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Subpicosecond photoconductivity of In, s4Gag 47AS: Intervalley scattering rates observed
via THz spectroscopy
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We report on the transient photoconductivity of hot carriers in undoped bulklike®a, ,As observed via
time-resolved terahertz far-infrared spectroscopy. For very dilute photoexcitation densitied 010"
cm~ 2 and an initial excess carrier energy of 630 meV, we find that electrons have an effective intervalley
L—T return time of 3.1 ps as measured via the increased electrical conductivity associatédelattitrons.
In contrast, atotal conductivity risetime of~0.5 ps is observed for electrons with initial excess energy
insufficient to cause intervalley scattering. The observed frequency dependent conductivity is analyzed via the
Drude theory, allowing the determination of the temporal dynamics of the mobility at dilute excitation densities
of ~1x 10" cm™3. [S0163-182696)05531-3

[. INTRODUCTION carrier transport phenomena at very low carrier densities
with femtosecond temporal resolution. It is convenient to
The transient transport dynamics of photoexcited carrieryiew the THz interaction as an examination of the local
in semiconductors are of importance for understanding funphase-space environment of the individual carrier states
damental scattering phenomena and the creation of addwithout the complexities of high carrier densities. Although
tional optical and electronic devices. Hot carriers, createdhe far infrared has been used for many years to characterize
either by optical excitation or electronic heating, undergo dow-energy excitations in semiconductors, the THz genera-
number of energy-loss mechanisms including carrier-carrietion technique and the subsequent ability to perform FIR
scattering and longitudinal-opticdLO) phonon-scattering studies with subpicosecond temporal resolution is just begin-
events. At high carrier densities both electron-electron anding to be exploited. Recent fundamental work in short-pulse
electron-hole scattering processes dominate, yielding a qu&lR generation includes the study of the generation mecha-
siequilibrium carrier distribution within a few tens of femto- nism, the subpicosecond dynamics of photocarrier
seconds. At low carrier densities LO-phonon-cascade emisscreening,and the spectroscopic study of photoinduced con-
sion is believed to dominate. For 1lI-V compound ductivity in GaAs® Each of these studies was performed at
semiconductors, intervalley scattering events also occur vigelatively large photoinjected carrier concentrations. We
the interaction of large momentum phonons, and often domipoint out that there have been only a few reports using the
nate both transient and quasiequilibrium transport phenonterahertz generation technique as a spectroscopic method of
ena. Indeed, many electronic devices require intervalley scaprobing the transient dynamics of low-energy excitations. In
tering for operation. Intervalley scattering events are nothis paper, to our knowledge, we present the first time-
limited to high-field phenomena, but include photonic inter-resolved far-infrared spectroscopy study of the transient con-
actions as well. ductivity in Ings4Gag 4As (In,Ga; _,As). Our technique al-
Traditionally, both time-resolved photoluminesceiieg) lows the investigation of transport phenomena at very dilute
and transient absorption studies have provided the bulk ofarrier densities.
the experimental data on carrier cooling phenomenal- The interaction between the electromagnetic wave and the
though a few cw experiments have been repottdine- material can be described by the frequency- and time-
resolved PL provides a direct measure of carrier energy redependent dielectric response functigfw,t), which can be
laxation rates in contrast to far-infraréBIR) transmission, represented as a sum of three contributiofs:interband
which provides a measure of the conductivity or momentuntransitions including intersubband transitiofis), free-carrier
relaxation rate. More importantly, as pointed out by Ridley, effects, and(iii) the contribution of phonons. Due to the
many scattering phenomena and quantum confinement e$mall excitation energy, the measurement is not sensitive to
fects are strongly influenced by the introduction of large carinterband- or phonon-related transitions. Thus, for the trans-
rier densities often encountered in time-resolved PL meaport studies presented here, we require only the free-carrier
surements. These high carrier densities add complexitiesontribution. The complete dielectric response function is
including coupled-mode effects and the subsequent inabilitghen
to observe the bare scattering interaction even in the bulk.
On the other hand, the far infrared interacts preferentially .
: : : io
with mobile charge and, as we demonstrate here using the e(w)=eo+ —, (1)
short-pulse terahert@Hz) generation technique, can probe wEq
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1ol ] chronously observed THz signal thus represents only that
() component of the THz beam which changes due to the pho-
] toexcitation. The spectral content of the transmitted THz
h ool ; pulse is obtained by fixing the relative delay between the
e’ “ photoexcitation pulse and the arrival of the THz probe pulse
photoexcitation 051 at the sample. The transmitted probe pulse is then combined
Transmited THz ) S | with the THz beam of source 2 using the combining silicon
Delay(ps) beam splitter in the interferometer arrangement of Fi{g).1
o >Egap o : An interferogrant, Fig. 1(b), is obtained by scanning the
N (© relative delay of THz source 2 with respect to THz source 1.
wild \\ In this fashion, a sequence of interferograms is taken, each
' corresponding to a different delay between the photoexcita-
102} "-\ tion source and the probe FIR pulse of source 1. Again, the
\ signal is obtained by synchronous detection with respect to
the chopped photoexcitation beam. This arrangement yields
Frequency(THz) true differential spectroscopic data, and provides exceptional
sensitivity allowing transmission changes to be observed to
FIG. 1. (8 Femtosecond far-infrared spectrometer with sampleone part in 16. A Fourier analysis of the interferogram re-
photoexcitation(b) Resulting reference interferogram atg the  veals the power spectral density of the transmitted pulse, Fig.
corresponding spectral power density. 1(c), for any fixed delay with respect to the photoexcitation
source. We note that useful power extends to 3 THz, which
whereo is the complex conductivity and, as represented incorresponds to 12.4 meV.
(1), is completely general. Material parameters, including the The dependence of the conductivity on the excess carrier
mobility  and carrier densit\, can be determined via an energy is determined by use of a number of photoexcitation
appropriate model of the conductivity. Our analysis employsnergies from 0.8 eV1.55um) to 1.55 eV (800 nmm). The

the Drude theory, which results in the conductivity shorter-wavelength pulses near 800 nm are obtained from the
S _ same mode-locked Ti-sapphire laser which is used to gener-
o(w)=igqwp/(w+il'y), (2)  ate the THz beams. The longer wavelength<.(30 um) are

wherew, is the plasma frequency,, is the carrier momen- produced from a .parametr!c oscil!ator which is_synchro-
tum scattering rate, and the other terms have their usué]ously pumped with t_he Tl—sapph|re I_aser. These longer-
meaning. The conductivity can be related to the experimen\fvavelength pulses maintain a pulse width 6100 TS and .
tally measured transmission data using the Fresnel coeffhave less than 50-fs jitter with respect to the'Tl—sapphwe
cients for the multilayer semiconductor struct(iréhe tera- pulses. The THz prqbe beam produces &-mm-diam Spot
hertz spectroscopic system thus interacts preferentially wit}" the sample, and is fully ef_“’e.'oped by 'ghe_ 8-mm photoex-
citation. The large photoexcitation area limits our temporal

mobile charge species of |GBa;_,As, and is a direct mea- lution to~500 f nfirmed by the m rement of
sure of the sample conductivity. The time resolved capabilit){evsvour Svthct) mper ‘:’ ?S(g(ajﬁ(iT-gaAy) met rtiealsu ement o
of the pulsed FIR source allows the determination of both®W 9r0 emperature ans) material.

The In,Ga; _,As samples used in this work are grown by

o(w,t) and, assuming an appropriate model of conduction ; ) .
N(t) and u(t). The extension of these measurements tomolecular—beam epitaxy on Fe:InP substrates, and consist of

guantum-confined structures will be reported separately. stnoorrt?ilr?;"é yg:“:gﬁgxe ;%’;n;h'gg nIrQX(;ZL;IBXAiAs“gch;;)
- A 0.4

layer. A 100-nm A} sJn o 4/As buffer layer was used at the
substrate interface. This heterojunction structure eliminates

ultrafast transient photocurrent. The FIR pulses, 200 fs itudy the fundamental bulk phenomena. For each of the ex-
duration, are created via the photoexcitation of carrieritation wavelengths investigated, nearly all of the absorp-
within the large electric field developed between the exterfion occurs in the InGa,; _,As layer, as determined by sepa-
nally biased electrodes fabricated on semi-insulating GaAsrate absorption measurements.
The resulting pulsed emission of FIR is comprised of a con-
tinUL_Jm of frequencies s_panning f_romO.l to beyond 3 THz. _ IIl. TRANSIENT EIR TRANSMISSION

Figure Xa) schematically depicts the THz spectroscopic
system which allows the spectrally integrated or spectrally The bare momentum scattering rates are examined via the
resolved FIR transmission study of materials. The timedransient conductivity at various excess electron energies for
resolved spectrally integrated transmission of the FIR THzarrier densities< 10" cm™ 3. Figure 2 shows the change in
beam is obtained via a pump-probe arrangement using onlyansmission |[AT/T| for two excitation wavelengths,
source 1, and the photoexcitation pump shown in Fig) 1 A=810 nm and 1.4um. Only the shorter-wavelength exci-
(i.e., THz source 2 and the beam splitter are not us€de  tation provides the necessary excess electron energy for in-
total FIR power transmitted through the sample is measuretervalley scattering. Note that increasing signal strength cor-
using a liquid-helium-cooled bolometer. For our differential responds to an increasing conductivity and a decreasing
transmission technique, only the visible or near-infrared photransmission. At long delays;>50 ps, the carriers have
toexcitation pump beam is mechanically chopped; the synreached thermal equilibrium, and the near-exponential decay

Il. EXPERIMENT
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T T depends on the carrier cooling rate, including the relaxation

15l 1 time for carriers that may scatter to satellite valleys. Impor-
TN ] tantly, our low photoinjected carrier densities avoid hot pho-
MAs A, =810nm non and screening effects which dramatically reduce the
electron-energy-loss ratés.
101 - In Fig. 3(a) the integrated transmission spectra following

photoexcitation is shown for excitation wavelengths of 810
JW’M nm, 1.38um, and 1.52um, corresponding to an excess elec-
o5l InGahs Ao=1405um | tron energy of 680, 137, and 60 meV, respectively, as mea-
sured from thd” conduction-band minimum. Both valence-
LT-GaAs A__=810nm and conduction-band nonparabolicities have been included in
the estimate of excess electron energy. By measuring the
incident power, absorption, and spot size, we estimate that
Del each incident pulse creates carrier densities of18,
elay(ps) 1.6x 10" and 1.%x10* cm~2 for the three wavelengths,
FIG. 2. Long-time temporal dynamics of the spectrally inte- respectively. C o
grated FIR trangmission ofp;ﬁaal,x);\s for two differegt photgex- . The co_nduct|V|ty rise time observed for 810-nm excitation
is dramatically longer than that observed for lower-energy

citation wavelengths. Absolute differences in response are attrib=> ~ ™" . . . . .
uted to photocarrier density differences which are nearl6“ excitations. We attribute this to intervalley scattering, which

cm~2. The response of low-temperature-grown GaAs is shown foPCCUrs only for the 810-nm excitation. The energy difference
comparison. between the lowest satellite valley X and the conduction-
band minimum is 550 meV. Excitation at 810 nm thus cre-

is strictly a measure of the carrier density which decrease8tes carriers-130 meV above the-valley minimum. Since
due to band-to-band recombination or trapping. It is evidenthe mobility of L-valley electrons is less than one-tenth that
from Fig. 2 that the carrier recombination lifetime is some-Of I'-valley electrons, we ascribe all of the observed conduc-
what longer than the pulse period of 12 ns, producing thdivity to I' electrons. Conductivity changes resulting from
residual carrier density shown. However, the overall recomeooling within thel’ band are small compared to those asso-
bination rate is independent of excitation photon energy, asiated with intervalley scattering. We will show that this en-
shown by the ratio of the peak to minimutiT shown in  €rgy dependence of the mobility within is modest, so that
Fig. 2. We have also verified that the carrier dynamics do nothe rise time of the 810-nm photoconductivity is a direct
measurably change with carrier density over the range ofeasure of the intervalley scattering rates.
2Xx10%-10% cm~3. The different transmission changes For the 810-nm excitation, the conductivity rise time is
shown for the two excitations result from different photoex-thus a measure of theetreturn of carriers fronl to I'. As
citation carrier densities. We also note that THz spectroscoppointed out by Stanton and Bailé§the net return of elec-
technique can discern changes in transmission of one part ffons is not simply determined by theto I' relaxation time
10*. The results for the LT-GaAs depict-a200-ps recom- 7Lr, butinstead is determined by the cooling rate of carriers
bination lifetime and the subsequent return of the samplavithin the I' and L valleys. This arises from the fact that
conductivity to the quiescent state, and is shown for referelectrons which scatter back 10 will quickly return to L
ence. unless they have cooled to within a LO-phonon energy of the
We now describe the general features of the conductivity--valley minimum. This mechanism may be accounted for
dependence on excess carrier energy within the independerity modeling thel” valley as two states. Electrons within the
electron approximation. The effective mass and the momerhigh-energy state may scatter to the single-energy state of the
tum scattering rate are the principle parameters which detet- valley with a rateyr , and return with a rate . Elec-
mine the conductivity. Both of these may changetrons in the high-energy state #f may also scatter to the
dramatically with carrier energy. The carrier densities remairsecond low-energy state. Once electrons accumulate in the
essentially constant at short times. For carriers which remailpw-energyl state, they are not permitted to scatted tor
in a single valley of a band, the effective mass changes in hack to the high-energy state. The intrd--band scattering
well-defined manner, generally increasing with increasingate y, is determined primarily by the polar-optical-phonon-
energy, and is well described by band nonparabolicities. Irscattering rate I o and the excess energy. For our excess
contrast, the various momentum scattering mechanisms dearrier energy, we estimateyg, of 5X 10*? s~ 1. Consider-
not maintain such a simple relation to carrier energy. Fomtions of detailed balance require that the ratio between
LO-phonon-scattering limited transport, carriers experienceyr, andy, r be equal to the carrier density ratio between the
an increased scattering rate with increasing excess energ@wo states at equilibrium. In the present case this ratio is just
1/7,<EY2 On the other hand, the rate of ionized impurity equal to the ratio of the density of statBOS) of the L
scattering depends inversely on carrier en¥tgg/r,, valley to the DOS of thaipper portionof the I' band. It is
«E~%2 We note that electron-hole scattering may be apdifficult to determine the corresponding density of states due
proximated as ionized impurity scattering. to the lack of precise band-structure descriptions of
If carriers have sufficient energy to scatter to lower mo-In,Ga; _,As. However, we estimate that this ratio is close to
bility satellite valleys, the effective conductivity is drasti- that calculated for GaAs, which is approximately 10. The
cally reduced by both changes in effective mass and scatteresulting coupled differential equations allow the calculation
ing rates. Thus the rise time of the photoconductivityof the temporal dynamics of the occupation of the three
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states. Since we ascribe all of the transient conductivity t@xponential return time of-2 ps for 190-meV excess elec-
I'-band electrons, the sum of occupancy of both the uppetron energy above theé-valley minimum, and at a carrier
and lowerI'-band states is proportional to the conductivity, density nearly two orders larger. We believe, therefore, that
and hence the transmission change. the In,Ga; _,As L-I" average return time is generally slower

In Fig. 3@ the best-fit results of the three-state modelthan that of GaAs. The intervalley scattering raf¢ is close
together with the transient transmission data for 810-nm exto the 30—40 fs reported for GaAs under similar excess car-
citation are shown. The corresponding scattering times arder energies**®
1/y,r=350 fs and 14 =35 fs. The measured response The details of the rising edge of the lower-energy excita-
and the model results are well approximated by an exponertions are shown in Fig.(8). For comparison the conductivity
tial time constant of 3.1 ps. We note that this is shorter thardata observed for 810-nm excitation of LT-GaAs is also
the luminescence rise time data of Shethal. for electrons  shown. There is an apparent faster conductivity rise time for
with ~300-meV excess energy with respect to thdand lower-energy excitations. Specifically, the deconvolved ex-
minimum in GaAs. Since the time-resolved PL data areponential cooling rates are approximately 0.5 ps for the 1.52-
heavily weighted with band-edge luminescence, the PL datam excitation and 0.7 ps for the 1.38m excitation. In
corresponds to the total cooling time of the band edge, whicltomparison LT-GaAs exhibits a corresponding rise time of
may be~1 ps longer than our intervalley relaxation time. 0.4 ps. We make the tentative conclusion that we have ob-
The larger excess electron energy and the higher carrier deserved a faster cooling time associated with the lower-energy
sity may also contribute to the observed longer PL rise timeexcitation. This requires a monotonically increasingwith

The effective intervalley return time of 3.1 ps is longer decreasing carrier energy. We note that, as discussed below,
than that reported by Nuss, Auston, and Cap&dsp GaAs the mobility may be limited by electron-hole scattering
via a similar THz conductivity measurement. In particularevents. Thus, when these events are viewed within the
we note that Nuss, Auston, and Capasso observed an averaigeamework of ionized impurity scattering;,, may not de-
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crease with increasing energy. However, the data shown in . ; . T
Fig. 3(b) together with transient transmission data observed

at intermediate wavelengths indicate that it is possible to

observe these small changes in conductivity rise time asso-
ciated with changes in excess carrier energy. For excitation
insufficient to cause intervalley scattering the observed cool-
ing rates of~0.7 ps are substantially shorter than that ob-

served for high excess electron energy. Therefore, the 3.1-ps
conductivity rise time of the 810-nm excitation corresponds 0.02 L
to the intervalley cooling rate.

0.03 -

|AT/T|

IV. SPECTROSCOPY

In Fig. 4 we show the results of the second type of mea- 0.01 |-
surement, namely, the interferometric determination of the
spectral content of the transmitted FIR pulse. The Fourier-
analyzed interferometric data at fixed photoexcitation-FIR
probe delays for the excitation wavelengths depicted in Figs.
3 are shown in Fig. 4. 0.00 ) . ) . )

The data presented, as well as all of the data observed at 0 1 2 3
various delays, resembles a general Drude-like response. The(a)
data observed at a 2-ps delay corresponds to the immediate
rising edge of the integrated spectral data of Fida).3The 0.008
response at 3 ps is shown in FighBfor 1.38-.um excita-
tion. At these short times, the carrier distribution is in a
highly nonequilibrium state, and although the overall trans-
mission spectra appears Drude like, these spectra had the
largest variation from the best-fit Drude response, which are
depicted as solid lines in Fig. 4. In particular, the high-
frequency>2-THz conductivity is systematically larger than
that of a Drude response. We calculated the transmission
response of the photoexcited sample using a multi- =
layer analysis which includes four mediums: *<‘]
air-In,Ga; _,As-substrate-air. The fit is heavily weighted for
frequencies less than 1.5 THz due to the superior signal to
noise in this region. The corresponding mobilities for the 0.004 -
best-fit model range from 5000 to 6000 & s, which we
estimate are accurate to within500 cn?/V s. The carrier
densities of they-valley electrons range from 2&L0Y
cm 2 at 12 ns to 3.410% at 16 ps, and are consistent with
the excitation parameters and the carrier lifetime data of :
Fig. 2. 0.002 , | ) <

Frequency(THz)

0.006 -

Figure 4b) shows the corresponding spectrally resolved 0 1 2
data for 1.38xm excitation. These data correspond to some- Frequency(THz)

what smaller excitation densities, and are generally Drude- (b)
like. The Drude fits yield a carrier density commensurate
with the experimental parameters. More importantly, the re | b h - itation (b
sulting mobilities at longer delays also ranged from 5000 tc€/2yS between photoexcitatiot® 810-nm excitation,(b) 1.38-
6000 cn?/V s. Thus the transient transmission of the THz of “M excitation. The solid lines represent the best-fit Drude response.
In (@ and (b) the mobilities increase from near 5000 to 6000

photogenerated electrons yields a mobility which is mdepen 2

dent of excitation wavelength as expected. m</V s as the delay is increased from 2 ps to 12 ns. The corre-

1 sponding carrier densities are consistent with the measured experi-
It has been shown by Vengurlekar and ‘ftthat for spe- mental parameters.

cific excess carrier energies and sufficiently narrow excita-

tion energy spread, a dramatic variance from a Drude-like V. DISCUSSION

response is expected at very short temporal detagsps.

Our data do not exhibit these dramatic variances from the The Drude-fit mobility, in every case, is less than the Hall
Drude response due to the broad spectral content of oumobility, which we measured to bgy=10 000 cnf/V s.
~50-fs excitation pulses, and to the inability to observe ap-This result was not observed in the static THz conductivity
preciable conductivity changes for delays less than 2 ps. measurements oh- and p-type GaAs, which yielded a

FIG. 4. Frequency dependence of the transmission data for fixed
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Drude-fit mobility which very closely matches the observedeven at short times following photoexcitation, although the
Hall mobility.}” However, a substantially reduced Drude-fit implied mobility of optically generated carriers is somewhat
mobility was observed in GaAs using a related photoexcitedess than the Hall mobility. We conclude that dilute photoin-
THz-probe techniqué For large photogenerated carrier den- jected carrier densities yield a photoexcited carrier mobility
sities, this discrepancy between the observed Hall mobilitywhich is more consistent with the observed Hall mobility
and the FIR photoconductivity has been attributed to the adthan previous THz measurements in GaAs. We have also
ditional momentum relaxation associated with electron-holebserved deviations from the ideal Drude response at high
scattering events. We note that our observed Drude-fit carridrequencies. We attribute the discrepancy between the Hall
mobility is less than the factor of 4 observed previously inand Drude-fit mobilities to an enhanced momentum scatter-
GaAs® We attribute this to the dilute carrier densities in ouring rate which may result from the photoexcitation of impu-
experiments. However, for the very dilute carrier densities irrities and the subsequent increase in ionized impurity scat-
the present work, it is difficult to attribute the reduced mo-tering.

bility solely to this mechanism. This can be seen by consid-

ering that electron-hole scattering is well approximated by VI. CONCLUSIONS

ionized impurity scattering® Thus the observed mobility
should be similar to that observed in doped samples with
densities equal to the photogenerated carrier density. Th
interpretation does not reconcile the50% mobility reduc-

In summary, we have measured the carrier cooling dy-
amics of photoexcited carriers in J8a; _,As using tera-
ertz spectroscopy. From the 3.1-ps conductivity rise time
tion observed for carrier densities ef5x 10 cm~3. An  [he intervaliey scz.at.terin%lréitqri\évas determined to be 350
additional consideration exists in the present case; the Ionfgs for carrier densities-10™cm ", Carn_er _coollng times of
carrier lifetime results in a distinct equilibrium residual car- ~0.5 ps were observed_ for photoexcitation, which did not
rier density which is in addition to the highly nonequilibrium allow mterv_alley scattering e"ef.“s- The specirally resolved
photoexcited carrier density. The nonequilibrium photoex-':IR gpsorptlon was modeled using a qudg form of .the con-
cited carriers experience carrier-carrier scattering amongucnvIty with good results. Although deviations at high fre-

themselves as well as with the equilibrium electron-hole dis uency were observed, partlcula_rly at short tl_r_nes after pho-
tributions. toexcitation. We have also established the ability of terahertz

The Drude model descriptions of the frequency—dependerﬁgﬁ?rosmpy to observe carrier dynamics of very dilute sys-

transmission are well correlated with the observed time-
resolved THz spectroscopy data, yielding a carrier density
which is consistent with the experimental parameters. The
corresponding Drude mobility, on the other hand, is approxi- We thank A. S. Vengurlekar for valuable discussions. Part
mately 50—-60 % of the separately measured Hall mobility.of this work was supported by the Georgia Research Alli-
Thus the observed conductivity is approximately Drude like,ance.
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