. Because the initial excess electron energy is
o N\ about three times larger than the hole energy and because of

27 L\ the larger electron-to-hole effective mass ratio in GaN com-
-100 fs A pared to GaAs, the transfer of energy to the colder hole sys-
[ 200t AN tem via electron-hole scattering could result in this fast
0| 300fs J broadening of the hole burning. The redshift of the spectral
3 ‘ ' i ' hole on this time scale of less than 200 fs cannot be ascribed
(b) ”=4X1°1a,\°m'3 to a relaxation of the carrier distribution through LO-phonon
‘ emission, because the redshift is much smaller than the LO-
phonon energy of 92 meV, and the deformation-potential
—_ scattering is not strong enough to cause such a redshift at an
E early time delay. We neglect the carrier diffusion effect, be-
pre cause the diffusion constant for a GaN/AlGaN double het-
B erostructure within 2 ps at 10 K was reported to be sifall.
AN To investigate the carrier dynamics, we adopt a simplified
-100 fs model that takes into account the carrier-carrier scattering
/——MEW‘,V\_/\/ with static screening and various electron-phonon scattering
o] -300fs - processes. We have considered the electron-phonon scatter-
: : : : ing by both the Frblich and the deformation-potential
3.4 3.5 3.6 3.7 3.8

mechanisms. We found that at a peak carrier density of
=4x10%cm 3, for energies near the pumping energy, the
FIG. 1. Differential transmission specttpump-induced trans- carrer-carrier Scatte,”ng rate is around 8650 ps ' for.
mission chang@&T/T,) in a 0.38um GaN/sapphire sample at 10 K elect.rons(holes), Wb”e the electron-LO phonon 593“9””_9
for peak carrier densities of@ 1x10°cm 3 and (b) 4  rateis around 60 ps. The hole-LO scattering rate is negli-
x108¢m 3 showing ultrafast near-zero-delay dynamics. Thedible, since the hole energies are smaller than the LO-
dashed line shows the pump spectra. The DTS curves were digthonon energy and therefore, no LO-phonon emission pro-
placed vertically for clarity. The inset in Fig(d shows the absorp-  C€SS is possible. At=1x10"cm 3, these rates change to
tion spectra for the sample at 10 K. 50 (300) ps * and 50 ps?, respectively. Thus, both mecha-
nisms are important for the energy relaxation of carriers. The
screening effect reduces both the carrier-carrier scattering
of 0.8x 10° cm ™! at the excitation energy, our sample is op-and electron-LO phonon scattering, but not substantially.
tically thick, so the carrier density depends on the dépth Without carrier screening, the electron-LO phonon scattering
from the sample surface, which leads to a depth-dependerate is around 80 pg, which is consistent with the result
absorption coefficient(z). The pump spectrum is shown as reported in Ref. 11. Since the electron-LO phonon scattering
a dashed line and centered at 3.766(866 meV above the rate is much higher than the decay rate of LO phonons
band gap of the excited GaN sample at 10 Khe inset in  (around 0.2 ps')*? even at the highest density considered
Fig. 1(a shows well-resolved 4 A and B-exciton reso- here, we expect that a large number of nonequilibriinwy)
nances. The DTS value, which is larger than unity, does notO phonons is generated during the carrier relaxation. It is
indicate optical gain, but rather a large induced transparencyell known that the presence of hot phonons substantially
by the strong laser excitation. Due to strong band filling ef-reduces the energy relaxation rate of electrdn& since the
fects, there is a large reduction of abouf &0 ! in absorp-  equivalent temperatures of the hot electrons and hot phonons
tion of the probe intensity. This makdsan order of magni- are close to each other. Thus, it is not surprising that our
tude larger tha, leading to a DTS value larger than one. electron energy relaxation is slo@round 100 meV/ps In
We take the zero time delay to be at the approximate maxithis paper, we concentrate on the simulation of the PP spec-
mum of the pump pulse. For time delays of less the200  tra at early times during the carrier buildup. For a time delay
fs, there were no significant band filling effects, which isless than 100 fs, the carrier distribution remains peaked at the
characteristic of an unexcited sample. Coherent oscillatiosame position in momentum space, with a gradual broaden-
effect$ around exciton resonances and in the vicinity of theing due to the carrier-carrier scattering.
excitation energy when the probe pulse precedes the pump The nonlinear transmission change cannot be readily in-
were not observed in our experiment. terpreted in terms of band filling alone. The complex super-
The DTS at a time delay df;= — 200 fs shows a spectral position of band-gap renormalization, band filling, and the
hole burning that is initially peaked roughly at the excitation screening of the Coulomb interaction between correlated-
energy. While the population of excited carriers increasestategexcitong and uncorrelated electron-hole pairs must be
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taken into account? We attribute the spectral hole redshift at 0 T,=2007 o iirerA R
early times to band-gap renormalization and exciton effects. R LT

A weak induced absorption 8= —200fs in Figs. 1a) and 2] -100t A
1(b) is seen just above the excitation energy. This could be I Ofs ;

due to Coulomb enhancement by exciton effects. The in-
duced absorption disappears with increasing carrier density ]
when electron-hole plasma screening of the Coulomb poten- < ]

tial overwhelms the attractive electron-hole interaction. 2 1 M
There have been a few reports on induced absorption above . ]
the excitation energy for GaA$:!® They attributed the in- I{ -

duced absorption to a many-body correlation from Coulomb Y :
interaction. In general, exciton effects result in a small red-

shift of the spectral hole to lower energi€s!® However,

this effect alone does not explain our result, since the spec-
tral hole moves toward the band edge during the pump du-
ration, contrary to what is observed in GaX3\Ve consider

the momentuntk) dependence of the band-gap renormaliza-

tion AE(k), taking into account the actual carrier distribu- —_—T T T :
tion. Thek dependence of the band-gap renormalization is 000 005 010 018 020 0% 0%
calculated first in the Hartree-Fock approximation and then q(A")

with the addition of the Coulomb-hole effé®We then have

FIG. 2. Calculated band renormalization for tAeband transi-
tion due to nonequilibrium carrier distribution as a function of mo-
__ _ -1_ -1 mentum at a depthz=d/4 for a peak carrier density of 4
AE(K) Zquqf (k+0)/ (@)= Zqvqle(q) €0 ]'(2) x10®¥cm™3, at time delays ofty=—200, —100, and O fs. The
dotted lines represent the screened Hartree-Fock approximation.
The solid lines also include the Coulomb-hole correction.
wherev,=4me?/q?, ¢ is the low-frequency dielectric con-
stant,e(q) is the static dielectric function including the po-
larization due to free carriers, ari¢k) is the nonequilibrium fo(k)=A(2)[ exp{—a(k®—k3)?} +exp{ —a(k?—k3)?}],
carrier distribution function. The first term is the screened (5)
Hartree-Fock approximation and the second term is the
Coulomb-hole correction. The dielectric screening in the _ B 2 1L2\2
static limit is approximately given by Lindhard’s expression fra(k) = A(z)lexp —a(k™= k)], ©)
fra(k) =A(2)[ expf —a(k*—k3)%} ], (7)
f(k)—f(k+q)
e(q)= E°+2Uq2kE(k+q)—E(k) where the subscriptg h1, andh2 label the electrons, holes
in the A band, and holes in thB band, respectively. The
amplitude of the carrier distribution is assumed to be propor-

2e2m* q+2k| tional to the light intensity at deptl. Thus, we have the
=€t 72 3f I~ LK (k) (dk ], following form A(z)=Aqe” “?, where « is the absorption
i q-2K fficient at th The peak carrier density that
3y  coefficient at the pump energy. The peak carrier density tha
we used throughout this paper is given by
_ o =2[fo(k)dk/(27)® at a depth oz=0. The centering posi-
where, in the long-wavelength limit, we have tionsk; andk, are determined by the relation

e(q)=eo(1+ q02/q2) with Ee(ky) +Eni(ky) =Ee(ka) + Epa(ko) =fio, ®)
wheref w is the absorbed photon energy. For illustration, we

show in Fig. 2 thek-dependent band renormalization for the
f f(k)(dk)}, A-band transitions for a carrier densityn(z)=(4

7 x 10¥cm3)e”*? with the depth set ar=d/4. The band

renormalization for thé-band transitions is quite similar to
that of the A-band transitions. Using thedependent band
Note thatqg reduces to the Thomas-Fermi wave vector in therenormalization and nonequilibrium carrier distributions
degenerate limit wherfi(k) becomes the Fermi distribution given above, we calculated tlzedependent absorption coef-

qz=(2e’m* [%%meg)

function at zero temperature. ficient @(z) and DTS according to Eq1). The absorption
We found that the nonequilibrium carrier distributions cancoefficient for theA-band transitions, including phase-space
be approximated by the Gaussian distribution filling and neglecting screening, is given by
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a(fiw)=(Clfiw)| d(hw—Ey—Ex)+ 8(ho—Ey—Ex/4)/8

1.00 o

2’77'2X 0.75 4

1oz S~ folK) = () 8l o~ Eo(K)

_______ o,
—— {,=-200fs
——— -100 fs

0.50 4

a(10° e
DTS (AT/T,)

—En(k) —AEe(K) —AEL(K) ]}, 9

0.25 +

where C is a constantEy is the energy gap between the
renormalized valence barid or B band and the conduction
band, Ex is the exciton binding energyx=[Ex/(fw
—Eg)]"2 The z dependence fofg(k), fr(k), AEe, AEy,

and « was kept implicit in the above equation. The absorp-
tion coefficient for theB-band transitions is given by the
same expression, except that the bandBafs increased by
the A-B splitting and the constar@ is increased by 20% in
order to reproduce the line shape of the experimental spec-
trum near the exciton energy. Note that we included the con-
tributions from the ground state, the first excited state, and . ) : '
the continuum stateavith the phase-space filling effectin 3.4 3.5 3.6 3.7 3.8
our initial simulation, due to band renormalization, an appre- Photon Energy (eV)
ciable DTS occurs near the exciton energy, in disagreement FIG. 3. (a) Measured absorption and DTS at time delays of
with our experiment. However, the DTS predicted near the=—200, —100, and 0 fs and at a peak carrier density of 4
pump energy is in reasonable agreement with experiment<10®®cm 3. The dottede, lines are the values taken without the
This suggests that the band renormalization in the correlateRump beam(b) The same asa), except theoretically calculated
exciton states is greatly suppressed due to the charge neutr&iée text The DTS curves are displaced vertically for clarity in
ity of the exciton. Since a full many-body theory is not avail- Poth cases.

able at the present, we introduce a phenomenological sup-

pressing factor{1—ex{ —(E«(K)+En(k)—Eg)/4Ex]}. This  vectors. This factor could be much less than 1 if the differ-
factor greatly reduces the band renormalization for the excience betweetk andk’ is large. Assuming that electron-LO
ton continuum states with low energy, while the high-energyphonon scattering is blocked at early time delays, we can get
states are unaffected. This is reasonable, since the highsight into the role of carrier-carrigCC) interaction in the
energy exciton continuum states are much less correlatethitial thermalization through a comparison of our experi-
With this correction, the final simulated absorption spectramental results with a previous study of PP spectroscopy on
averaged over the sample defjthd«(z)dz]/d, and the DTS  bulk GaAs at 15 K, in which the carriers were excited well
are shown in Fig. 3, and are seen to be in reasonable agreabove the band gap similarly to our experimental

' ' ' conditions?® At a carrier density of X 10'”cm™3, the GaAs
ment with experiment. For comparison, the DTS gt 0 fs J y . _
without including the correction factor is shown as the shorshowed that the effective energy exchange among the carri-

dotted curve, and is in poor agreement with experiment ne§'s léads to an ultrafast thermalization by about 100 fs. At a
the exciton transition energy. high peak carrier density of*410'® cm~2in GaN, our simu-

In contrast to GaAs, intervalley scattering does not occufdtion results using screened CC interactions alone showed
in GaN for an excitati(;n energy of 3.766 é\0 electrons that the CC scattering already leads to a Fermi-Dirac distri-
excited from the three valence bands into the conductiort?ution fort.he hOt carriergwith atemperature consistent with
band reside in thé& valley for all time delays. Compared to the 'gotal Kinetic energy of the carnerat'td: ~0.5 ps. In-
the rapid hot carrier redistribution in GaA®ef. 21) and cluding the electron-LO phonon scattering clearly produces a

b : . LO phonon replica at 92 meV below the initial peak. This is
CdSe(Ref. 22 over a wide energy range within 100 fs at

h itation density. Fi h that the hot inconsistent with our experimental result, which shows a
much lower excitation density, Fig(# shows that the ho nonthermal carrier distribution up tel ps. This experiment

carriers in GaN relax extremely slowly toward the band edgeSuggests that there are other mechanisms that block the
and are strongly restrained in a nonthermal distribution folg|ectron-LO phonon interaction and impede the carrier-
~1 ps, as shown by their rather narrow spectral peak. No LQgyrier scattering. The mechanisms for such a surprisingly
phonon replica is observed fdy<0.7 ps, indicating a sjow thermalization process is still unclear.

strong suppression of electron-LO phonon interaction. The Wwe were able to clearly observe LO-phonon emission
detailed mechanism for this suppression remains uncleaprocesses at time delays from 0.7 to 1.3 ps with a peak car-
One possible mechanism involves the anisotropy factofier density of x10°cm 3, as shown in Fig. @&). At tg4
(Lkkr), which appears in the coupling matrix element and is=0.9 ps, a shoulder arises at 3.56 eV because of the emis-
proportional to the overlap of Bloch states of different wavesion of single LO phonons from the electron-hole plasma,

0.00 v T T v 0

1.00

0.75 4

0.50

a(10° cm™)
DTS (AT/T,)

0.25 4

115315-4



ULTRAFAST CARRIER DYNAMICS IN A HIGHLY . .. PHYSICAL REVIEW B 63 115315

(a) n=4x10"" cm™®

DTS (AT/T,)
a(10%cm’)

0.50 A

DTS (AT/T,)
a(10°cm™)

0.25 +

0.00 T T T
3.44 3.48 3.52 3.56 3.60

Photon Energy (eV)

. T T FIG. 5. Absorption spectra near the band edge of GaN as a
3.4 3.5 3.6 3.7 ) . . e

Photon Ener function of time delay for peak carrier densities ¢ 4

9y (eV) 8 o3 7 o3

x10®¥cm 2 and (b) 4X 10 cm 3. The spectra were recorded at
FIG. 4. Spectrally resolved transmission changes as a functioR00 fs intervals from 1 to 1.8 ps. Note the induced absorption below

of time delay at peak carrier densities(@ 1x10®°cm 2 and(b)  the band edge.
4x107cm 3, The spectra were recorded 200 fs apart and dis-
placed vertically for clarity.

the exciton binding energy and a redshift produced by the
band-gap renormalizationi. On the other hand, at a peak

which is peaked at 3.65 eV &=0.7 ps. With continuing carrier density of &4 10®®cm™2 (higher than the Mott den-
LO-phonon emissions via the screenedHfich interactions,  sity), a redshift of 10 meV aty=1.6 ps is seen in Fig.(8),
the shoulder grows and redshifts with increasing time delayindicating that the redshift produced by the band-gap renor-
It is worth noting that the nonthermal carrier distribution at malization dominates over the reduction of the exciton bind-
ty=1.1ps in Fig. 4a), which appears as two separate peaksng energy. Using the long-wavelength approximation
as a result of the LO-phonon emission, does not disappe@z(q)zeo(1+q§/q2)] in Eg. (4), we estimate the long-
very quickly. This indicates strong competition between therange Coulomb screening effects by the nonthermal carriers
LO-phonon scattering procesmcluding both emission and on the exciton resonances. The screening lengt)) at a
absorption and the carrier-carrier scattering process, sincepeak carrier density of % 10'¥cm™2 decreases by only a
they have comparable rates. At a peak carrier density of 4actor of two from 200 to 1.8 ps. Further, we could not
X 10Ycm™3, the carrier relaxation is almost completed atobserve appreciable exciton bleaching effects, until 1 ps
tq=1.8 ps, as shown in Fig.(d). However, at a peak carrier when the carriers began to fill the near-band-edge states, in-
density of 1x10cm™3, many hot carriers are located at dicating that long-range Coulomb screening by the nonequi-
3.60 eV atty=1.7 ps, which means that the hot phonon ef-librium carriers does not provide the main contribution to the
fects are evident at high carrier density. exciton bleaching. This could originate from the fact that the

The presence of electrons and holes reduces the effectivexcitons do not strongly couple to nonthermal electron-hole
electron-hole attraction, not only through screening, but alsplasma owing to overall charge neutrality. Similar delayed
through Pauli blockingphase-space filling and short-range exciton bleaching was also observed in C&CI.
exchange effecjs Both effects are always simultaneously In conclusion, we studied the hot carrier dynamics in a
present, but their relative importance changes with the diGaN epilayer excited well above the band edge at 10 K un-
mensionality of the systeff. Figure 5 shows absorption der high-carrier densities. A spectral hole was initially
spectra near the band edge of GaN as a function of timpeaked roughly at the excitation energy and gradually red-
delay at carrier densities bofla) above andb) below the shifted during the pump duration. We attributed the redshift
Mott density. Below the Mott density, as shown in Figbs  of the hole to a combination of exciton effects and band-gap
exciton resonances saturate in a way that maintains the peagnormalization, which takes into account the nonequilib-
energy position through a balance between the reduction afum carrier distribution. Energy relaxation and thermaliza-
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tion of the hot carriers are extremely slow, due to blocking ofeffects based on the Pauli exclusion principle play a more
the electron-LO phonon interaction and a large reduction iimportant role in the exciton bleaching than long-range Cou-
carrier-carrier scattering. At about 900 fs, LO-phonon emislomb screening.

sion processes via the screenedhfichh mechanism were

clearly observed at a peak carrier density of 0*°cm 3, This work was supported by BMDO, AFOSR, ONR, and
We found that phase-space filling and short-range exchang¥SF.
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