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Transient photoconductivity in GaAs as measured by time-resolved terahertz spectroscopy
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The onset and decay of photoconductivity in bulk GaAs has been measured with 200-fs temporal resolution
using time-resolved THz spectroscopy. A low carrier density2( 10 cm2) with less than 100-meV
kinetic energy was generated via photoexcitation. The conductivity was monitored in a noncontact fashion
through absorption of TH#ar-infrared pulses of several hundred femtosecond duration. The complex-valued
conductivity rises nonmonotonically, and displays nearly Drude-like behavior within 3 ps. The electron mo-
bilities obtained from fitting the data to a modified Drude model (654C ¢émt s~ at room temperature with
N=1.6x10%cm 3, and 13600 chV 1s ! at 70 K withN=1.5x10%cm 2) are in good agreement with
literature values. There are, however, deviations from Drude-like behavior at the shortest delay times. It is
shown that a scalar value for the conductivity will not suffice, and that it is necessary to determine the
time-resolved, frequency-dependent conductivity. From 0 to 3 ps a shift to higher mobilities is observed as the
electrons relax in thé' valley due to LO-phonon-assisted intravalley absorption. At long delay ti5e300
ps), the carrier density decreases due to bulk and surface recombination. The time constant for the bulk
recombination is 2.1 ns, and the surface recombination velocity is BOBcm/s.

[. INTRODUCTION devices. Therefore, one of the motivating factors for this
work was to benchmark the TRTS technique on a well-
Ultrafast carrier dynamics in semiconductors have been oftudied system before proceeding to study systems that are
great interest for the last few decades, and GaAs is the higilot as well characterized.

speed semiconductor of choit®.Experimental techniques b 'I;?is stutljykwas a(ljst\)”znotir\]/ateﬂ in part b"y a se(rji_es %f pagers
of time-resolved optical transmissidn® reflection, electro- Y ; e“%"f ar ??h . a that t goretmda yt preb!ﬁe fa hra—
optic  sampling®®  luminescencd? >  four-wave Matic variation of the frequency-dependent mobility of pho-

mixing,'®1” and photon echoe€;!® among others, have all toexcited electrons as a function of their initial kinetic

contributed to a more complete understanding of carrier d ganergyz.6‘3°|f the initial electron kinetic energy is an inte-
riou ; P : 9 1€ Y4ral ‘multiple of the LO-phonon energy, then tremendous
namics in semiconductors. Theoretical models of carrier dy.

ics h dqf led 20, variations and oscillations in the frequency-dependent con-
namics have ranged from coupled rate equatiotesMonte g, c4ivity are predicted during the first coupie of picoseconds

Carlo simulations;~**to semlcor12c71uctpr Bloch equatidfis ey photoexcitation. On the other hand, if the initial kinetic
and Boltzmann transport theofy”” This paper reports on energy is a half-integral multiple of the LO-phonon energy,
the time-resolved, frequency-dependent photoconductivity ofhe onset of photoconductivity is predicted to smoothly ap-
GaAs based on measurement of the intraband absorption. proach Drude-like behavior. We have carried out a full time-
Time-resolved THz spectroscopyRTS) is a noncontact  resolved study of the relaxation dynamics that has produced
electrical probe capable of determining photoconductivityresults directly comparable to these theoretical predictions.
with a temporal resolution of better than 200 fs. MethodsWhile our results agree with some of the features of Ven-
such as transient absorption or time-resolved luminescencgurlekar and Jha’s predictions, we do not observe differences
which are sensitive to either the sum or the product of thébased on whether the initial kinetic energy is integer or half-
electron and hole distribution functions, respectively, do notinteger multiples of the LO-phonon energy.
measure the actual conductivity. Unlike luminescence, this The time-dependent conductivity is given by (t)
technique is also applicable to a study of carrier dynamics ir=en(t) u(t), wheren(t) is the time-dependent carrier den-
indirect-gap semiconductors. Even methods which are sensity, x(t) is the time-dependent mobility, arelis the elec-
tive to the diffusion of carriers, such as transient grating orifon charge. The carrier density will change on time scales of
four-wave mixing, are not able to determine the frequency-~2 PS due to surface recombination, ard00 ps due to
dependent conductivity. The high sensitivity of TRTS makesPUlk recombination and diffusion. Therefore, changes in

it possible to carry out measurements with photoexcited carZ(t) will réflect changes inu(t) for times interval<5 ps.
rier column densities as low as>x8L0° cm™2 in GaAs  1he mobility is related to the dynamics of the semiconductor

(equivalent to a carrier density 06510* cm3, with a skin through both the effective mass* and the carrier scattering
depth of 1 xm). ’ rate y by u(t)=e/[ y(t)m*(t)]. The effective mass is time
The ability to characterize electrical properties in a non-dependent because the photoexcited electron distribution

contact fashion with subpicosecond temporal resolution id (E;t) is itself ime dependent:
necessary in the field of nanoscale electronics and opto-

electronics, where it is difficult, if not impossible, to use m* (t)= ! . ) (1)
conventional probes. Knowledge of a material’s frequency- f f(E t)id—Edk
dependent conductivity is important for its use in electronic " h? dk?

0163-1829/2000/623)/1576414)/$15.00 PRB 62 15764 ©2000 The American Physical Society



PRB 62 TRANSIENT PHOTOCONDUCTIVITY IN GaAs AS ... 15765

Ti:Sapphire
Regenerative Amplifier . 2
1 kHz, 100 fs, IW average power 2 FIG. 1. Experimental appara-
ST v e tus used to collect TRTS spectra.
variable delay line | > = A reference scan is collected with
<> = . L
4 < © the chopper in position 1, and a
14—\ i . . .
S o photoexcited difference scan is
" ® Dpp:f' X B collected with the chopper in po-
A = sition 2. The THz amplitude is
THz @ Chopper Pos. 2 : :
< transmitter PREES08 } monitored by changing the rela-
sample in Time (ps) tive d-elay of table 1 or table 2 de-
cryostat 3 v pending on the type of experiment
M 'b 10° being performed (see text for
samishle el Tine _ o (b) more detajl. Delay table 3 is used
E 10? to change the relative delay of the
N Z 10° pump beam. Plota) shows a typi-
olarizer - W Db L xS cal time-domain THz transient of
\ ' g 'O'Z about 400 fs duratiofFWHM)
o B . . .
b polatizer [} = 1077 and a signal-to-noise ratio of
d;:ﬂf;s ' igs roughly 1000:1. Plotb) shows the
THzireceiver L 2 0 0 A % 120 power spectrum of the THz pulse.

Receiver beam Frequency (cm™)
variable delay line

This has been observed using visible pump/THz probe exdiscussed in this section. Additional description of these de-
periments where the photoexcited electrons have sufficientelopments can be found in Ref. 41. It is very important to
energy to access théandL valleys, both of which have low stress that the dataustbe worked up correctly if meaning-
curvature (°E/dk?) and thus low mobility* >3 The THz  ful results are to be obtained.
response is then dominated by the electron population scat-
tering back to thd" valley rather than a time-dependent scat-
tering rate. To probe the time-dependent scattering rate inde-
pendent of intervalley scattering, photoexcitation into fhe ~ The time-resolved THz spectrometer is shown schemati-
valley with a small excess energy is required. cally in Fig. 1. A Spectra Physics regenerative amplifier sys-
This work significantly extends some of the most closelytem (Millennia-Tsunami-Merlin-Spitfirg produces a 1-kHz
related studies. Nuss and co-workers performed timepulse train of 1-mJ, 800-nm pulses of 100 fs durafiturl
resolved electro-optic sampling measurements of GaAs, bwtidth at half maximum(FWHM)]. This beam is split into
used 2.0-eV photon energies, which allowed electrons tehree portions, each of which is responsible for either the
scatter to the low mobility satellite valley$>* A time-  THz transmitter, THz receiver, or visible photoexcitation
resolved THz transmission study of GaAs that used similaarms of the spectrometéiabeled 1, 2, and 3 respectivily
high photon energies was reported by Greeal*> A study  For reduced bandwidth experiments described below, the
of GaAs and InP, which also included frequency-resolvechytput of the laser is modified. Metal beam blocks are placed
spectra 7 ps after photoexcitation, was reported by Saefy the compressor of the amplifier to block the low- and
et al>® Groeneveldet al. measured carrier and exciton far-IR high-frequency regions of the bandwidth of the uncom-
spectra  at several pump-probe delay times inyosseqd pulse. After recompression, the resultant pulses have

I
GaAs-ALGa _,As quantum wells. Ralph and co-workers o g ration of approximately 280 #§WHM), and a reduced

investigated the overall change in carrier absorption as Bandwidth of about 6 nm.

function of time, but were qn_ly able to determine t_he Terahertz generation occurs through nonresonant optical
frequency-dependent conductivity on a much longer tiM& o ctificatiorf242 of the visible pulse in a 1-mm-thickl10)

scale because they used bolometric detection rather thaj,re crystal(ll-IV Inc.). The THz radiation is detected by
electrooptic sampling®*® Flanderset al. reported the aver- free-space electro-optic samplfg®” in another 0.5-mm-
age change in THz transmission after photoexu;aﬂon, afick (110) ZnTe crystal. The signal is collected with a
well as frequency resolved absorbance spectra for five PUMB - l-in amplifier(Stanford Research Systems SRB@base-

probe delay times _when using excgglthn energies I0\"1oc:ked to an optical chopper which modulates either the THz
enough to prevent intervalley scattermgFinally, Schall = ooneration arm or the pump beam. We usually collect data

and Jepsen recently investigated the interfage effects ith the chopper in the pump beam: thus, to determine the
propagation of THz pulses through photoexcited Géhs. hotoexcited scan, the difference scan must be added to a

VY]h':e all fzf ;hese _plor&eermg studies pfrol\lndert]d a gIJlEmpsedlr:';l eference scan collected with the chopper in the probe beam.
photoexcited carrier dynamics, none fully characterized the ™ o . jimated 2-mm-diameter  visible beam of

time-resolved, frequency-dependent photoconductivity. 230 wJipulse is used for THz generation, and a focused

Il. EXPERIMENTAL METHODS 200—,um—dia_meter visible beam pf 4.5 nJ/pulse is used for
THz detection. For GaAs experiments, the pump beam en-
The significant developments required to extend TRTSergy is attenuated to less than AJ/pulse to keep the total
experiments to the subpicosecond time scale are only brieflsumber of photoexcited carriers belowk20'® cm™3.

A. Experimental apparatus
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as a function of visible(pump spot size at a 20-ps pump-probe 1 0 1 2 3 4 5 6
delay time. The visible spot sizes are 6.0 nsolid line), 1.7 mm
(dashed ling and 1.1 mm(dot dashed ling whereas the THz spot Pump-Probe Delay Time (ps)

size is 2.3 mm. The spectrum becomes skewed toward higher fre-
quencies as the visible spot size becomes smaller than the THz spot FIG. 3. One-dimensional pump scans of GEAX) at different
size. pump photon energies. At higher pump photon energies, photoex-
cited electrons can access the satellite valleys which have a lower
The THz beam path from the transmitter to the receiver ignobility (see Fig. 4 The absorption of THz radiation depends
enclosed and purged with dry nitrogen. The sample is placedpon the carrier mobility. Thus the change in absorption can be
in a variable temperature cryostdanis model ST-100, with used to measure scattering rates from the satellite valley back to the
LakeShore model 321 temperature contrglifitted with ~ centrall’ valley. (Ref. 33.
single-crystab-cut quartz windows rotated to minimize THz
generation. The sample consists of a 0.46-mm-thick GaAS) show that the carriers take longer to return to the high-
wafer in the(100) orientation to ensure that it does not gen- mobility I' valley (Fig. 4) as a function of increasing photo-
erate THz radiation upon photoexcitatith. excitation energy. This type of 1D TRTS is similar to other
We find that when the spot sizthe diameter at which the time-resolved pump-probe techniques where the change in
intensity of a Gaussian beam falls ta@d/of its value at the transmission AT/T) is measured.
beam centgrof the pump is the same size as or smaller than For GaAs the total measuredT/T is proportional to the
the probe, the extracted spectrum is skewed to higher freabsorption coefficient, which is related to the mobility of
quenciessee Fig. 2 Therefore, the spot size of the visible the photoexcited electrons. The rise and fall times of the
(pump was at least two times larger than that of the THzobserved signal can be used to obtain dynamical information
(probe beam, so that the probe beam sampled a uniform
region of photoexcitation. The spot sizes were determined by
comparing the beam intensities measured through a set of
brass pinholes of known diameter. The visible spot size di-
ameter was between 9 and 11 mm, and the THz spot size was
typically between 3 and 5 mm. The pinholes were also used
to overlap the THz and visible beams at the sample. The THz
and visible beams were copropagated to minimize temporal
smearing.

B. Data acquisition and analysis

Complete TRTS experiments require collecting a THz
difference scan at a series of pump-probe delay times. We
refer to this full data set as a two-dimensiof@D) scan. It is
also possible to scan one delay line while holding the other
fixed. This is referred to as a 1D scan, and can be collected
as such, or obtained numerically from the 2D data. A 1D
probescan is obtamed when .the pump delay ligis fixed FIG. 4. GaAs band structure showing different possible excita-
and the THz receiver delay lin@) is scanned. A 1D probe 5 schemes. In excitation scheme 1, the optical photon excites
scan is only meaningful when obtaining data at least 3 pgarriers high enough in thE valley to allow scattering to the or
after time zero(=0). A 1D pumpscan is obtained when the x valleys. In this case the onset of photoconductivity will be gov-
THz receiver delay line is fixed at the peak of the THz pulseerned by the return of the electrons from ther X into thel valley
and the pump delay line is scanned. A 1D pump scan prowhere the mobility is highest. Excitation scheme 2 excites the elec-
vides useful information about the average THz absorptionron directly into thel’ valley, and the dynamics will be due to
by the sample. For example, 1D pump scans of GEAgG.  relaxation solely in thd” valley.
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about relaxation and scattering rates. However, a 1D pump
scan is not adequate when the photoresponse includes a
change in index of refraction, or when the transient absorp-
tion has a frequency dependence. In these cases, an observe(
change iPAT/T could be due to a transient distortion of the
THz pulse or a change in index of refraction, and not related
to the average THz absorption by free carriers. Only a com-
plete 2D data set will obtain all the dynamical information
available in a TRTS experiment.

The analysis of the 2D data set is more difficult than
treating each scan as a conventional static time-domain-THz
(TD-THz) difference scan. In such static THIDS experi-
ments the power spectrum and phase of the reference is com-P)
pared with that of a photoexcited scan to extract the change
in optical density AOD) and change in phasé ). These a)
values are then used to calculate the absorption coeffigient 0 1 2 3 4
and index of refractiom.*®

Two related issues occur in a TRTS experiment that com- t (ps)
plicate this simple analysis. First, at early pump-probe delay
times the visible excitation pulse arrives at the sample as the \

THz pulse is propagating through it. The visible pulse affects  d)

only the trailing part of the THz pulse; therefore, the THz

pulse experiences a different set of propagation parameters at

the trailing end of the pulse than it did at the beginning.

Second, the response of the material to photoexcitation, as \ll 7™\
described by its response function, is itself time dependent C)

and will evolve during the THz propagation.

d) —

t" (ps)

Figure 5 illustrates these effects. The figure is a contour w
plot of the THz difference scansAEq,(t,t”) is equal to N
pump on minus pump offas a function of pump-probe de- ‘l'
lay, t”. A line is drawn at 45° to th¢” axis and everything a)

below and to the left of the line is a result of the THz arriving

before the visible pulse, while everything to the right and , , )
above the line is obtained when the THz arrives after the F'G: 5. Contour plot of two-dimension&2D) raw THz differ-
visible pulse. Several THz transients are shown in Figs?nce scans collected by fixing the pump delay line while scanning
5(a)-5(d). The arrows represent the arrival of the Visiblethe probe delay line. Solid lines correspond to positive values, while
pulse, and correspond to the arrows on the 2D grid. It idashed lines correspond to negative values. The arrows laagted

. . S‘(d) represent different arrival times of the pump beam, and the
apparent that the THz dlﬁerence scans O_f Figa)-85(c) can corresponding difference scans are shown below the figaireor-
not be thought of as static THDS experiments.

. o 0 ; . responds to the pump arriving after the main part of the THz but
The change in response function in GaAs is proportionakyj affecting the trailing part. As the pump arrival time approaches

to the chgnge mn Cof‘dUCt'V'tﬁU(tth); The measured d'f_' the main feature of the THz pul$é) and(c)] a larger difference
ference signaAE will be a convolution of the change in scan is measured, until pump delay titd, which represents the
response function and the input THz pulse. These complicaump coming well before the probe. The line at 45° represents the
tions were formally discussed in the context of photoexcitaconstanu=t—t" axis.

tion in liquids, and the results can be applied to transient
photoconductivity with only minor modification8. Therein,

Kindt and Schmuttenmaer showed that scanning delay Jc_ietector response from the measured wave form as is dis-

(THz transmittey in reverse, with delays ZTHz receivey cussed in Ref. 41. Once the data have been collected and

and 3 (pump delay fixed is equivalent to synchronously deconvolved from the detector response as shown in Fig.

scanning delays 2 and 3 together with delay 1 fixed. EitheP(b), €ach pulse in the grid can be treated as an individual
scenario results in every portion of measured THz transienf HZ scan. . . _
experiencing the same delay from the visible pulse. To extract the photoexcited optical constatabsorption
Collecting the data synchronously is equivalent to a nuCoefficienta, and index of refractiom) we must consider
merical projection of the 2D data set shown in Fig. 5 alongthe photoexcited path length and the reflectivity loses at
the constantu=t—t" axis, and the result is shown in the two interfacegair/photoexcited GaAs and photoexcited
Fig. 6(@). The change in response function can now be deGaAs/bulk GaAs We obtaind by employing a model which
scribed byAo(t,u). Sinceu is constantAo only depends includes diffusion, surface recombination, and bulk recombi-
parametrically on pump-probe delay timAg(t;t”), and nation effects, as discussed in Sec. lllA. The reflectivity
therefore represents the photoexcited optical properties dbsses at the two surfaces are not knawpriori. In addition,
eacht”. We collect the data conventionally and project outthe spatial extent of the THz pulse is much larger than the
AE(t,u) numerically, because we must also deconvolve thepath length traversed. Both the reflectivity changes and the



15 768 BEARD, TURNER, AND SCHMUTTENMAER PRB 62

| 3 T T T ?
| g
! AR R
R E: - ey il qe
g e il (11
\ % COE I %
Jo4r et (el Yy 40 8
/ x LI/ x
yoni ] WY~
A | I \ = 1
@ ] [ (b)

1 1 . 4 ) 1 1 1

1 2 3 4 1 2 3 4
t (ps) t (ps)

FIG. 6. Two-dimensional2D) contour plot ofAE(t,t—t"). Solid lines correspond to positive values, while dashed lines correspond to
negative values. Pldig) is the raw collected data after projection onto the constiznt—t” axis. Plot(b) is obtained after the detector
response has been deconvolved, and the data projected onto the constartt’ axis. Plot(a) shows features appearing prior to the pump
pulse arrival due to the finite detector response. Ripshows that these features have essentially been removed.

small path length lead to an effect where the THz pulse ap- io

pears to propagate with superluminal velocities in photoex- 8= 8eaAs” 5 2

cited GaAs. Schall and Jepsen accounted for this behavior by

considering the small path length and front surface interfacguhere e g,a= (Ngaad?, @nd ¢ is the permittivity of free

only.*’ However, to be most quantitative we have found thatspace.

inclusion ofbothinterfaces is needed. To do so we have used

thin-film transmission formulas derivable in the frequency

domain from Maxwell’s equations. We also find that the

“superluminal” propagation is entirely accounted for when

employing the thin-film formulagand also in our numerical wide range of experiments were performed. The conditions

propagation described in Sec. I).C used in these experiments are listed in Table I. In each case
A detailed description of the procedure used to obtairthe photon energy was kept to within 100 meV of the band

a(w) andn(w) can be found in Ref. 41. The complex per- edge to avoid intervalley scattering. Therefore, the data are

Ill. RESULTS AND DISCUSSION

To fully characterize the photoconductivity in GaAs, a

mittivity, e, is determined fromy andn usinge’ =n?—k?
ande&"=2nk, wherek=ac/(2w). The complex conductiv-
ity is obtained through

not affected by velocity overshoot because the carriers can-
not access the satellite valleys. Consequently, we probe the
change in mobility solely in thé" valley (Fig. 4). We have

TABLE I|. Experimental parameters. Columns A—M list the experimental conditions for the different 2D pump-probe expelnients.
the wavelength of the photoexcitation pulse in nm,f and KE  are the kinetic energies in meV of electrons excited from the heavy-
and light-hole bands, respectively, amg, andn  are the number of w o above the conduction-band minimum for electrons excited from
the heavy- and light-hole bands, respectively. The bandwidth of the visible excitation pulse is given in meV, and the pulse width in
femtoseconds is the FWHM of the excitation pulse. The optical skin depth of the absorption in GaAs is given (Ref. 54, and the
nascent photoexcited carrier densityNsData with parameters from colunthare shown as representative data sets in Figs. 10—-12.

Temperature 75 K Temperature 300 R

A B C D E F G H [ J K L M
A (nm) 808 809 803.5 799 793 789 783 778 774 803.6 799 795 786.6
KEg ny (MeV) 283 269 366 454 554 643 735 835 91 109 117 124 140
KEg 1 (MeV) 148 139 189 234 283 323 377 425 465 557 596 632 711
Ny 078 075 101 126 154 178 204 23 25 3.0 325 344 3.88
Ny 013 039 053 065 079 090 1.0 1.2 1.3 1.5 1.66 176  1.98
Bandwidth(meV) 10.4 117 116 11.8 137 130 130 120 115 17 20 19 18
Pulse width(fs) 280 100 280 280 280 280 280 280 280 100 100 100 100
Skin depth gm) 1.1 099 094 09 08 08 079 075 072 068 0.66 064 060
N (X 10 cm™3) 1.8 0.1 0.4 2.2 2.3 2.1 2.4 2.5 2.6 2.0 8.6 5.0 6.1

E,=1.504 eV.
PEy=1.43 eV.
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£ 10 00 The diffusion equation is solved by the Laplace transform
B e method utilizing boundary conditions that allow for carrier

S o8 > recombination at the surface. The diffusion equation used
k2 T is>2

I .5

2 o6 ﬁé

g 208 a—n=D(92—n—£+5(t)exp(—ax) (3)

Z 04 ol | | | a T axt '

g 200 400 600 800

5 02 Pump-Probe Delay Time (ps) wheren is the number of carriers at a distankénto the

E sampleD is the diffusion coefficient in cfis, 7, is the bulk

2 00 : carrier lifetime in seconds, and is the power absorption

coefficient in cm'* of the visible radiation with & function
Distance (microns) temporal profile. The diffusivity is obtained through the Ein-

stein relation as
FIG. 7. The distribution of carriers as a function of distance into

the sample, calculated from a diffusion modRkf. 52 which in- KeT

cludes terms for both bulk and surface recombination. Solid curves _ Has’ (4

are profiles of the distribution at 50-ps intervals, starting 1 ps after |e| ’

photoexcitation. At=0, the distribution is exponential. The inset

is a room-temperature 1D pump scan of 800-ps duratimts,  Wherekg is Boltzmann’s constant, is the temperature in K,

which is fit to the calculated carrier density as a function of timeand e is the charge of an electron in Coulombs. The ambi-

after photoexcitation. polar mobility o, in c?V~1s 1 is related to the electron
and hole mobilities by

maintained the highest temporal resolution by deconvolving

the detector response and numerically tracking the pump and 1 1 1
probe beam delay lines together. This eliminates any artifacts o Me + ' (5)
from monitoring a mobility that is changing on a time scale
which is faster than the THz pulse duration. The boundary conditions are

Our results are presented in four sections. Section Il A
discusses the 1D pump resulseanning the pump with fixed Dan(xt)
probe delay time We determine the bulk and surface recom- not)=——— (6a)
bination dynamics from these studies. Section Ill B presents s |
the 1D probe result¢scanning the probe with fixed pump
delay time$. We show the accuracy of the TRTS method by n(l,t)=0 (6b)
comparing the measured data to that predicted by the Drude
model. In Secs. IIIC and IlID we discuss the early times

n(x,0)=0, (60

where simple 1D probe and 1D pump scans are insufficient
and 2D scanning is required. Section Il C introduces the . o o
finite-difference time-domaifEDTD) method which is used wheres is the surface recombination velocity in cm/s, dnd

to model the data, and Sec. IIl D compares the measured dalh " arbitrarily long distance into the sample at which the
to the FDTD simulations. carrier density is zero for all timeafter photoexcitation. The

resulting carrier distribution as a function of distance into the
sample and time after photoexcitation withé@t) pulse is
A. Bulk and surface recombination dynamics(1D pump) n(x,t) = ¢(t,x)exp(t/z,),>* where

The carrier recombination dynamics of photoexcited

GaAs can be monitored with 1D TRTS experiments in which 2 X
the change in THz transmission is measured as a function of ‘P(t'x):exf< - ﬁ) [ 7| @| aVvDt= 2—\/ﬁ>
the pump-probe delay timgee Sec. Il B While 1D pump

scans are of limited use at short pump-probe delay times aD+s X

(<3 ps), when a change in index of refraction accompanies + D_s® a\Dt+ ——

a change in absorption, this is not an issue at longer pump- @ Zﬁ

probe delay times*$3 ps). The inset of Fig. 7 displays an

. . t X
800-ps duration, room-temperature, 1D pump scan with a - S\ﬁ‘L— 7
photoexcitation arclength of 790 nm. This scan illustrates aD-s D 2bt
that the recombination dynamics cannot be described by a
single exponential, as would be expected from a single bullandw is the exponentially scaled complementary error func-
recombination process. Instead, the data are fit to a calcuion, w(z)=exp@@)[1—erf(z)]. Since the measured change
lated carrier density as a function of time after photoexcitain THz transmission is proportional to the number of free
tion, which is extracted from the solution of a diffusion equa-carriers, we fit our 1D pump data to the total carrier concen-
tion with terms for bulk recombination and the optical tration as a function of time after photoexcitation(t)
penetration depth of the visible excitation putée. = @* (t)exp(~t/m,), where

S
[0}
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o s response functions with nonexponential relaxations, for ex-
e*(t)= JO e(t,x)dx= mw(fwm) ample, the CD response function has the fdrm
D ( \F) (8) B-1
_ ol sv/=1. 1 [t\#
s—aD D R —t/r
XO= 55 ( -] e C)

Figure 7 shows the calculated carrier distributigix) at
50-ps intervals, starting 1 ps after photoexcitation. The val- ) ) ) )
ues forr, and's used to calculate the carrier distributions Where I'(B) is the y function with arguments, and 7 is
shown are taken from the best fit to the data in the inset oknown as the critical relaxation time since there is actually a
Fig. 7. Literature values for the ambipolar mObﬁ’ﬁy(Mab distribution of relaxation times. The CC response function
=388 cnfV - 's 1) and absorption coefficietit (a has a similar form in that there is @& Y" term, but it can not
=1620 cml) were used to obtain values fog andsof 2.1 be written as a closed expressfinThese nonexponential
ns and 8. 10° cm/s, respectively. Since the initial distri- responses lead to a continuous distribution of relaxation
bution of carriers at=0 is an exponential distribution of the times, and because of the large range of relaxation times
form exp(—ax), the majority of the carriers are near the sur-involved, it is easier to work with a logarithmic distribution.
face at early times, and surface recombination is the domiln the case of the Drude model, the continuous distribution
nant relaxation process. It can be seen that at long delagimply reduces to & function, G(In7')=8(7—17'). The
times, as the carriers simultaneously diffuse into the bulk oftC model has a symmetric logarithmic distribution function,
the sample and recombine at the surface, bulk recombinatiofentered at I, whose width increases witlh, and becomes
becomes the dominant relaxation process. This accounts fgf 5 function whena=0.8* The CD model has an asymmet-

the observed double-exponential behavior, and allows us tac (actually one-sidedogarithmic distribution function that
extract rates for both bulk and surface recombination PrOpeaks atr, and is zero for all times greater thanlt falls off

CeSTSheeS.d'str'b tions calculated from this model are used tofor values less tham, falling off more slowly with smaller
1€ dIStributio u 'S u values of, and reduces to & function atr wheng=1.%*
obtain d, which is used in the calculation af and n as

described elsewhefé.For a simple exponential distribution iﬁ?gllthfasct:; 3};‘1 %2 fDOrrun:jZ ?;%:N“i?ﬁ tﬁereé:sgomnize\;vggh s
the path length is the &/point, or, equivalently, the total y

integral of the distribution. For more general distributions ing faster than the CC modelSymmetric and asymmetric

involving the effects of surface recombination. one can Ob’_distributions of relaxation times can be included simulta-
9 : neously to form(GD) generalized Drude model.

ﬁgxitr?}irgag; f:g;h dlir;tﬁguiligiligoﬂﬁi':;s;rln%nir?tye ;C;:':g ttge One of the main assumptions of the Drude model is the
obtaind free-electron approxmatlo(FEA)_. The FEA assumes that
' the electrons do not interact with the scatterers. Thus the
scattering event is independent of the electron energy. The
B. Mobility at long delay times (1D probe) FEA accounts for most of the failure of the Drude motfel.

We have performed 1D probe scans at pump_probe dela clusion of interactions with the scatterers leads to a
times of 5, 10, 50, 100, 250, and 500 ps at both 300 and 77memory effect,” wherein the momentum and energy of the
K, where for each delay time the carriers have thermalizedcattered electron depend on the incoming momentum and
and relaxed within the centrdl valley. At such long times €nergy. The distribution of relaxation times described by the
after photoexcitation, the Drude model is expected to de€C. CD, and GD models implies memory effé&t” Photo-
scribe the photoexcited optical properties. We have fit th&onduction in GaAs does not strictly adhere to the FEA, and
data to a variety of models described below, and find that outh€ response is better described by including a distribution of
results are best represented by a generalized form of tH€laxation processes in the form of the GD model. This is
Drude model. Electron mobilities extracted from this treat-hardly surprising, since we expect many different scattering
ment of the data are in good agreement with literature valuegrocesses in GaAs. For example, scattering occurs from LO

The simplest model of electrical conductivity is the Drude Phonons, heavy holes, impurities, and accoustic phonons, to
model, which treats conduction electrons as free to mov&ame a few. Hill and Dissaddshowed that even a simple
under the influence of an applied electric field but subject tase of two different Debye-type relaxation processes results
a collisional damping force? The frequency-dependent in & nonexponential behavior of the response functidi).
complex conductivityo(w), is related to the dielectric sus- _ Jeon and Grischkowdky observed a deviation from the
ceptibility through o(w)=—iwx(w). The inverse Fourier Drude _model, and_mo_dlfled_ it to include _energy-dependent
transform ofy(w) yields the time domain response function, relaxation from lattice impurity and acoustic phonon scatter-
x(t), and describes the evolution of the system after applyind events with T HE)=7 (ElkgTo) ¥
ing an electric fiel#® Drude theory assumes an exponential + 7, (E/kgTo) 2, where 7~*(E) is the overall scattering
evolution with a relaxation time of. In the frequency do- rate, 7, * is the impurity scattering rates; * is the lattice
main the equation for the Drude conductivity is equivalent to(acoustic phononscattering rate, and, is an additional
the permittivity of a liquid based on Debye thedfyThe fitting parameter with units of temperatufeThose scatter-
Drude model can be modified in an analagous fashion as thiag events did not account for their measured data, whereas a
“Cole-Cole”*® (CC) or “Cole-Davidson®® (CD) models CD model did. We too have employed this scattering model,
for liquids. The CC and CORef. 60 theories both describe and find that it is not as good as the GD model. Invoking the
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GD model to fit our data assumes that the true relaxation R L L L B B
process is the average of a distribution of relaxation times, (a)
which are energy dependent.

The frequency-dependent complex conductivity is de-
scribed by the GD model as

sowgf

T (1= (lwnt P’ (0

o(w)

Y I Y BN BN e

wheree is the free-space permittivity; is the carrier col-
lision time, andw,, is the plasmon frequency. The plasmon
frequency is defined as

Py L

20

Conductivity (Q'1 cm'l)

wi=Ne/(egm*), (12)

whereN is the carrier densitye is the electron charge, and
m* is the effective mass of the electron in GaAs
(0.067m,).>2 Electron mobilities can be calculated according
to u=el/(m*y), where the carrier damping rate=1/7.
Equation(10) reduces to the CC model whe¢h=1, the CD ol o 1 1 |
model whena=0, and the Drude model whem=0 and 06 09 12 15 18 21
B=1. Frequency (THz)
Fits obtained using CC, CD, and GD models indicate that

the CC model fits well to the real conductivity at frequencies FIG. 8. Real(black circle3 and imaginary(white circles con-
below 1.2 THz, and that it fits well to the imaginary conduc- ductivity at 300 K(a) and 77 K(b), measured 100 ps after photo-
tivity at frequencies above 0.9 THz. The CD model con-€xcitationin GaAsin thé100 orientation. The fifsolid line) is the
verges to the Drude model for these da@=1), and thus generalized DrudéGD) model.
e e el el Srom (12, of N~ 1,6¢10° 2 Ths i gy s
estimates the imaginary conductivity for fre.quenc’ies belo th7an tKhe :|te[jatur? valdéof 8620 r?_n?hV‘ S .b.':'.?e da;a at
0.9 THz. Either mode(CC or Drude individually deviates —13600 i?]%\i—lso—l aWitrRug carlr?ererde?sci)t ”nygfg
from the data by as much as 20%, but when combined in the, ; 16 ~..3 - : o y o=~

' & 10 cm 3. Anincrease in mobility at lower temperatures

GD model reproduce the data to withif/- 3% for all fre- s expected due to the decreased number of scattering events.
quencies less than 1.6 THz. Other THz spectroscopic studigg aqdition, the carrier densities obtained from the fits are
on doped silicon found that the frequency-dependent condugmilar to those calculated based on the spot sizes and inten-
tivity fit well to the CD modeF”® and studies on doped sities of the pump beamN(=7.1x 10" cm™2 at 300 K and
GaAs found that the conductivity fit to the Drude motfel. N=1.4x 10 cm 3 at 77 K).
We performed pump-probe studies on silicon, and found that The CC parametex obtained from fits to the data at a
the conductivity fit better to the CC model, which iﬂdiC&tESVariety of pump-probe delay times was found not to depend
that the GD behavior we observe for GaAs may be due to thgignificantly on carrier concentration or pump-probe delay
difference between photoexcited and doped conduction elegime. The CD parametefj, was always greater than 0.8 and
trons. found to converge to 1 in the limit of low carrier concentra-
Several additional modifications to the Drude model weretions. These trends are different than those observed by Jeon
investigated. The Drude conductivity was modified to allowet al.®® They found that the CD term converged to 1 at high
the carriers to have two different damping rates, which al-carrier concentrations. Surface effects are an unlikely source
lows for there to be two types of scattering processes. Thef this discrepancy, becausewas found not to depend on
model was then modified to allow for the existence of surthe amount of time after photoexcitati¢at long times the
face and bulk electrons, each with their own characteristi€arriers are far away from the surfac&he most likely ex-
plasmon frequency and damping rate. Finally, the model waglanation for this is that our sample is photoexcited, not
modified to include both electrons and holes as charge carrfloped. In a doped sample carriers are continuously trapped
ers. None of these models performed nearly as well as thend released from the ionic cores, whereas in a photoexcited
GD model. sample, once an electron recombines with a hole it will not
Based on these extensive comparisons, the GD model w&$ released.
chosen as the best theory to represent the measured data atThe calculated mobilities at 77 K as a function of carrier
|0ng pump-probe de|ay t|mes>(3 ps) Figure 8 disp|ays denSity are shown in Flg 9. The m0b|||ty increases as the
the real and imaginary components of the frequencycarrier concentration decreases, and is shown to fit well to
dependent conductivity 100 ps after photoexcitation at 7#he empirical Caughey-Thomas relatioi?:*
and 300 K. The GD fit reproduces the data well, and pro-
duces reasonable values for the electron mobility and carrier
density. The 300-K electron mobility obtained from the fitis  In an effort to better understand our results, we have nu-
1e=6540 cntV~1s ! with a carrier density, obtained merically propagated THz pulses through a Q.m-thick

C. TRTS finite-difference time-domain (FDTD) simulations
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20000 - | - | - The time-domain dielectric response for photoexcited car-
. riers in the Drude model is given by the solution of the
g 18000 . Drude equation of motion,
Z i
£ 16000 — . . e
S ] s(t)=—ys(t)+ —E(t), (15
) m,
£ 14000 - . _ . .
i) i where y is the damping constant and, is the effective
O . .
S 12000 4 mass of the carrier. The solutiorfis
i i 2/5nm
10000 I 1 I 1 I w (t )
0 1x10'° 2x10'° 3x10' x(t',t")= it”) {1—exd —y(t")t']}, (16)
Y

Carrier Concentration (cm™3) where wﬁ(t”)zezN(t”)/som* is the plasmon frequency,
which depends on the time since the arrival of the pump
pulse through the number of photoexcited electrrbat it
generates. The damping constarft”) can also depend on
time to simulate a time-dependent mobility. The above ex-
ponential form of the dielectric response leads to a simplifi-
ation in the descritization of the FDTD formulas, and we
ave followed the procedure of Ref. 66.

We have compared an exponential distribution of carriers

FIG. 9. Mobility at 77 K as a function of carrier concentratidn
as determined from the generalized Dry@®) model. The mobil-
ity follows the empirical Caughey-Thomas curde). At lower
concentrations the mobility is expected to level off again.

layer of photoexcited GaAs, bounded on one side by air, ang
the other by nonphotoexcited GaAs. The properties wer
changed from insulating to conducting as a function of time S : .
(using the Drude model with a time-dependent scattering%0 a §Iap dl_strlbutl_on using the FDTD method. We find that,
rate by simulating a Gaussian photoexcitation pulse. We or distributions with skin depths less than @m, the error
find that the simulations reproduce the general trends seen 9{ assuming a slab d;s”'bHQO” IS Ie_ss than 5% for carrier
the data as will be discussed in Sec. Il D. concentrations o0& 10'” cm™3. For skin depths larger than

The FDTD method was used with absorbing boundary> #M. the error grows linearly with skin depth. However,
conditions®>-57 In this method, Maxwell's equations are W€ find that an exact solution can be obtained by dividing the
solved numerically. We need only solve a 1D propagatiorfi'smpl_]t'on into small slices f';lnd expressing the transmission
problem since the radial dimension of the THz sfbmm)  Coefficient in terms of multiple layer formulds. Further-
is much larger than the optical absorption depth of Q.. more, we myesugated the effects of carrier profiles, such as
The magnetic and electric fields are obtained Uing those described in Sec. Il A, where the surface recombina-

tion has depleted the carriers near the surface resulting in
At carrier distributions which are neither exponential nor slab.
H(s,t,t")=H(s,t—dt,t")— ——[E(s+ds/2t—dt/2t") We find that these distributions behave more like the slab
moAs than the exponential. In fact, assuming a slab distribution
—E(s—ds/2t—dt/2t")] (12)  introduces no additional error in obtaining the correct results,
even for skin depths greater than @m. As a result, we
and assume a slab distribution with path lengths determined, as
discussed in Sec. Il A.
At
D(s,t.t")=D(s,t—dtt") ~ A_s[H(S+dS/2’t_dt/2’t ) D. Behavior at early times (2D pump probe)
—H(s—ds2t—dt/2t")], (13) One of the motivations for these studies was the desire to
observe the dramatic changes predicted in the time-resolved,
where frequency-dependent conductivity for initial electron kinetic
energies that are integer multiples of the LO-phonon fre-
quency (w o).>° The excitation bandwidth was reduced to
6 nm (11 me\) so that the spread in kinetic energies was
(14) smaller than the LO-phonon ener{36 meV in GaA$. Pho-
ton energies were varied from less thar Alw o to almost
B is the magnetic field anB= uoH, wg is the permeability 4Xx#w, g to investigate any trends in the data. Table | tabu-
of free spacek is the electric fieldD is the electric displace- lates the different photon energies used, the relationship of
ment, s is the spatial position, ands is its step size. The the electron KE tdhw o, the bandwidth of the pump laser,
propagation time is, with step sizeAt, and the pump-probe and the optical skin depth at each wavelength. We found
delay time ist”. The dielectric constant is=¢ge.., and that, for the most part, any differences as a function of elec-
x(t',t") is the dielectric response of the material. The aboveron kinetic energy were less than the reproducibility be-
FDTD formalism is correct to second order. We have foundween data sets. Therefore, it is most productive to identify
a spatial step size of 0.02om is needed to adequately common characteristics among the data sets rather than dif-
simulate a photoexcitation depth of 04Zm, and the tempo- ferences.
ral step size is 0.05 fs, much smaller than the Courant stabil- Figures 10a) and 1Qc) and 11a) and 11c) show repre-
ity criterion %8 sentative 2D plots of the real and imaginary parts of the

t
D(s,t,t")=gpeE(s,t,t")+ sof E(t—7)x(7,t")d7,
0
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FIG. 10. Representative data set for the real
part of the time-resolved, frequency-dependent
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Frequency (THz)

pump-Probe Delay (@)

0.4 0.8 1.2 1.6 2.0

Frequency (THz) conductivity. The data shown correspond to the
experimental parameters given in Table I, column
) } I ‘ F. (a) is the measured dat&) is a contour plot of
(a), (b) is the FDTD simulated data, and) is a
B 2 2 contour plot of(b). The simulation reproduces the
7 o = data fairly well.
i ] / \ \“\
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° O ° \ k
\ = ” \ \
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o
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Frequency (THz) Frequency (THz)

experimentally determined conductivity for GaAs. Figuresdifference plots show where the data deviates from its equili-
10(b) and 1@d) and 11b) and 11d) are the 2D plots of the brated values, and the main features of the deviation are not
simulated real and imaginary parts of the conductivity. Thehighly dependent on the width of the sigmoid.

similarity between the actual data and the results of the simu- The data can be divided into three regimes depending on

lation is quite good. To further quantify and understand thethe pump-probe delay time, and they are initial{.5-1 p$,
data, difference plots are shown in Figs.(@212d). The

intermediate(1-3 pg, and steady state(3 ps). Several
difference plots were generated by subtracting a scaled longrariations are observed as the conductivity evolves to its

time (3 p9 scan from entire data set. The long time scan wasteady staté3 ps. The simulations do not completely repro-
scaled with a sigmoid that increased from zero to one at timeluce the variations observed in the initial regime; however,
zero with a width equaling the width of the pump pulse. Thethey qualitatively reproduce the trends seen in all three re-

3 t 3 2
_lo 3 o _.‘u g‘
) 2 3 ] ]
= a = a
) 18 ) 2 .
E o E 2 FIG. 11. Representative data set for the
) . ) % imaginary part of the time-resolved, frequency-
“Toa 08 12 16 20 | 2 04 08 12 16 20 24 @ dependent conductivity. The data shown corre-
Frequency (THZ) Frequency (THz) spond to the experimental parameters given in
3 3 Table I, column F(a) is the measured daté) is
0 a contour plot of(a), (b) is the FDTD simulated
5 1o 2 data, andd) is a contour plot of(b). Deviations
4 of the data from the simulations are observed at
z \—/ low frequencies.
1
§ 1 \ / /
- s L A S
ot ) g g
/ (©) (@)
-1 -1
0.4 0.8 1.2 1.6 2.0 0.5 1.0 1.5 2.0

Frequency (THz) Frequency (THz)
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~ j FIG. 12. Difference plots generated by sub-
04 o3 4 0. i tracting a scaled long timé3 ps 1D probe data

’ . set from the data. Difference plots are shown for
the real (R€o]) (@ and imaginary(Im[o]) (c)
parts of measured conductivity. The difference
plots for the FDTD simulated Re] and Info]
are shown in(b) and(d), respectively. Deviations
are most pronounced in [m] at low frequencies,
but both the Rjgr] and the Injo] contain devia-
tions from 0 — 2.5 ps.

Frequency (THz)

Frequency (1yy,,

gimes, with the last two being reproduced best. The mobilitygradual increase in the field and will only be gently acceler-
initially increases rapidly, then decreases, and finally in-ated. At the earliest times, however, the pump creates con-
creases gradually to the steady-state value. duction electrons while the THz field is present. Thus the
Initially, the conductivity is seen to rise simultaneously electrons experience an electric field upon being created. The
for all frequencies. Then the lower frequencies continue taacceleration of the electrons by the field radiates an addi-
rise while the higher frequencies decrease. A peak at lowional field, and this may account for the observed response.
frequencies is observed in the imaginary part of the conducrhjs effect, however, is present in the simulations, and there-
tivity (Im[o]) that is not reproduced in the simulatiof®e  fore cannot explain the observed deviations. We have veri-

Figs. 1012 This peak also causes the low frequencies injeq that this nonlinear interaction is linearly dependent on
the Im(co) to grow in faster than the high frequencies. TheIpump intensity and THz amplitud@.

fact that the low frequencies grow in faster than the highe The second regime of the data encompasses 1-3 ps. The

freque_ncies suggest this is not a det_ector limitation. Thedata show a peak in the [m] at about 0.8 THz, that shifts to
Rd o] is well reproduced by the simulations. These observa:about 0.5 THz over the next 1.5 ps. A time-éjependent scat-
tions are partially explained by ballistic transport of elec- : ' ’

trons tering rate was included in the FDTD simulations to investi-
Ballistic transport occurs when no scattering centers argate this regime. Based on work of Vengurlekar andJha

present and thereforg=0 in Eq. (15). The conductivity the scattering rate was large initially, and decreased expo-

response in the frequency domain would be purely imagi_nentially to its steady-state value. These simulations qualita-

nary, and scale as . This might account for the rise in the tively .reproduce the_ trends_ seen in the data. In particular, the
imaginary part of the conductivity at low frequencies. To Peak in the Info] shifts rapidly from low frequenciegn the
further investigate ballistic transport, we allowadto be  initial regimg to high frequencies, then gradually back to
time dependent. Specifically, we allowgdo start near zero low frequencies. The peak of [m] is related to the scatter-
and then rise to its limiting steady-state value. We compareénd ratey which in turn is inversely related to the mobility
this to simulations wheres was held constant. We find that by uw=e/(m* y). A plot of the peak of Irfiu] for the average
including ballistic electrons enhances the[dmhat low fre-  of five data sets is shown in Fig. 13. These observations are
qguencies, but not to the extent observed in the data. Wan the spirit with the predictions of Vengurlekar and Jha, who
conclude that ballistic transport cannot fully account for thepredicted a time-dependent mobility due to the dynamics of
behavior observed in the data. the photoconducting electrons with the hot phonons.

An instantaneous acceleration of the electrons from the Furthermore, the mobility increases more than the ob-
applied electric field of the THz probe pulse can take placeserved shift in the peak of Ir] to lower frequencies be-
when the photoexcitation occurs at the same time that theause the electron effective mass is decreasing as their dis-
THz field is in the sample. At long times, when the pumptribution evolves from the initial photoexcited distribution to
comes well before the probe, the electrons will experience a thermalized one. The time-dependent mobility is related to
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Intraband free-carrier absorption is a phonon-mediated
process. That is, to conserve both energy and momentum, the
photon absorption must be accompanied by absorption or
emission of a phonoitsee the inset of Fig. 23 Thus the
transient conductivity can depend on the phonon dynamics.
The observed features exist over the range of times that are
characteristic of electron-phonon coupling. For example, re-
cent work has shown that as a high density of hot electrons
cool, a large population of phonons can be created, which
can then assist intraband absorption, and can also be reab-
sorbed by the electrons, thereby slowing the cooling fate.

Since IR photon energies are much greater than the LO-
phonon energy of 36 meV, intraband absorption typically
occurs with either the absorptiasr emission of a phonon.
Our situation is somewhat different because the FIR photon
energy is less than the phonon energy. Specifically, as seen
in the insets of Fig. 13, at early times phonons can be either
0.2 ' : absorbed or emitted to assist the photoabsorption, whereas at
long delay times, after the carriers have relaxed to the bottom

Time (ps) of the conduction band, the p'hot'on energy of absorption is
not great enough to allow emission of a phonon to accom-

FIG. 13. Plot of the frequency at the peak of the imaginary partpany photoabsorption. This effect is responsible for the de-
of the conductivity as a function of time after photoexcitation. This crease iny at intermediate times.
value corresponds to the scattering rateVariations as a function In a series of papers, Vengurlekar and Jha detailed a the-
of time are attributed to phonon-assisted intravalley relaxation. Ingretical prediction based on the Boltzmann transport equa-
set(a) shows far infraredFIR) absorption assisted by LO-phonon tjons for photoconducting electrons in GaXs° Vengurle-
absorptionand emission. Inset(b) shows that after the electron kar and Jha predicted a time-dependent mobility due to
d_istribution has relaxed beIO\_ﬂwLo, FIR absorption is only as- dynamics in thel’ valley as the electrons cool to the band
sisted by LO-phonon absorption. edge by their interactions with the LO phonons through the
the effective mass and the scattering rate |aft) Frohlich interaction’®> The momentum relaxation time,,

=e/[y(t)m* (t)]. TheT valley of GaAs is slightly nonpara- Wil _depend on electron-phonon dynamics becalﬂlﬁé
bolic, and conduction electrons will have a different effective= 7.0+ 71 ~, Wherer 5 is the LO emission rate and " is
massm* depending on the distribution function of the pho- the quasielastic scattering rate. At early times the photoex-
toexcited electronsf(E,t). The effective mass is obtained Cited electrons can emit phonons, angs 7.0~150 fs. Af-
using Eq.(1). The effective mass is largest immediately fol- ter the electrons have cooled to beldw o, they can no
lowing photoexcitation, and smallest at the band edge. Thé&nger emit LO phonons ang,~ 7,~1-100 ps. The quasi-
mobility increases as the distribution relaxes to the bottom oflastic scattering rate describes scattering with the heavy
the T valley due to the decrease in both effective mass andioles, impurities, and acoustic phonons. Vengurlekar and Jha
scattering rate. predicted that these dynamics occur on a time scale of 1-3
Two other potentia] exp|anations for the behavior be_pS.26 Our data verify these predictions. While the data reveal
tween 1 and 3 ps, velocity overshoot and Coulombic screerd time-dependent scattering rate, we do not observe a dra-
ing, have been considered and ruled out. We have ruled otiatic dependence on whether the photoexcited electrons are
the possibility of velocity overshoot because of the low eleccreated with integer or half-integer multiples bty o, as
tron kinetic energies and low applied field. Even at the highPredicted®® Vengurlekar and Jha’s predictions provide a de-
est photon energies employed, the initial electron kinetic enscription of the carrier mobility and scattering rates, but the
ergy is 99 meV at 70 K and 117 meV at 300 K. As a worstscope of their work did not include calculation of intraband
case scenario, consider a Boltzmann distribution with thelHz absorption. To do so would require explicit inclusion of
same kinetic energy as the photoexcited electrons, whicthe coupling of phonons in the intraband absorption process.
would correspond to the carriers fully thermalizing among The last regime found in the data is the static, long-time
themselves prior to equilibration with the lattice. With this limit. After 3 ps, the carriers have relaxed to the bottom of
assumption, only about 5% of the carriers have kinetic enthe conduction band. The mobility is seen to increase on a
ergy above thé-valley minimum(300 me\j. Therefore, the long time scale 100 ps) as carriers disperse and relax,
only way to transfer significant population into thevalley ~ thereby lowering the overall carrier density.
would be to apply a large electric fieldhe Gunn effegt
However, the THz fieldmeasured to be 110 V/cm at the
sample is much smaller than the required fields of about 3
kV/cm. Coulombic screening is also ruled out, because it There are some important experimental considerations to
does not become important until higher excitation densitiede aware of when carrying out TRTS studies. In particular, it
and applied fieldg5 kV/cm) are reached® Therefore, we is necessary to project the data onto the constianat—t”
conclude that the observed dynamics are a result of the iraxis (either numerically or physicallybefore further analy-
teractions between the photoexcited electrons and phononsis. It is also necessary to deconvolve the detector response

¥(THz)

IV. CONCLUSIONS
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function if the sample response is faster than the detector Future work will investigate the Boltzmann transport
response. The need for deconvolution becomes evident whesguations derived by Vengurlekar and Jha in order to under-
there are features in the data that appear to arrive at negatigeand the differences between the observed data and the the-
time delays. oretical predictions. In addition, we will extend this type of
This paper demonstrates that TRTS can accurately meatudy to materials that are difficult to characterize with con-
sure the carrier dynamics and mobility in a photoexcitedventional methods, such as semiconductor quantum dots and
sample. We chose bulk GaAs as a prototypical benchmarfye-sensitized colloidal Ti©
system, and found good agreement with literature values at
long pump-probe delay times, after the carriers have suffi-
ciently thermalized. ACKNOWLEDGMENTS
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