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Ultrafast decay of coherent plasmon-phonon coupled modes in highly doped GaAs
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We report on the ultrafast decay of coherently excited plasmon-phonon coupled modes in a highly doped
n-GaAs. Coherent oscillations of the upper branch )las well as the lower branch () of the coupled
modes have been observed by a femtosecond pump-probe technique with 20 fs ultrashort laser pulses. The
decay time of the L. mode estimated from a time partitioning Fourier transform spectra reveals that the decay
rate increases linearly with increasing photoexcited carrier density. This result leads to a conclusion that the
ultrafast decay of the coherent.Lmode is mainly caused by loss of coherence in electron-hole plasmas when
the photoexcited carrier density is higher than doping ley&868163-182@09)01048-9

[. INTRODUCTION ported that the background majority plasma was involved in
the coherent LOPC mode, and that the frequency of the
Recently, the progress of ultrashort pulse lasers has led @oupled modes was determined by the total electron density
new techniques such as time-domain spectroscopy of théat resulted from both background doping and optical exci-
terahertz(THz) oscillations in solids. There have been atation. Subsequently, we have succeeded in observing the
large number of reports on the observation of coherent latticéoherent L. mode in GaAs and demonstrated that the line
vibrations in semiconductors® in semimetal$;*° and co-  shape and frequency of the Land L. bands vary strongly
herent molecular vibrations in molecular crystdisThese ~ With photoexcited carrier density. Little is known, how-
techniques have made it possible to obtain not only the aneVver, about the dynamics of the plasmonlike coherent L
plitude but also the phase of coherent phonon oscillationghode. A systematic study on the ultrafast decay of the
Coherent LO phonons in GaAs were observed first by Chgoupled modes in a wide range of the carrier density is re-
et al! and are thought to be generated by a sudden screeniftylired for understanding the nature of coherent LOPC
of the surface space-charge field due to the increase in ph#rodes.
toexcited carrier density.This generation mechanism was In this paper, direct observation of the ultrafast dynamics
experimentally supported by Dekorsyal.,who reported on for the coherent plasmon-phonon coupled modes in highly
the direct observation of the ultrafast transient screening anéloped n-GaAs is conducted using a time-resolved pump-
the associated charge-carrier transport if1@0-oriented  Probe technique and a 20 fs ultrashort pulse laser. The decay
GaAs surfac€. Their results showed that the surface spacetime of the plasmonlike L. mode in a high carrier density
charge field in the depletion region of samples was stronglyegion is determined by means of a time partitioning Fourier
coupled with the polarization field of the LO phonons. transform(TPFT). The measurement of the decay times for
The LO phonon-plasmon coupleOPC) mode has different electron densities suggests that the ultrafast decay
mainly been studied by Raman scattering spectroscopy, i.e9f the L. mode for the electron densities smaller than 1
frequency-domain spectroscofy*3 The relaxation dynam- X 10'® cm™3 is mainly caused by loss of coherence due to
ics of the coherent phononlike LOPC modenidoped GaAs  €lectron-hole scattering in the presence of electron-hole
(in the range 1¥—10' cm %) have been examined using Plasma generated by optical excitation.
time-resolved coherent anti-Stokes Raman scattering
(CARS), and a large increase of the measured dephasing rate
with electron density was demonstrated for electron densities |l ULTRAFAST RELAXATION OF COHERENT
larger than 18 cm 3. This result provides evidence of LO-PHONON PLASMON COUPLED MODES

carrier-induced dephasing of the phononlike m&tighe Here we will briefly describe a theoretical model for re-

coupled mode is also expected to be observed by the img;, iion of the LOPC modes in the femtosecond time do-
domain spectroscopy. .main. Using equations of motion for phonons and electrons,

Kuznetsov and Stanton have developed a microscoplgla"éeet al. derived the decay rate of the, Lmodes 1T} as
theory of the plasmon-phonon oscillations that are generatefj ' 2

; L ~follows:*
by ultrafast optical excitation in GaAs, and they have dis-
cussed the possibility of observing LOPC modes in the time
domain?® These modes have been investigated by a pump-
probe technique, i.e., time-domain spectroscopy. Recently, — — — 7P "9 79
the coherent LOPC mode (Lmode has been observed in =~ T, T3 20lo(m). T3  eM olo(7).
n-GaAs by Choet al. using 50 fs laser pulsés. They re- 1)

2, 2 2 20 (o2 2
1 +wp(wLO_w0) 1 2meng(wio— wp)

0163-1829/99/6(24)/165285)/$15.00 PRB 60 16 526 ©1999 The American Physical Society



PRB 60 ULTRAFAST DECAY OF COHERENT PLASMON-PHOND. . . 16 527

where 17|"2) is the decay rate of the bare LO phonay, the
plasma frequencyw, o the LO phonon frequency, the TO
phonon frequencye the charge of electrom, the electron
density, ., the dielectric constantn* the reduced mass of
the electron, andr).. the average electron momentum scat-
tering time for the high-frequencgdynamig limit (w071,
wherew is the collective electron oscillation frequency and
the velocity-dependent electron momentum relaxation time
used in the Drude model* The electron momentum relax-
ation timer is originated from the effect of all electron scat-
tering processes, i.e., electron-hole scattering, electron-
acoustic phonon scattering and by spatial disorder
(impurities and defecisEquation(1) shows that the net de- 7 3

. s 2x 10 'cm
cay rate is related to a phonon dampitigst term and a JI\A/VV\MMM,W\MNMWWMW

plasmon dampingsecond term It is expected that the decay
A AC

n-GaAs Ngop = 1 X 10"cm™

3

18 -
Ne,. =1 x10"cm

AR /R (arb. units)

rate of the coherent L mode varies with the electron density
ne and the average electron momentum scattering {ime : . ; ;

for highly dopedn-GaAs. The average electron momentum 0 1 2 3 4
scattering time( 7)., was estimated to be 5585 fs for the Delay Time (ps)

; 7 am—3 14 .
electron density of 16-107 cm .~ and it is expected to FIG. 1. The time differential of the electro-optic signal for

be 7also,3below 100 fs er elecron .d.enSIty 'arg‘?r. than, saas (ryop=1% 10" cm™3) at various excited carrier densities.

10" cm* under our experlmentlal Condltlons. In adQItlon tc,’ The oscillatory component indicates coherent collective motions of

the electron momentum scattering, dynamical carrier-carrief;oms and carriers.

scattering events occur in the conduction bands because non-

equilibrium carriers are generated by optical excitation.ﬁgure indicates that the time resolutiégFWHM of AC) is

Equation (1) has been established for low carrier density,gnout 35 fs. The photoexcited carrier density,. was esti-

below ,167 cm®. However, we have treated E€l) as an  mated from the pump-beam power density and the absorp-

approximate expression to examine the dynamics of the L tion coefficient. The total carrier density is given by a sum of

mode for the electron density around'd@m->. the majority electron density and the excited electron density

(Ngopt Nexd - As shown in Fig. 1, beating signals appear

. EXPERIMENTS clearly at all values ofn.,.. The Fourier transform(FT)

. ) spectra of these time-domain signals are shown in Fig. 2,
The measurements were carried out by a reflection-type

pump-probe technique at room temperature. The light source

spot was monitored by the probe beam with smaller spot
size. The pump beam was mechanically chopped at 2 kHz
for signal detection by a lock-in amplifier. We used an
electro-optic(E-O) sampling technique to measure the sur-
face electric field, which was modulated by the microscopic
longitudinal oscillations, i.e., the LOPC mod@dhe reflec-
tivity changeAR,,/R was recorded as a function of the time - 2 % 107em™
delay between the pump and the probe pulses. L AL B A BB
0 5 10 15 20 25 30
Frequency (THz)

was a mode locked Ti:sapphire laser operating at a wave- Ngop = 1 X 10'°cm Dege = 1% 10'em™
length of 800 nm with a pulse duration of 20 fs. The energy - = 0fs
of the laser pulse was 1.55 eV, being above the band gap of TO L0 =
GaAs at 300 K(=1.43 eV}, and electron-hole pairs were : =
photoexcited. The pump-beam power was varied by a neutral = =}
density filter from 20 to 100 mW, while the probe-beam 5 g L 00k
power was fixed at about 2 mW. The pump and probe beams -,3 E M T <001
were focused on-type GaAs(100 samples to a diameter of e W oo
about 100um for the pump beam and about nn for the =t errrrer T R
probe beam. To minimize spatial inhomogeneity of the pho- % 0 Frquency (ngZ) 30
toexcited carrier density, only the center of the pump-beam E

e

o

IV. RESULTS AND DISCUSSION
FIG. 2. The Fourier transform spectra obtained from time-

Figure 1 shows the oscillatory componentAiRe,/R for  gomain signals. The frequencies of the bare LO and TO bands are
a sample with a doped carrier concentration f,,=1 indicated by dotted lines. Both the upper and lower branches of
X 10" cm™3 at the photoexcited carrier densitieg,. be-  LOPC modes (L and L, , see arrowswere observed. Inset: The
tween 2<10'7 cm ™3 and 1x 10 cm™ 3. The observed auto- time partitioning Fourier transform spectra  for o1
correlation(AC) of the pump and probe pulses shown in this x 10'8 cm™2 at varioust,’s.
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where the bare LO- and TO-phonon frequendi@s¥6 and 1.0
8.06 THz, respectivelyare shown by dotted lines. The spec-
tral profiles depend on the excited carrier densities. The de-
pendence is weak for samples with a doping levehgf,
=1x10" cm 3 compared to those with a level af;,,=3

X 107 cm™ 3.8 The upper branch (L) of the LOPC band
appears distinctly at the high frequency side of the bare LO
band, and the lower branch () appears at a frequency
almost the same as that of the TO band. The frequency of the

L_ mode does not significantly vary with the carrier density A
in contrast with that of the L mode observed in low doped L. (x3)
samples® but the amplitude ratio of the_Lmode to the LO
phonon increases as the photoexcited carrier density in- YT
creases. This fact can be explained by considering that the 0 200 400 600 800 1000
L_ mode is almost TO phononlike in the highly doped to (f5)
GaAs. The band width of the Lmode is comparable to that
of the LO phonon, showing SI.OW d‘?cay of t.he node. The partitioning Fourier transform. Solid lines are fitted curves with a
frequency of the L. mode varied slightly with the photoex- single exponential decay.
cited carrier density. This is because the excitation carrier
density is smaller than the majority carrier density and the
L., mode frequency would be mainly determined by the ma-£ffective carrier density is constant within a few picosec-
jority carrier density. The highest frequency of the mode ~ onds. This result reflects that the population-decagombi-
observed was about 16.0 THz when the total carrier densitpation time of the photoexcited carriers is 100 ps in
was 2x 10' cm™3. This frequency value is in good agree- GaAs. In Fig. 3, the peak FT amplitudes of the LO phonon,
ment with that observed by Raman scattering in a samplé , and L. modes shown in the inset of Fig. 2 are plotted as
with the same doping levéf,and is also consistent with the @ function oft,. The FT amplitudes of both the LO phonon
prediction based on the microscopic theory of the plasmonand L. mode increase at the initial stage rising time is
phonon oscillations created by ultrafast optical excitation. about 50 f$, and then decay exponentially. This rise of the
It is to be noted that the LO phonon mode is observed at th&T amplitude might be due to the finite width of the pump
depletion region and that the inhomogeneous carrier densitgnd probe pulses. The decay time obtained by fitting the data
due to a pump beam profile would affect the line shape of théo a single exponential decay is 68@0 fs for the LO pho-
coherent LO phonon and LOPC mod&g his density inho-  non, 920-40 fs for the L. mode, and 138 40 fs for the L.
mogeneity would explain the presence of the wing on thenode. The decay time of the LO phonon is close to that of
high energy side of the LO phonon and the asymmetrisemi-insulating GaAs with a photoexcited carrier density of
shape of the L line. 10 cm™2 (700 f9,! but is shorter than that of intrinsic
We estimated the decay time using a time partitioningGaAs which was obtained by using CAR@&bout 4.2
Fourier transform{TPFT), because the line shape of the LO, +0.4 ps at 300 K*’ This shortening of the LO phonon de-
L_, and L, modes are asymmetric and it is difficult to de- cay is discussed later.
duce the decay time of the coherent LOPC modes by fitting The TPFT spectra for a sample with carrier concentration
exponentially damped harmonic oscillations to the observe@®f ng,p=3X 10" cm~ 2 were also obtained by Hase al®
time domain signalt® The FT spectra at the delay timg  The decay times of the L mode obtained for the highly
was obtained by the following Fourier transform equation fordoped sample rgop=1X% 10 cm®) and the low doped
windows fromt, to =, [tg,*]; sample (4op=3x 10" cm™3) are plotted in Fig. 4 as a
function of the photoexcited carrier density,pn The decay
|(w):ft 5A:eo) oot @ time for the highly doped sample is almost independent of
0

18 -3
Ngop=1x10"cm
3

N, =1x 10"%cm’

L

e

FT Amplitude (arb. units)

FIG. 3. FT amplitudes as a function tf obtained by the time

Nexc,» being about 13640 fs. For the low doped sample,
however, the decay time decreased ag; increased, and
Since the coherent oscillations examined here, especially theached the same value as that of highly doped sample with
coherent L, mode, are rapidly decaying modes, the TPFTn.,.=1x 10 cm 3. These results indicate that the decay
spectra for a time intervdt,,o ] can roughly be regarded as time of the coherent L mode depends strongly on the pho-
the spectrum at the delay tintg, although the signal in- toexcited carrier densityp. when the doping level is less
cludes the oscillatory component in a time region far figm  than n,., while the decay time is almost independent gf.n
The inset in Fig. 2 shows the TPFT spectra obtained for avhen the doping level is larger thap,p. The decay time of
sample with a carrier concentration 0f,,=1x10cm 3 the L, mode (13@40 fs) for the photoexcited carrier den-
and a photoexcited carrier density of,p=1x10®¥cm 3. sity of 1x10* cm™2 is much shorter than the LO phonon
Comparing the TPFT spectra at differegis, we see that the decay timeabout 4.2 ps at 300 K This would indicate that
L. mode decays rapidly, while the LO and loscillations  the coherent L. mode observed here is a plasmonlike mode
decay slowly(the time constants are longer than 500 he  and the second term in E(L) plays an important role in the
peak frequencies of the,Land L modes do not change as ultrafast decay of the coherent Lmode. Thus, the decrease
to varies, showing that the frequency of the LOPC mode if the decay time with g for the low doped sample can be
determined by the initial total carrier density and that theexplained by the increase in damping of the electron-hole
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FIG. 4. The decay time of the,Lmode for highly dopedopen
square; fop=1x 10 cm %) and low doped(closed circle; Bop
=310 cm %) n-GaAs. The dotted lines are guides for the eye.
The inset shows the decay rates of therhode as a function of the squar for the ny,,=1x 10 cm 2 sample and of the LO phonon
total electron density obtained by CARSsing the Valle data and (open circle, L'i mode (closed circle for the ny,=3
our TPFT. Our results can be fitted to the line that depends linearly, 101 cm™2 sample. P
on the electron density.

FIG. 5. The decay time of the LO phonon and imodes for the
low doped and highly doped-GaAs obtained by TPFT methods.
These are of the LO phonofopen squarne L_ mode (closed

. L time on carrier density showed that the decay rate varied
plasma generated by optical excitati§fiThe constant decay . 13 ) :
ith ~ng~, and they concluded that carrier momentum is

time for the highly doped sample can be explained by theV!t" e 1 < ) X
fact that the majority carrier density is larger than the pho_rap|dly redistributed by a screened Coulomb interaction be-

toexcited carrier density, and the decay rate would be detefween carriers? Our results for the decay rate of the, L
mined by electron scattering with impurities and defects. Inmode (173 ~n,) deviate from their results(n3"), and this

the inset of Fig. 4, the decay rates of the inode are plotted fact indicates that thk-space carrier-carrier scattering would
as a function of the total electrdnarrien density. According not affect the ultrafast decay of the, mode, although the

to the results of CARS experiments by Valet al., the k-space carrier scattering may partly contribute to dephasing
decay rate of the phononlike,Lmode varies linearly with of the L, mode. The LO phonon emission would not con-
electron densityn, as shown in the inset, in which we plot tribute to the decay of the coherent, Lmodes in our
their data for 2I'; —2/T3, where 173 is the decay rate of samples, although the decay time of the plasmonlike L
L, mode and IV(Z’ is the decay rate of the bare LO phorién. mode is close to the LO phonon emission time of photoex-
The decay rates we obtained for the plasmonlikerhode cited carriergabout 100 522! Further studies on the elec-
also reveal linear dependence for electron densities smallefon densities larger thar 2 10 cm™2 is required to un-
than 1x 10 cm™2, as shown in the inset, although the de- derstand the nature of the overdamped coherentriode.

cay rate did not show a systematic change for the electron The dephasing of the coherent LO phonon and the L
density larger than % 10'® cm™*. The corresponding aver- mode has been also studied by using TPFT. As shown in Fig.
age electron scattering timer),, deduced using Ec_(.l) is 5, for both highly doped ((n)p:lxlolS cm 3) and low
almost ;:ons_tgnthSi 1% fs)_fgrthe elect_ro_n densme; from doped (laop:3><1017 cm 3) samples, the decay times of

5 X107 cm ® to 2X 10" cm®. The deviation from linear e conerent LO phonon and the coherent modes are
dependence of our TPFT data for the electron density larg&fyained. The LO phonon decay time decreases with increas-

b st by s S e o eponeJ0 e doping sty and i deceases ao he phoercied
g by imp X b arrier density g, is increased. This result indicates that the

that electron-hole scattering is a dominant scattering proces . .
9 9k ephasing of the coherent LO phonon observed in our ex-

in the presence of photogenerated electron-hole pld&ma. " tis due to elect h int " ther th
Their report is consistent with our result that the decay rat@'Ment Is due to electron-phonon intéraction rather than
of the coherent L mode linearly increases with electron phonon-phonon interaction introduced by crystal potential

density ., as expected from the second term in Eq. Our anharmonicityl._4 The decay time of the coherent Lmode
results together with their report demonstrate the ultrafasfioes not drastically change compared to the LO phonon. The
decay of the coherent,Lmode for electron densities below decay time of the L mode slightly decreases wheg,pis
1x10"® cm 3 is caused by loss of coherence due toincreased in the highly doped sample, whereas, in the low
electron-hole scattering in the presence of electron-holéloped sample, the decay time of the imode slightly in-
plasma generated by optical excitation. creases whengp. is increased as shown in Fig. 5. This result

Portellaet al. investigated thé-space carrier-carrier scat- suggests that the L mode is a phononlike mode in the
tering in GaAs by measuring the transient relaxation of arhighly doped sample, and that the Imode slightly changes
anisotropic population, using 9 fs ultrashort puls&ém their ~ from a plasmonlike to a phononlike mode in the low doped
experiment, the dependence of the momentum relaxatiosample as g increases.
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V. CONCLUSION when the doping level is less than photogenerated carrier
Ultrafast decay of the coherent LO phonon—plasmondensny' The ultrafast decay of the coherent inode would

coupled modes was investigated using a femtosecond pum-e mainly caused by electron scattering with impurities and

probe technique. We observed both the upper and Iowerefe.CtSdWhe.n the doping level is larger than photogenerated
branches of the coherent LO phonon-plasmon couple((i‘arrler ensity.
modes inn-GaAs. The coherent L mode observed in highly

doped GaAs was almost a TO phononlike mode and the ACKNOWLEDGMENTS
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