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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 from 431017 to 1019 cm23. Spectral hole
burning was initially peaked roughly at the excitation energy for an estimated carrier density of 4
31018 cm23 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 for;1 ps. 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
abled fundamental studies of nonequilibrium, nonlinear, a
transport properties of semiconductors.1 Nondegenerate
pump-probe~PP! spectroscopy is a powerful tool for study
ing the transient dynamics of hot carriers because it ma
possible the observation of not only coherent phenom
occurring during excitation, but also the nonthermal carr
distribution reflecting the energy profile of the exciting pum
pulse and its temporal evolution. Wurtzite GaN has a dir
band gap of 3.50 eV at 10 K, a large exciton binding ene
of ;21 meV, and a large LO-phonon energy of 92 me
Also, GaN is mechanically and thermally robust and ha
higher damage threshold, making it a good candidate
investigating nonthermal carrier dynamics under strong e
tation. There have been a few femtosecond PP spectros
reports on GaN.2–4 However, there has been no direct expe
mental observation of the nonthermal carrier distributio
during the pump-pulse duration and their relaxation.

We present a study of nonequilibrium carrier dynamics
a GaN epilayer photoexcited well above the band gap us
nondegenerate PP spectroscopy at 10 K with light pulses
duration time of;360 fs at excitation densities both abo
and below the Mott density (1018cm23 for GaN at 10 K!.5

We found that the photo-excited hot carriers are stron
confined in a nonthermal distribution and their relaxati
toward the band edge is very slow, partially because of
hot-phonon effect. By investigating the change of absorpt
spectra at the exciton resonances while the nonthermal
riers relax, we were able to evaluate the relative importa
of long-range Coulomb screening and Pauli blocking on
bleaching of exciton resonances.

The sample used in this paper is a high quality 0.38mm
uncoated GaN epilayer grown by metalorganic chemical
por deposition on~0001! sapphire. An excitonic resonanc
was clearly observed in this sample’s absorption meas
ments above 300 K.6 Femtosecond PP spectroscopy me
surements were carried out using a 1 kHz regenerative am
plifier ~REGEN! to create 100 fs duration@full width at half
0163-1829/2001/63~11!/115315~6!/$15.00 63 1153
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maximum ~FWHM!# pulses at a wavelength of 800 nm
These pulses were fed into an optical parametric amplifie
create pulses with a FWHM of 355 fs, measured
difference-frequency mixing in a BBO crystal, at 329 n
~3.766 eV! with a bandwidth of 22 meV. This beam wa
used as the pump source to excite carriers above the
band gap. The leftover output from the REGEN was f
quency doubled to 400 nm and then used to create a br
band continuum probe source with a FWHM of 350 fs. T
pump and probe beams were orthogonally polarized, and
angle between them was 15°. Neutral density filters w
used to attenuate the probe beam to a power sufficiently
so that it would not alter the optical properties of the samp
The probe beam was focused to a 150mm diameter spot on
the sample, and the transmitted light was collected and
cused into a spectrometer with an attached charge-cou
device detector. The pump spot size was focused to 300mm
to minimize the variation in the pump beam intensity acro
the probed region. The optical delay between the pump
the probe was accurately controlled using a computeri
step motor. All measurements were performed at 10 K.

Differential transmission spectra~DTS!7 measures the dif-
ference between the probe transmission with and without
pump

DTS5DT/T05~T2T0!/T05expS 2E
0

d

Da~z!dzD 21,

~1!

whereT, T0 , Da(z), andd are the transmitted probe inten
sity with and without the pump, the pump-induced abso
tion change at depthz, and the sample thickness, respe
tively. Figure 1 shows the DTS at early time delays for
peak carrier density of~a! 131019cm23 and ~b! 4
31018cm23, respectively. The peak carrier densities are
timated based on theoretical modeling taking into acco
the band filling effect at zero time delay~see below!. For the
sample thickness of 0.38mm with an absorption coefficien
©2001 The American Physical Society15-1
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of 0.83105 cm21 at the excitation energy, our sample is o
tically thick, so the carrier density depends on the depth~z!
from the sample surface, which leads to a depth-depen
absorption coefficienta(z). The pump spectrum is shown a
a dashed line and centered at 3.766 eV~266 meV above the
band gap of the excited GaN sample at 10 K!. The inset in
Fig. 1~a! shows well-resolved 1s A- and B-exciton reso-
nances. The DTS value, which is larger than unity, does
indicate optical gain, but rather a large induced transpare
by the strong laser excitation. Due to strong band filling
fects, there is a large reduction of about 104 cm21 in absorp-
tion of the probe intensity. This makesT an order of magni-
tude larger thanT0 , leading to a DTS value larger than on
We take the zero time delay to be at the approximate m
mum of the pump pulse. For time delays of less than2200
fs, there were no significant band filling effects, which
characteristic of an unexcited sample. Coherent oscilla
effects8 around exciton resonances and in the vicinity of t
excitation energy when the probe pulse precedes the p
were not observed in our experiment.

The DTS at a time delay oftd52200 fs shows a spectra
hole burning9 that is initially peaked roughly at the excitatio
energy. While the population of excited carriers increa

FIG. 1. Differential transmission spectra~pump-induced trans-
mission changeDT/T0) in a 0.38mm GaN/sapphire sample at 10
for peak carrier densities of~a! 131019 cm23 and ~b! 4
31018 cm23 showing ultrafast near-zero-delay dynamics. T
dashed line shows the pump spectra. The DTS curves were
placed vertically for clarity. The inset in Fig. 1~a! shows the absorp
tion spectra for the sample at 10 K.
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during the pump duration~from 2200 to 200 fs!, the spectral
hole burning shows fast broadening and distinct shifts of
meV @Fig. 1~a!# and 38 meV@Fig. 1~b!# toward the band gap
The fast broadening of the nonequilibrium carrier distrib
tion at this time scale is most likely caused by carrier-carr
scattering, such as electron-electron, electron-hole, and h
hole collisions. Because the initial excess electron energ
about three times larger than the hole energy and becaus
the larger electron-to-hole effective mass ratio in GaN co
pared to GaAs, the transfer of energy to the colder hole s
tem via electron-hole scattering could result in this fa
broadening of the hole burning. The redshift of the spec
hole on this time scale of less than 200 fs cannot be ascr
to a relaxation of the carrier distribution through LO-phon
emission, because the redshift is much smaller than the
phonon energy of 92 meV, and the deformation-poten
scattering is not strong enough to cause such a redshift a
early time delay. We neglect the carrier diffusion effect, b
cause the diffusion constant for a GaN/AlGaN double h
erostructure within 2 ps at 10 K was reported to be smal10

To investigate the carrier dynamics, we adopt a simplifi
model that takes into account the carrier-carrier scatte
with static screening and various electron-phonon scatte
processes. We have considered the electron-phonon sc
ing by both the Fro¨hlich and the deformation-potentia
mechanisms. We found that at a peak carrier density on
5431018cm23, for energies near the pumping energy, t
carrier-carrier scattering rate is around 80~460! ps21 for
electrons~holes!, while the electron-LO phonon scatterin
rate is around 60 ps21. The hole-LO scattering rate is negl
gible, since the hole energies are smaller than the L
phonon energy and therefore, no LO-phonon emission p
cess is possible. Atn5131019cm23, these rates change t
50 ~300! ps21 and 50 ps21, respectively. Thus, both mecha
nisms are important for the energy relaxation of carriers. T
screening effect reduces both the carrier-carrier scatte
and electron-LO phonon scattering, but not substantia
Without carrier screening, the electron-LO phonon scatter
rate is around 80 ps21, which is consistent with the resu
reported in Ref. 11. Since the electron-LO phonon scatte
rate is much higher than the decay rate of LO phono
~around 0.2 ps21!12 even at the highest density consider
here, we expect that a large number of nonequilibrium~hot!
LO phonons is generated during the carrier relaxation. I
well known that the presence of hot phonons substanti
reduces the energy relaxation rate of electrons,13–15since the
equivalent temperatures of the hot electrons and hot phon
are close to each other. Thus, it is not surprising that
electron energy relaxation is slow~around 100 meV/ps!. In
this paper, we concentrate on the simulation of the PP sp
tra at early times during the carrier buildup. For a time de
less than 100 fs, the carrier distribution remains peaked a
same position in momentum space, with a gradual broad
ing due to the carrier-carrier scattering.

The nonlinear transmission change cannot be readily
terpreted in terms of band filling alone. The complex sup
position of band-gap renormalization, band filling, and t
screening of the Coulomb interaction between correlat
states~excitons! and uncorrelated electron-hole pairs must

is-
5-2
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taken into account.16 We attribute the spectral hole redshift
early times to band-gap renormalization and exciton effe
A weak induced absorption attd52200 fs in Figs. 1~a! and
1~b! is seen just above the excitation energy. This could
due to Coulomb enhancement by exciton effects. The
duced absorption disappears with increasing carrier den
when electron-hole plasma screening of the Coulomb po
tial overwhelms the attractive electron-hole interactio
There have been a few reports on induced absorption ab
the excitation energy for GaAs.17,18 They attributed the in-
duced absorption to a many-body correlation from Coulo
interaction. In general, exciton effects result in a small r
shift of the spectral hole to lower energies.16–19 However,
this effect alone does not explain our result, since the sp
tral hole moves toward the band edge during the pump
ration, contrary to what is observed in GaAs.17 We consider
the momentum~k! dependence of the band-gap renormali
tion DE(k), taking into account the actual carrier distrib
tion. The k dependence of the band-gap renormalization
calculated first in the Hartree-Fock approximation and th
with the addition of the Coulomb-hole effect.20 We then have

DE~k!52Sqvqf ~k1q!/e~q!2Sqvq@e~q!212e0
21#,

~2!

wherevq54pe2/q2, e0 is the low-frequency dielectric con
stant,e(q) is the static dielectric function including the po
larization due to free carriers, andf (k) is the nonequilibrium
carrier distribution function. The first term is the screen
Hartree-Fock approximation and the second term is
Coulomb-hole correction. The dielectric screening in t
static limit is approximately given by Lindhard’s expressi

e~q!5e012vqSk

f ~k!2 f ~k1q!

E~k1q!2E~k!

5e01
2e2m*

\2pq3 E lnUq12k

q22kU@ f ~k!~k!~dk!#,

~3!

where, in the long-wavelength limit, we have

e~q!5e0~11q0
2/q2! with

q0
25~2e2m* /\2pe0!F E f ~k!~dk!G .

~4!

Note thatq0 reduces to the Thomas-Fermi wave vector in
degenerate limit whenf (k) becomes the Fermi distributio
function at zero temperature.

We found that the nonequilibrium carrier distributions c
be approximated by the Gaussian distribution
11531
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f e~k!5A~z!@exp$2a~k22k1
2!2%1exp$2a~k22k2

2!2%#,
~5!

f h1~k!5A~z!@exp$2a~k22k1
2!2%#, ~6!

f h2~k!5A~z!@exp$2a~k22k2
2!2%#, ~7!

where the subscriptse, h1, andh2 label the electrons, hole
in the A band, and holes in theB band, respectively. The
amplitude of the carrier distribution is assumed to be prop
tional to the light intensity at depthz. Thus, we have the
following form A(z)5A0e2az, where a is the absorption
coefficient at the pump energy. The peak carrier density
we used throughout this paper is given byn
52* f e(k)dk/(2p)3 at a depth ofz50. The centering posi-
tions k1 andk2 are determined by the relation

Ee~k1!1Eh1~k1!5Ee~k2!1Eh2~k2!5\v, ~8!

where\v is the absorbed photon energy. For illustration,
show in Fig. 2 thek-dependent band renormalization for th
A-band transitions for a carrier densityn(z)5(4
31018cm23)e2az with the depth set atz5d/4. The band
renormalization for theB-band transitions is quite similar to
that of theA-band transitions. Using thez-dependent band
renormalization and nonequilibrium carrier distributio
given above, we calculated thez-dependent absorption coe
ficient a(z) and DTS according to Eq.~1!. The absorption
coefficient for theA-band transitions, including phase-spa
filling and neglecting screening, is given by

FIG. 2. Calculated band renormalization for theA band transi-
tion due to nonequilibrium carrier distribution as a function of m
mentum at a depthz5d/4 for a peak carrier density of 4
31018 cm23, at time delays oftd52200, 2100, and 0 fs. The
dotted lines represent the screened Hartree-Fock approxima
The solid lines also include the Coulomb-hole correction.
5-3
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a~\v!5~C/\v!Fd~\v2Eg2EX!1d~\v2Eg2EX/4!/8

1
2p2x

12e22x Sk$@12 f e~k!2 f h~k!#d@\v2Ee~k!

2Eh~k!2DEe~k!2DEh~k!#%, ~9!

where C is a constant,Eg is the energy gap between th
renormalized valence band~A or B band! and the conduction
band, EX is the exciton binding energy,x5@EX /(\v
2Eg)#1/2. The z dependence forf e(k), f h(k), DEe , DEh ,
anda was kept implicit in the above equation. The abso
tion coefficient for theB-band transitions is given by th
same expression, except that the band gapEg is increased by
the A-B splitting and the constantC is increased by 20% in
order to reproduce the line shape of the experimental s
trum near the exciton energy. Note that we included the c
tributions from the ground state, the first excited state,
the continuum states~with the phase-space filling effect!. In
our initial simulation, due to band renormalization, an app
ciable DTS occurs near the exciton energy, in disagreem
with our experiment. However, the DTS predicted near
pump energy is in reasonable agreement with experim
This suggests that the band renormalization in the correl
exciton states is greatly suppressed due to the charge ne
ity of the exciton. Since a full many-body theory is not ava
able at the present, we introduce a phenomenological
pressing factor$12exp@2(Ee(k)1Eh(k)2Eg)/4EX#%. This
factor greatly reduces the band renormalization for the e
ton continuum states with low energy, while the high-ene
states are unaffected. This is reasonable, since the h
energy exciton continuum states are much less correla
With this correction, the final simulated absorption spec
averaged over the sample depth,@*0

da(z)dz#/d, and the DTS
are shown in Fig. 3, and are seen to be in reasonable ag
ment with experiment. For comparison, the DTS attd50 fs
without including the correction factor is shown as the sh
dotted curve, and is in poor agreement with experiment n
the exciton transition energy.

In contrast to GaAs, intervalley scattering does not oc
in GaN for an excitation energy of 3.766 eV,4 so electrons
excited from the three valence bands into the conduc
band reside in theG valley for all time delays. Compared t
the rapid hot carrier redistribution in GaAs~Ref. 21! and
CdSe~Ref. 22! over a wide energy range within 100 fs
much lower excitation density, Fig. 4~a! shows that the ho
carriers in GaN relax extremely slowly toward the band ed
and are strongly restrained in a nonthermal distribution
;1 ps, as shown by their rather narrow spectral peak. No
phonon replica is observed fortd<0.7 ps, indicating a
strong suppression of electron-LO phonon interaction. T
detailed mechanism for this suppression remains uncl
One possible mechanism involves the anisotropy fac
(Lkk8), which appears in the coupling matrix element and
proportional to the overlap of Bloch states of different wa
11531
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vectors. This factor could be much less than 1 if the diff
ence betweenk and k8 is large. Assuming that electron-LO
phonon scattering is blocked at early time delays, we can
insight into the role of carrier-carrier~CC! interaction in the
initial thermalization through a comparison of our expe
mental results with a previous study of PP spectroscopy
bulk GaAs at 15 K, in which the carriers were excited w
above the band gap similarly to our experimen
conditions.23 At a carrier density of 731017 cm23, the GaAs
showed that the effective energy exchange among the c
ers leads to an ultrafast thermalization by about 100 fs. A
high peak carrier density of 431018 cm23 in GaN, our simu-
lation results using screened CC interactions alone sho
that the CC scattering already leads to a Fermi-Dirac dis
bution for the hot carriers~with a temperature consistent wit
the total kinetic energy of the carriers! at td5;0.5 ps. In-
cluding the electron-LO phonon scattering clearly produce
LO phonon replica at 92 meV below the initial peak. This
inconsistent with our experimental result, which shows
nonthermal carrier distribution up to;1 ps. This experiment
suggests that there are other mechanisms that block
electron-LO phonon interaction and impede the carri
carrier scattering. The mechanisms for such a surprisin
slow thermalization process is still unclear.

We were able to clearly observe LO-phonon emiss
processes at time delays from 0.7 to 1.3 ps with a peak
rier density of 131019cm23, as shown in Fig. 4~a!. At td
50.9 ps, a shoulder arises at 3.56 eV because of the e
sion of single LO phonons from the electron-hole plasm

FIG. 3. ~a! Measured absorption and DTS at time delays oftd

52200, 2100, and 0 fs and at a peak carrier density of
31018 cm23. The dotteda0 lines are the values taken without th
pump beam.~b! The same as~a!, except theoretically calculated
~see text!. The DTS curves are displaced vertically for clarity
both cases.
5-4
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ULTRAFAST CARRIER DYNAMICS IN A HIGHLY . . . PHYSICAL REVIEW B 63 115315
which is peaked at 3.65 eV attd50.7 ps. With continuing
LO-phonon emissions via the screened Fro¨hlich interactions,
the shoulder grows and redshifts with increasing time de
It is worth noting that the nonthermal carrier distribution
td51.1 ps in Fig. 4~a!, which appears as two separate pea
as a result of the LO-phonon emission, does not disapp
very quickly. This indicates strong competition between
LO-phonon scattering process~including both emission and
absorption! and the carrier-carrier scattering process, sin
they have comparable rates. At a peak carrier density o
31017cm23, the carrier relaxation is almost completed
td51.8 ps, as shown in Fig. 4~b!. However, at a peak carrie
density of 131019cm23, many hot carriers are located
3.60 eV attd51.7 ps, which means that the hot phonon
fects are evident at high carrier density.

The presence of electrons and holes reduces the effe
electron-hole attraction, not only through screening, but a
through Pauli blocking~phase-space filling and short-rang
exchange effects!. Both effects are always simultaneous
present, but their relative importance changes with the
mensionality of the system.24 Figure 5 shows absorptio
spectra near the band edge of GaN as a function of t
delay at carrier densities both~a! above and~b! below the
Mott density. Below the Mott density, as shown in Fig. 5~b!,
exciton resonances saturate in a way that maintains the
energy position through a balance between the reductio

FIG. 4. Spectrally resolved transmission changes as a func
of time delay at peak carrier densities of~a! 131019 cm23 and ~b!
431017 cm23. The spectra were recorded 200 fs apart and d
placed vertically for clarity.
11531
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the exciton binding energy and a redshift produced by
band-gap renormalization.25 On the other hand, at a pea
carrier density of 431018cm23 ~higher than the Mott den-
sity!, a redshift of 10 meV attd51.6 ps is seen in Fig. 5~a!,
indicating that the redshift produced by the band-gap ren
malization dominates over the reduction of the exciton bin
ing energy. Using the long-wavelength approximati
@e(q)5e0(11q0

2/q2)# in Eq. ~4!, we estimate the long-
range Coulomb screening effects by the nonthermal carr
on the exciton resonances. The screening length (q0) at a
peak carrier density of 431018cm23 decreases by only a
factor of two from 200 to 1.8 ps. Further, we could n
observe appreciable exciton bleaching effects, until 1
when the carriers began to fill the near-band-edge states
dicating that long-range Coulomb screening by the noneq
librium carriers does not provide the main contribution to t
exciton bleaching. This could originate from the fact that t
excitons do not strongly couple to nonthermal electron-h
plasma owing to overall charge neutrality. Similar delay
exciton bleaching was also observed in CuCl.26

In conclusion, we studied the hot carrier dynamics in
GaN epilayer excited well above the band edge at 10 K
der high-carrier densities. A spectral hole was initia
peaked roughly at the excitation energy and gradually r
shifted during the pump duration. We attributed the reds
of the hole to a combination of exciton effects and band-g
renormalization, which takes into account the nonequil
rium carrier distribution. Energy relaxation and thermaliz

n

-

FIG. 5. Absorption spectra near the band edge of GaN a
function of time delay for peak carrier densities of~a! 4
31018 cm23 and ~b! 431017 cm23. The spectra were recorded a
200 fs intervals from 1 to 1.8 ps. Note the induced absorption be
the band edge.
5-5
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tion of the hot carriers are extremely slow, due to blocking
the electron-LO phonon interaction and a large reduction
carrier-carrier scattering. At about 900 fs, LO-phonon em
sion processes via the screened Fro¨hlich mechanism were
clearly observed at a peak carrier density of 131019cm23.
We found that phase-space filling and short-range excha
e
t

e

n
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,

,
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effects based on the Pauli exclusion principle play a m
important role in the exciton bleaching than long-range Co
lomb screening.
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