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Subpicosecond carrier dynamics in low-temperature grown GaAs
as measured by time-resolved terahertz spectroscopy

Matthew C. Beard, Gordon M. Turner, and Charles A. Schmuttenmaera)

Chemistry Department, Yale University, 225 Prospect Street, P.O. Box 208107, New Haven,
Connecticut 06520-8107

~Received 23 March 2001; accepted for publication 10 September 2001!

The transient photoconductivity in a 1mm layer of low temperature grown GaAs~LT-GaAs! on a
GaAs substrate was measured using time-resolved terahertz spectroscopy. When photoexcitation
occurs at 400 nm we find a time-dependent mobility that increases from 4006100 to 1100
6100 cm2 V21 s21 with a time constant of 2 ps. Photoexcitation at 800 nm produces a
time-independent mobility of 30006500 cm2 V21 s21. We determine the carrier lifetime in
LT-GaAs to be 1.16 0.1 ps. © 2001 American Institute of Physics.@DOI: 10.1063/1.1416140#
r-

m

li-
;

os
In

e-
rm
ty
th
im

o
-

to
o
A
in
w

ea
ct
r

s
m

ee
tu

be-
be

and
s.
ate-

are

era-

hod
the
d
d

ports
re-

ul
the

it

bed
ur-

1

fter

ith
ical

hin
er

400
ncy

e

I. INTRODUCTION

Low-temperature grown GaAs~LT-GaAs! is a semicon-
ducting material with a high carrier mobility and a fast ca
rier capture time. The mobility is larger than in silicon1 and
almost as large as in regular GaAs, while the carrier lifeti
is three orders of magnitude smaller;;1 ps in LT-GaAs
~Ref. 2! compared to;1 ns in GaAs~Ref. 3! and;10 ms in
silicon.4 This makes LT-GaAs materials attractive for app
cations such as ultrafast switches and terahertz antennas
plications for which it is desirable to have the highest p
sible mobility with the shortest possible carrier lifetime.
this work, we use time-resolved THz spectroscopy~TRTS! to
study the carrier mobility after photoexcitation. Tim
resolved THz spectroscopy enables the quantitative dete
nation of the conductivity, a product of the carrier mobili
and carrier density, on a subpicosecond time scale. No o
technique allows for such a determination on these t
scales.

Low-temperature grown GaAs is produced using m
lecular beam epitaxy~MBE! of GaAs at low substrate tem
peratures during growth in an excess As flux,Tg

5180– 300 °C, followed by a high temperature anneal,Ta

5400– 800 °C, for a short period of time,ta51 – 30 min.
Before annealing, the as-grown material is highly nons
ichiometric, containing excess As, and its properties are g
erned by point defects such as As interstitials and
antisites.5 Photoexcitation of the as-grown material results
subpicosecond carrier lifetimes. Furthermore, the as-gro
material is conductive in its nonphotoexcited state.6 The ma-
terial properties, however, change dramatically upon ann
ing due to the precipitation of As clusters. The point defe
are reduced as the excess As precipitates in an Ostwald
ening process.5 The material can then be best described a
mixture of metallic As clusters embedded in a GaAs se
conductor matrix.

Control of the As cluster size and the distance betw
clusters is accomplished by varying the anneal tempera
and time,Ta and ta , respectively.7 Annealing reduces the

a!Electronic mail: Charles.schmuttenmaer@yale.edu
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number of point defects, and also increases the distance
tween As islands. Since photoexcited electrons can
trapped by As clusters acting as buried-Schottky barriers,5 or
by residual EL-2-like point defects,8 photoexcited carrier
lifetimes increase with increasing anneal temperature
time,5,7 but still remain much shorter than in regular GaA
Furthermore, the mobility increases over the as-grown m
rial upon annealing because the defects and lattice strain
decreased.

There has been a great deal of recent interest in gen
tion, propagation, and detection of fs-THz pulses.9–15 One of
the most unique attributes of this new spectroscopic met
is that it allows time-resolved studies to be carried out in
far-infrared~FIR! region of the spectrum with subpicosecon
temporal resolution. Due to difficulties in carrying out an
interpreting experiments based ont ime-resolved THz
spectroscopy, reports of them are less numerous than re
utilizing THz pulses in a non-time-resolved mode, often
ferred to as THz time-domain spectroscopy~THz-TDS!.
However, in this article we show that TRTS is a powerf
technique for studying the subpicosecond evolution of
far-infrared spectrum after photoexcitation, and we apply
to study the photoconductivity in LT-GaAs.

II. EXPERIMENT

The experimental apparatus has been descri
previously,3 and will not be repeated here. The sample, p
chased from MellWood Laboratories, Inc., consists of a
mm thick LT-GaAs layer on top of a 50 nm Al0.6Ga0.4As
barrier deposited on a semi-insulating GaAs substrate. A
MBE growth the sample was annealedin situ for 30 min at
550 °C with an arsenic flux. Experiments were done w
photoexcitation wavelengths of 400 and 800 nm. The opt
penetration depth depends strongly on wavelength,16 such
that photoexcitation at 400 nm excites electrons solely wit
the LT-GaAs layer, while 800 nm photons penetrate furth
and excite electrons in the GaAs substrate as well. For
nm excitation, the fundamental laser output was freque
doubled in a 1 mmthick b-BaB2O4 ~BBO! crystal, and an
intensity of 0.9mJ cm22 per pulse was used to excite th
5 © 2001 American Institute of Physics
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sample. The spot size was 1.0 cm2, and was about two time
larger than the spot size of the THz pulse. The 800 nm pu
pulse energy was 0.3mJ cm22, with a 1.5 cm2 spot size. The
experiments were done under a dry nitrogen purge at ro
temperature.

Complete methods for collecting and interpreting t
data are described in the supplementary Electronic Phy
Auxiliary Publication Service~EPAPS! deposit that accom
panies this article.17 This supplementary material describ
how the data must be properly collected and analyzed
order to extract the far-infrared spectrum. This includes
convolution of the detector response function in order
maximize the temporal resolution. In addition, to extra
quantitative values of the conductivity, the THz beam p
must be described accurately. This entails specification o
the interfaces that the THz beam encounters, as well as
spatial distribution of the photoexcited carriers, which can
obtained by solving the appropriate diffusion equations.
nally, the nonphotoexcited optical properties of the medi
in the far-infrared must be known. When all these effects
properly accounted for, the frequency-dependent conduc
ity s(v;t9) is obtained without assumption of a model
each pump delay time,t9.

The effective mass of hole carriers in GaAs is known
be seven times greater than that of electrons.1 We assume
this to be true for LT-GaAs as well, and therefore only co
sider photoexcited electrons as contributing to our obser
signal.

III. RESULTS

A. 400 nm excitation

Photoexcitation with 400 nm~3.1 eV! light produces car-
riers with approximately 1.6 eV excess energy at 300
These photoexcited carriers have enough energy to und
intervalley scattering since theL andX valley minima are 0.3
and 0.46 eV above theG valley minimum, respectively.18

Conduction electrons in either theL or X valley have a much
lower mobility than electrons in theG valley. Since higher
mobilities result in greater THz absorption, we are less s
sitive to electrons in theL andX valleys, and our measure
data reflect the dynamics of the electrons returning to thG
valley at this excitation wavelength. Figure 1 shows the
sults of photoexciting GaAs and LT-GaAs at 400 nm wh
monitoring the highest point on the THz waveform. The

FIG. 1. 1D pump scans of LT-GaAs compared to GaAs when photoexc
at 400 nm.
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tensity of the pump pulse was held constant for both sca
thus, differences in the observed signals are due solel
differences between the conductivity of LT-GaAs and regu
GaAs. The onset of photoconduction is nearly identical
both cases, but the LT-GaAs scan shows a subsequent
decrease in THz absorption corresponding to trapping of
photogenerated carriers by the As clusters.

Stanton and Bailey19 modeled the onset of photocondu
tivity with three states. One state represents the combineL
andX valleys, and there are two states for theG valley: an
upper state and a lower state. Carriers are photoexcited
the upperG state and rapidly scatter~10 fs! into theL andX
valleys. They can then scatter back to the upperG state, but
the rate at which they relax is governed by the relaxation r
from the upperG state to the lowerG state, and only those
carriers in the lowerG state are allowed to contribute to th
signal. Once in the lowerG state they cannot scatter out. W
then multiplied these model dynamics by an exponentia
decreasing function to describe the trapping process in
GaAs, and finally, we convoluted the model with a Gauss
function to represent the visible pulse width. A nonline
least squares fit of the model to the data was performed
the results are shown as the solid line in Fig. 1. We find t
the relaxation time from upper to lowerG statestG in LT-
GaAs is 26 1 ps, the carrier lifetimet l is 1.36 0.1 ps, and
the full width at half maximum~FWHM! of the Gaussian
function is 680 fs. This is larger than the FWHM of th
excitation pulse because it is based on a fit to a 1D scan~we
only monitored one point on the THz waveform!, rather than
a 2D grid of data~collecting a full THz scan at each pump
delay time! as is presented below.

Figure 2 displays the observed real and imaginary p
of the frequency-dependent complex conductivity~Re@s#
and Im@s#! in LT-GaAs photoexcited at 400 nm, as a fun
tion of pump-delay timet9 from 21 to 3 ps.20 To obtain
s(v;t9) we treat the photoexcited sample as a dielec
stack of air/photoexcited LT-GaAs/nonphotoexcited L
GaAs as discussed in detail in Refs. 3 and 17. The photo
cited carrier path length is given by the optical skin depth
400 nm, which we assume to be the same as that of Ga
and is 14 nm.16

The Re@s# is essentially independent of frequency for a
pump-delay times; it rises to its maximum in about 1 ps, a
then decays exponentially back to zero. The Im@s# is fre-
quency dependent, and rises at the lower frequencies fo
first ;0.5 ps and then rises rapidly at higher frequenci
The overall maximum occurs concurrently with that f
Re@s#, at about 1 ps. At each pump-delay time, the Im@s#
shows very little curvature as a function of frequency, whi
implies that its peak lies beyond our spectral coverage.

While the measured Re@s# and Im@s# are obtained with-
out assuming a model, it is useful to employ one to descr
and understand the transient conductivity. The simp
model of conductivity is the Drude model, which treats co
duction electrons as free to move under the influence of
applied field, subject only to a collisional damping force.21 In
this model, the probability of a collision during an intervaldt
is dt/tcoll , wheretcoll is the scattering time, or equivalently
the average time between collisions. The collisions caus

d
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momentum dephasing, sotcoll is sometimes referred to as th
dephasing time. We have found that this simple model c
not fully account for the frequency-dependent conductiv
in regular GaAs.3 Not surprisingly, the Drude model mus
also be modified in order to fit the observed conductivity
LT-GaAs. Generalization of the Drude model is acco
plished by allowing a continuous distribution of relaxatio
times.3,22 We generalize the Drude model through modific
tions analogous to the ‘‘Cole–Cole’’23 ~CC! modifications of
the Debye model for liquids.24,25This results in an additiona
parameter,a, that specifies the breadth of the distribution
scattering times.3,26 The equation for the generalized Cole
Cole Drude~GCCD! model is as follows:

s~v!5
«ovp

2to,coll

12~ ivto,coll!
12a

, ~1!

where«o is the free space permittivity,to,coll is the critical
scattering time,a is the CC parameter, andvp is the plas-
mon frequency~defined asvp

25Ne2/(«om* ), whereN is the
carrier density!. Whena 5 0 we recover the Drude mode
The critical scattering timeto,coll is equal to the average sca
tering time ^tcoll& for this model. Additionally, the peak o
Im@s# occurs at radial frequencyv51/to,coll . The mobility
is related to the average scattering time bym5e^tcoll&/m* ,
wheree is the charge of the carrier, andm* is its effective
mass.

We fit the GCCD model simultaneously to the entire g
of Re@s# and Im@s# by parameterizing the carrier densi
N(t) as a function of pump-delay time. The carrier density

FIG. 2. Measured time-resolved frequency-dependent complex conduct
Re@s# and Im@s#, in LT-GaAs photoexcited at 400 nm. A color represen
tion of this figure, along with a comparison toDOD andDf, is available in
the EPAPS repository~see Ref. 20!.
n-

-

-

f
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obtained by using the same type of model described ab
for the 1D pump scans. We assume thattG is the same as tha
obtained from the 1D results, and do not vary this parame
when fitting the model to the data. We vary the maximu
carrier density,No , the carrier lifetime,t l ~not to be con-
fused with the scattering timetcoll), the CC parametera, and
the FWHM of the Gaussian function, for the entire data s
Then, for each pump-delay time we vary the critical scatt
ing timeto,coll while the global parameters enumerated abo
are held fixed. For pump-delay times less than 0.3 ps,
data are not described well by the GCCD model. A mo
complete model at these pump-delay times would acco
for having both the visible and THz pulses overlapped te
porally in the sample.3

Figure 3 shows the fit of the model to Re@s# and Im@s#.
Two representative cuts at pump-delay times of 0.3 and
ps are also shown, and the parameters from the fit are s
marized in Table I. The uncertainty of the extracted mob
ties is about 5%, and for the carrier densities it is about 2
We find that the carrier lifetime is 1.160.1 ps and that the
Gaussian FWHM, a measure of our temporal resolution
220 fs. These values are slightly different than those
served with the 1D pump scans, and the reason for this is
there is more information contained in the full 2D grid. Th
1D pump scan only measures a single point on the T
waveform, whereas the complete underlying dynamics
extracted from the 2D data set.

The extracted mobility as a function of pump-delay tim
is shown in Fig. 4. The mobility is initially low and then

ty,

FIG. 3. The calculated model vs the measured complex conductivity
LT-GaAs, Re@s# and Im@s#, photoexcited at 400 nm. The model is based
the generalized Cole–Cole Drude~GCCD! model of conductivity. The
dashed contour lines are the calculated values and the shaded contou
the measured data shown in Fig. 2. Two cuts of the data are shown a
left, one at 0.3 ps and one at 1.5 ps, where the measured data are show
solid lines, and the calculated data with dashed lines. A color represent
of this figure is available in the EPAPS repository~see Ref. 20!.



.
an

e

n

al
ub-
d
a-

on
the

e 5
f 1
eri-

ing
he
er.
ity

The
ar-
ay
ing

pe
s

th

dif-

As

the

ited

5918 J. Appl. Phys., Vol. 90, No. 12, 15 December 2001 Beard, Turner, and Schmuttenmaer
increases for about two picoseconds before leveling off
functional form of an exponential rise to a maximum with
offset,$m5m i1m f@12exp(t/tm)#%, was fit to the data, where
m i is the mobility offset,m f is the amount it changes, and th
time constanttm was found to be 2.06 0.2 ps.

TABLE I. Summary of the results from this study. The results are grou
by figure. Units for mobility,m, are cm2 V21 s21, and the reported value
have an estimated error of65%.

400 nm 800 nm

Fig. 1 Fig. 6
t l51.360.1 ps t l51.160.1 ps
tG5261 ps offset536.860.2%
Dw5680 fs Dw5700 fs

Fig. 3 Fig. 8
No54.660.131017 cm23 No52.760.231016 cm23

t l51.160.1 ps t l51.460.1 ps
Dw5220 fs Dw5250 fs
tG5261 ps (fixed) offset52661%
a50.54 a a 50.48

a b50.5
m b57300 (t50 ps)
m b59700 (t.4 ps)
tm

b52.060.2 ps

Selected cuts of Fig. 3 Selected cuts of Fig. 8

at 300 fs at 300 fs
N54.531017cm23 N a52.531016 cm23

m5500 m a53200
N b56.731015cm23

m b57500

at 1.5 ps at 1.5 ps
N52.731017cm23 N a51.131016 cm23

m51100 m a53000
N b57.331015cm23

m b58100

Fig. 4 Fig. 9
tm52.060.2 ps m a53000
m5392(t50 ps)
m51300(t.2 ps)

aLT-GaAs.
bGaAs.

FIG. 4. The extracted values of the mobility~dots! as a function of pump-
delay time. The line is an exponential rise to a maximum function fit to
data with a time constant of 2.0 ps.
A

B. 800 nm excitation

The situation is different with 800 nm photoexcitatio
because the 0.7mm optical skin depth16 is on the order of the
1 mm thickness of the LT-GaAs layer, and 23% of the initi
photoexcited carrier density is therefore in the GaAs s
strate. Figure 5~a! displays the spatial distribution of excite
carriers immediately after photoexcitation. Bulk recombin
tion occurs very slowly in GaAs (.1 ns! and the spatial
distribution of carriers in the GaAs region remains fixed
the time scale of 1–10 ps. However, carriers generated in
LT-GaAs layer are rapidly trapped in less than 2 ps. Figur
~b! plots the carrier density profiles at pump-delay times o
and 3 ps. These density profiles were determined num
cally using a diffusion model with reflecting boundaries3,27,28

at the LT-GaAs/GaAs interface to account for the insulat
Al0.6Ga0.4As barrier, and this model is used to determine t
relative fraction of electrons remaining in the LT-GaAs lay
As the electrons in LT-GaAs are trapped, their overall dens
decreases relative to the density of electrons in GaAs.
inset of Fig. 5 shows the relative population of excited c
riers in LT-GaAs and GaAs as a function of pump-del
time. After 1.2 ps there are more excited carriers remain
in the GaAs substrate than in the LT-GaAs layer.

Figure 6 shows the results of a 1D pump scan~scanning

d

e

FIG. 5. Carrier density profiles for photoexcitation at 800 nm at three
ferent pump-delay times.~a! Is the initial carrier density distribution att9
50 and is exponential. The vertical line indicates the LT-GaAs/Ga
boundary.~b! Shows plots of the carrier density att951 ps~solid line! and
t953 ps~dashed line!. The inset displays the percentage of electrons in
LT-GaAs layer~filled circles! and GaAs layer~empty circles! as a function
pump-delay time.

FIG. 6. 1D pump scans of LT-GaAs compared to GaAs, both photoexc
at 800 nm.
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pump with a fixed probe-delay time! of LT-GaAs with 800
nm photoexcitation compared to that for regular GaAs. T
data set for photoexcitation of LT-GaAs shows a sharp
crease in the THz transmission followed by a rapid incre
~similar to photoexcitation at 400 nm shown in Fig. 1!, but
levels off with a 1.3 ps time constant rather than achievin
complete recovery. The origin of the long-time offset is t
presence of excited carriers in the GaAs substrate, which
not decay on this time scale. The solid line in Fig. 6 is t
result of a 700 fs FWHM Gaussian function convoluted w
an exponential decay having a long-time offset that was fi
the data. The decay time constant is 1.16 0.1 ps and the
offset is 37% of the maximum. Note that the offset is grea
than 23% ~the relative population of carriers excited in
GaAs vs LT-GaAs! because the carriers in GaAs have high
mobility and absorb more of the THz probe beam than do
carriers in LT-GaAs, and thus contribute to a larger perce
age of the signal.

Even though we can calculate the relative excited e
tron populations in LT-GaAs and GaAs as a function
pump-delay time, as shown in the inset of Fig. 5, it is n
possible to extract the conductivity solely in the LT-GaA
layer and/or GaAs substrate in the absence of a model. S
lar difficulty will be encountered for any system in whic
more than one layer of the dielectric stack changes u
photoexcitation. This is in contrast to photoexcitation at 4
nm, where we extract the conductivity in LT-GaAs direct
because the absorption skin depth is too short to excite
riers in the GaAs substrate. As a result, we report the c
plex conductivity of LT-GaAs photoexcited at 400 nm, b
only report the change in optical densityDOD and change in
phaseDf upon photoexcitation at 800 nm.

Figure 7 displays the observed frequency-depend
DOD andDf when photoexciting at 800 nm. BothDOD and
Df arise from changes of the conductivity in the LT-GaA
layer as well as the GaAs substrate. The data can be s
rated into two regimes:~1! Delay times from 0 to 1.3 ps
pertain to the initial onset and rapid decay of conductiv
and are dominated by the response of carriers in LT-Ga
~2! For delay times greater than 1.3 ps, the conductivity
essentially leveled off, and is due to the photoexcited carr
remaining in the GaAs substrate. The data obtained at
and 800 nm excitation~Figs. 2 and 7, respectively! are very
different. Even though we are reporting the real and ima
nary conductivity for the 400 nm data, andDOD andDf at
800 nm, we can in fact compare the trends in the two d
sets because theDOD primarily reflects changes in th
Re@s#, andDf reflects changes in the Im@s#.20 With 400 nm
excitation, Re@s# is frequency independent, however, wi
800 nm excitation theDOD peaks at very low frequencies
The Im@s# rises up at the higher frequencies, and ne
shows a peak in our frequency range when photoexcite
400 nm. On the other hand,Df shows a peak whose fre
quency changes as a function of pump-delay time with 8
nm excitation.

In order to model the measuredDOD andDf, we need
to account for carriers in the LT-GaAs layer and GaAs s
strate, as well as account for the interface between the p
toexcited and non-photoexcited materials. To do so, we
e
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fine a transmission amplitude ratio17 for a dielectric stack
consisting of several layers as shown here.

5 4 3 2 1

Photoexcited Photoexcited
Air LT-GaAs LT-GaAs GaAs GaAs

0.54mm 0.46mm 0.70mm

This accounts for all of the interfaces encountered by
THz pulse as it propagates through the LT-GaAs/GaAs str
ture. The carrier spatial distributions are approximated
slab distributions, as already discussed in Appendix B of R
17; the 0.54mm layer thickness for photoexcited LT-GaA
was determined by normalizing the distribution of carriers
the LT-GaAs layer and then integrating. We have verified t
this slab approximation is equivalent to the actual carr
distribution by performing FDTD calculations.29

A GCCD model is used for each of the two photoexcit
layers, however, each layer will have unique values forvp ,
to,coll , and a. The LT-GaAs and GaAs values forvp are
determined from the density of electrons in the appropri
layer. We parameterize the total density of excited carriers
a function of pump-delay time with an exponentially d
creasing function with a long-time offset convoluted with
Gaussian function. Thus,Ntot(t) is

Ntot~ t !5No$~12b!exp@~ t2to!/t l #1b% ^ G~ t,to!, ~2!

where No is the initial carrier density,b is the long-time
offset, to is the arrival time of the visible pulse,G(t,to) is a

FIG. 7. Change in optical density~DOD! and change in phase (Df) as a
function of pump-delay time when photoexciting the LT-GaAs/GaAs str
ture at 800 nm.
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Gaussian function centered atto with FWHM of Dw repre-
senting the visible pulse, and̂ represents a convolution.

The relative fractions of elections in LT-GaAs (f LT-GaAs)
and GaAs (f GaAs) are known from the diffusion model, a
shown in the inset of Fig. 5. The number of electrons
LT-GaAs and GaAs is related to the total number of exci
carriers bynLT-GaAs5 f LT-GaAsntot and nGaAs5 f GaAsntot , fur-
thermorentot5nLT-GaAs1nGaAs. The density is related to th
number of carriersn by N5n/(Ad), where A is the area
~spot size of laser!, andd is the depth of the carrier distribu
tion, A is the same value for the total, LT-GaAs, and Ga
distributions. Thus, one obtains the following two equatio

Ntotdtot5NGaAsdGaAs1NLT-GaAsdLT-GaAs, ~3!

Ntotdtot5 f GaAsNtotdtot1 f LT-GaAsNtotdtot . ~4!

The depth,dGaAs for the carrier distribution in the GaAs sub
strate is the same as that of the total carrier distribution s
both are exponential functions with the same 1/e value,
thereforedGaAs5dtot . However,dLT-GaAs is shorter thandtot

by 23%, and thusdLT-GaAs 5 0.77 dtot . We arrive at the
desired relationships: NGaAs5 f GaAsNtot and NLT-GaAs

5 f LT-GaAsNtot /0.77, so thatNLT-GaAs andNGaAs can be deter-
mined at each pump-delay time from Eqs.~2! to ~4!.

The scattering rate in GaAs is assumed to decrease
function of pump delay, as was observed in a previous st
of photoconductivity in regular GaAs.3 We therefore param
eterizedtcoll-GaAs with an exponential rise to a maximum
function with time constanttt,coll-GaAs, with an offset that
increases from an initial value,to,coll-GaAs, to a long-time
value. Thus, to fit the entire set of data~50 difference scans
spaced 100 fs apart! we globally vary No , t l , to , bN ,
aLT-GaAs, aGaAs, to,coll-GaAs, and tt,coll-GaAs, in a nonlinear
least squares fitting routine, wherea is the ‘‘Cole–Cole’’
parameter not the absorption coefficient. We varytcoll-LT-GaAs

locally for each pump-delay time, keeping the global para
eters fixed.

Figure 8 shows the observed data with the calcula
data overlaid, and two representative cuts of the data
shown: one at 0.3 and the other at 1.5 ps following the 8
nm pump pulse. We see that the model fits the data q
well. A summary of the best fit parameters is given in Ta
I. The values for the mobility in GaAs agree well with ou
previously reported value for GaAs of 6540 cm2 V21 s21 at
carrier density of 1.631016 cm23.3 The carrier lifetimet l is
1.460.1 ps, and the FWHM of the Gaussian function is 2
fs. The offset,bN , is 26%61%, which is smaller than tha
found for the 1D pump scan. This offset is for the carr
density and not the THz transmission, as in the 1D pu
scans, and is close to the expected value of 23%. Figu
showsmLT-GaAs for all values of the pump-delay time, and
is seen thatmLT-GaAs is essentially constant.

IV. DISCUSSION

A. Lifetime vs mobility in LT-GaAs

Annealing the as-grown LT-GaAs material is known
increase both the static carrier mobility30 and the carrier
lifetime.7 The static mobility of the as-grown material is b
d
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tween 1 and 3 cm2 V21 s21, while that of an annealed
sample is much higher and increases with anneal time an
temperature.30 The mobility in regular GaAs is;7000
cm2 V21 s21 at 300 K.3 During the annealing process th
excess As atoms form clusters, reducing the lattice stra5

Increasing the anneal time and/or temperature results
larger clusters that have greater separation. Increasing
cluster separation results in longer carrier lifetimes,7 while
the decrease in lattice strain is responsible for an increas
mobility.

The reduced mobility of LT-GaAs compared to regul
GaAs is due to residual shallow defects. Shallow defects
observed in LT-GaAs in the band-edge cw absorpt
spectrum,31 and are not associated with midgap deep tra
due to the As clusters. Figure 10 shows the band structur
LT-GaAs, differing only from GaAs by the presence of sha
low defects and deep traps. The shallow defects reduce
mobility by increasing the scattering processes, and ther

FIG. 8. CalculatedDOD and Df compared to the measured data. T
dashed lines are the calculated data and the shaded contours are the
sured data shown in Fig. 7. Two cuts at 0.3 and 1.5 ps are shown on th
side. In the cuts the measured data are the solid lines, and the calculate
are the dashed lines. A color representation is available in the EPAPS
pository ~see Ref. 20!.

FIG. 9. Extracted values of the mobility in the LT-GaAs layer as a funct
of time after photoexciting at 800 nm.
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decreasing the time between collisionstcoll , whereas the
deep traps are responsible for the shorter lifetimes.

While the mobility in LT-GaAs is;2 times smaller than
in regular GaAs, it is still quite large. For example, silico
has a mobility of 1350 cm2 V21 s21.1 The carrier lifetime,
on the other hand, is reduced by a factor of 103, from ;1 ns
in regular GaAs~Ref. 3! to ;1 ps in LT-GaAs. While it is
desirable, from a device standpoint, for a material to h
high mobility with short carrier lifetime, there is a tradeo
between these traits in LT-GaAs materials; samples w
higher mobility have longer carrier lifetimes.

In the general case of semiconductors, the carrier l
time t l ~which is on the order of nanoseconds! is not related
to the mobility. This is because the mobility is related to t
average carrier scattering time^tcoll&, which is on the order
of femtoseconds to picoseconds. The carrier lifetimet l is a
measure of the interband dynamics, whereas^tcoll& is a mea-
sure of the intraband dynamics. However, the carrier lifeti
in LT-GaAs and related semiconductor materials is gover
by the average time a photoexcited carrier diffuses be
encountering a trap, and this diffusion time is determined
the mobility. Thus, there is a phenomenological relations
between the carrier lifetime and the mobility through t
anneal conditions. The mobility is related to the anneal c
ditions through the reduced lattice strain, but the carrier l
time is related to the anneal conditions through the As clu
separation.

To be quantitative, we treat the carriers as diffusing p
ticles undergoing Brownian motion which can be describ
by Maxwell–Boltzmann statistics. Then, the average d
tance a particle diffuses in timet is ^x&5ADt,21 whereD is
the diffusion coefficient. The mobility is related toD through
the Einstein relation,D5mkBT/e, where kB is the Boltz-
mann constant,T is the temperature, ande is the charge of an
electron. Since the carrier lifetime is the average time t
the carriers diffuse before encountering an As cluster,
mobility can be related to the carrier lifetime by

m5
^x&2e

t lkBT
, ~5!

FIG. 10. The band structure of LT-GaAs is assumed in this study to be
same as that of GaAs, except that LT-GaAs has a band of shallow de
and contains deep traps~associated with the As clusters!. Relaxation of the
photoexcited carriers initially occurs in theG valley with a time constanttG

and then from theG valley into the midgap states with a time constant oft l .
The shallow defects do not remove the electrons from the conduction b
but do decrease their mobility.
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where^x& is the average distance between clusters, andt l is
the lifetime of the carriers. From this relationship the mob
ity is seen to be inversely related to the carrier lifetimet l as
expected. Using a mobility of 3000 cm2 V21 s21 and a tem-
perature of 300 K, we calculate a cluster separation of;960
Å . This distance is somewhat larger than those reporte
Ref. 7 for the same carrier lifetime. However, the anneal ti
for their sample was only 30 s while our sample was a
nealed for 30 min, thus achieving a higher mobility a
larger cluster separation.

B. Time-dependent mobility

Carriers are photoexcited into the conduction band w
excess energy. The excess energy initially is deposited
the carrier kinetic energy resulting in elevated carrier te
peratures. If the excitation energy is above that of theL
and/orX valley minima, then intervalley scattering occurs o
the 10–100 fs time scale. Intervalley scattering proceeds
emission of large wave-vector phonons32 which must decay
through multiphonon processes. The excited carriers wit
the G valley also relax by emitting phonons, of which th
largest contribution is that of the LO phonons. In this wa
the carriers transfer energy to the lattice and eventu
achieve thermodynamic equilibrium. Due to rapid intervall
scattering and large excess energies associated with 40
excitation, a large nonequilibrium population of ‘‘hot
phonons is produced. In this situation, the carriers may e
or absorb phonons with roughly equal probability, and t
carriers cannot relax until the hot phonon population relax
which occurs with a time constant of 1–4 ps.32–36Thus, the
hot phonons effectively slow down the thermalization tim
of the carriers.

We observe a time-dependent increase ofm from
4006100–11006100cm2 V21 s21 with a time constant of
2.0 ps~Fig. 4! when photoexciting at 400 nm. The mobilit
increases as the number of scattering events decreas
time constant of 2.0 ps is in qualitative agreement with
relaxation time within in theG valley obtained from the
three-state model proposed by Stanton and Bailey,19 which
was used to fit the onset of photoconductivity when pho
exciting into theL or X valleys~Fig. 1!. The relaxation in the
G valley determined from that model was 261 ps.

It has recently been shown that the presence of
phonons can affect the measured free carrier absorp
~FCA! because FCA is a phonon-mediated process.36,37That
is, to conserve both energy and momentum, intraband
sorption must be accompanied by either absorption or em
sion of a phonon. This is the reason why FCA measureme
can be related to the mobility. In Ref. 36 hot phonons w
seen to increase the measured FCA where the photon en
used was 73 meV, about two times larger than the 36 m
LO phonon energy. However, in the work reported here,
probe photon energies used are 1–10 meV and the exces
phonons are seen to decrease the FCA. One might expec
additional phonons to increase the magnitude of FCA
cause there are more of them available to assist in the
sorption, but more phonons lead to a higher scattering
and therefore a lower mobility. It is well known that at hig
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frequenciesv^tcoll&@1 the mobility isinverselyproportional
to the FCA,38 however, at low frequencies FCA isdirectly
proportional to the mobility. Free-carrier absorption can
described quantum mechanically as a three-particle inte
tion ~electron, photon, phonon! using second order time
dependent perturbation theory.39 It has been shown that th
Drude model reproduces the quantum mechanical resul
the low frequency limit (\v,kBT) when the scattering is
elastic.40–42 The Drude model makes no assumptions as
the nature of the scattering processes and will reflect
presence of excess phonons by a decrease in the mob
The Drude model predicts that a decrease in mobility le
to a decrease in the absorption at low frequencies as
served by us, but an increase in the absorption at high
quencies as observed in Ref. 36.

LT-GaAs has a larger mobility when the carriers are e
cited with 800 nm light than with 400 nm light, and furthe
more, the mobility is time-independent when excited at 8
nm. Photoexcitation at 400 nm produces carriers with 1
eV excess energy, whereas photoexcitation at 800 nm
duces carriers with only 0.12 eV excess energy. The temp
ture of the carriers when excited at 400 nm is higher th
when photoexcited at 800 nm. Phenomenologically, we
from Eq.~5! that a high carrier temperature results in a low
mobility even though the carriers have a higher kinetic
ergy. We expect the mobility to be reduced when exciting
400 nm because of the large population of phonons p
duced. The carrier lifetime is essentially the same for b
400 and 800 nm excitation, even though the mobilities
quite different, becauseT is different. In addition to their
excess energy, photoexcitation at 400 nm creates car
with larger effective mass, due to the combined effects
carriers in the low mobilityL andX valleys as well as being
higher up in theG valley, where the curvature is lower. Ad
ditionally, the 400 nm excitation creates a larger density
carriers than photoexcitation at 800 nm, even with the sa
number of excited carriers because the optical skin dept
50 times smaller. Higher densities result in lower mobilitie3

due to increased carrier–carrier interactions.

C. Conductivity measurements using TRTS

Time-resolved THz spectroscopy measurements
most sensitive to peak frequencies ranging from 0.1 to
THz, corresponding to scattering times betweentcoll

51/(0.132p)51.6 ps and 1/(2.932p)556 fs, respec-
tively. For a symmetric log distribution of relaxation time
as obtained with the ‘‘Cole–Cole’’ modification of the Drud
model, the peak of Im@s# occurs atv51/̂ tcoll&, or a linear
frequency ofn51/(2p^tcoll&). As ^tcoll& becomes smaller o
larger, the peak will move out of our frequency window. F
nonsymmetric distributions the peak does not occur preci
at 1/(2p^tcoll&) but shows the same general trend. For L
GaAs photoexcited at 400 nm,^tcoll& is between 10 and 50
fs, which results in a peak in the Im@s# between 3.3 and 17
THz, which is outside our frequency range. This is the rea
that the measured frequency-dependent complex condu
ity in Fig. 2 shows essentially no curvature. For the extre
case when̂tcoll& ! 56 fs, the Im@s# would show essentially
e
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no response, but the Re@s# would have a constant value
corresponding to a change in absorption with no change
index of refraction. At the other extreme, when^tcoll& @ 1.6
ps, neither the Im@s# nor Re@s# would be measurable.

The results in Sec. III allow important general observ
tions to be made about conductivity measurements us
TRTS. Consider photoexcitation of the LT-GaAs/GaA
sample at 800 nm, in which the THz probe pulse encoun
two different types of absorbers; photoexcited carriers in
GaAs and those in GaAs. If we did not knowa priori what
the underlying distribution of materials was, we would on
be aware of aneffectivephotoconductivity for the composite
sample. That effective conductivity could arise from two d
ferent ways of combining the individual conductivities.
could be the sum of the individual conductivities,s tot

5(s i , or it could arise from an average of their scatteri
times,s tot5s(^tcoll&), where 1/̂tcoll&5(ai /tcoll,i , andai is
the fraction of carriers havingtcoll,i . We obtain different
results from these two cases.

As an example, Fig. 11 compares these two ways
combining individual conductivities to the observed resu
We use the best fit parameters when photoexcited at 800
to calculate the conductivity of GaAs and LT-GaAs at
pump-delay time of 0.5 ps, and then added them toge
~shown as the dashed lines in Fig. 11!. We then calculated
the average scattering time from the individual scatter
times and calculated the resulting conductivity~shown with
the solid lines!. We obtained theeffectiveconductivity from
the measuredDETHz as described in Appendix B of Ref. 17
and it is shown with open circles. It is seen that adding
individual conductivities more correctly reproduces the m
sured data than averaging the scattering times. This is
pected because it is known that our sample consists of
separate layers.

The situation is different when the same carrier can
dergo a variety of scattering processes, and the overall s
tering time is given by

FIG. 11. Comparison of the two different ways to add conductivities w
the measured effective conductivity in the LT-GaAs/GaAs structure. T
circles are the effective conductivity, the solid lines are obtained when
scattering rates are averaged, and the dashed lines correspond to addi
conductivities. The data are from 0.5 ps after photoexcitation with 800
light.
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1

tcoll,tot
5(

i

ai

tcoll,i
, ~6!

whereai is the appropriate weight for theith scattering time,
assuming the scattering times are within the range mentio
above. This occurs, for example, in confined systems suc
quantum dots. For these systems there are two classe
conduction for the electrons; conduction within the nanop
ticle and conduction between the particles. The transport
tween nanoparticles proceeds via a hopping mechanism,
results in very long hopping times~very high effective scat-
tering rates!, which are too long to be measured with o
current sensitivity. However, the conductivity within ea
individual nanoparticle will lead to THz absorption. In cas
such as these we expect very different results for the con
tivity when measured with TRTS compared to a dc transp
method. dc measurements of the long range transport
limited by the interparticle conductivity, whereas TRTS me
sures intraparticle conductivity. Furthermore, dc or lo
range transport measurements are limited to measuring
drift conductivity sdrift , which is given by 1/sdrift51/s1

11/s2 , wheres6 denotes the hole/electron conductivit
The electrons~or holes! may be quite mobile locally, bu
cannot diffuse large distances because of Coulombic att
tions to the positive~negative! charges. TRTS measuremen
are sensitive to the localized conductivity, and are also in
enced by the effective mass of the carriers. We will be abl
study the size dependent conductivity and observe the eff
of quantum confinement on the conduction electrons us
TRTS.

V. CONCLUSIONS

We find that the mobility of photoexcited electrons
LT-GaAs is lower than in regular GaAs, and attribute t
reduction to residual defects and strain from the excess
We find that the carriers relax in theG valley with a time
constant of 1–2 ps when photoexciting at 400 nm, and
the mobility increases as the carriers relax. Also, the car
lifetime is determined to be 1.16 0.1 ps, and we have give
a phenomenological relationship that can be used to estim
the mobility based on knowledge of the carrier lifetime
LT-GaAs materials.

We have also argued that TRTS can be used to study
localized conductivity rather than long range transport. T
makes TRTS a powerful tool for studying systems which
difficult to study by conventional methods. In particula
study of the conductivity in nanoparticles will greatly bene
from this method because it is a localized noncontact pro
and we are currently pursuing such studies.
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I. INTRODUCTION

The following information is archived in the Electronic
Physics Auxiliary Publication Service (EPAPS), and is
provided as supplementary material to Ref. 1. As time-
resolved THz experiments become more widely used, it
is essential that the measured data is treated correctly
to obtain accurate results. The following two appen-
dices provide information that is crucial to the correct
collection and analysis of data in time-resolved terahertz
spectroscopic (TRTS) studies. Appendix A deals with
how to collect a complete two-dimensional (2D) data set
and deconvolve the detector response. Appendix B de-
scribes the procedure for extracting the far-infrared op-
tical constants of a photoexcited medium from the mea-
sured change in terahertz transmission.

APPENDIX A: DATA ACQUISITION AND
DETECTOR DECONVOLUTION

We have shown previously2 that a full two dimensional
(2D) grid of THz difference scans ∆ETHz(t, t′′), corre-
sponding to pump on minus pump off, is needed when
the response of the material is fast compared to the tem-
poral duration of the THz pulse, where t is the THz-
delay time and t′′ marks the arrival of the pump pulse.
For most samples this is only important near t′′ = 0,
when the pump arrives during the propagation of the
THz pulse. Consider Fig. 1, which displays a 2D TRTS
data set, where a series of THz difference scans are taken
at a variety of pump-delay intervals. It is clear from Fig.
1 that the individual THz difference scans are strongly
influenced by the arrival of the pump pulse (shown as
arrows). In Refs. 2 and 3 we show that the data paral-
lel to the 45◦ axis of this plot (shown with a bold line)
consist of THz difference scans which have experienced a
constant delay from the pump pulse. These scans can
be obtained by a numerical projection of the original
data set, scanning the THz transmitter delay in reverse,
or equivalently, synchronously scanning the THz receiver
and pump delay together with fixed THz transmitter de-
lay. Any of these methods will result in a data set which
is comprised of THz scans that have experienced a con-
stant delay from the pump pulse.

Figure 2(a) displays a data set for GaAs which has

THz Delay (ps) 
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FIG. 1: Typical TRTS 2D data set. Contour plot of ∆ETHz

(pump on minus pump off). The solid lines are negative values
and the dashed lines are positive. The bold solid diagonal line
represents the arrival of the pump pulse. The pump pulse
affects only that part of the THz pulse which comes after it.
Below are individual scans corresponding to the arrows on the
grid, the arrows represent the arrival of the visible pulse.

been collected in this manner. We immediately notice
two features: the 45◦ component in Fig. 1 is not present,
and a new component curving to the left at early pump-
delay times has appeared. This new feature and appears
to grow in before the arrival of the pump pulse. This
apparent superluminal phenomenon is easily understood
from the convolution of the true THz waveform with the
detector response function, yet this effect has not been
noted previously.

Consider Fig. 3 (a), in which a hypothetical reference
pulse is shown (solid line) after passing through the sam-
ple, but before propagating through the ZnTe detector
crystal. Overlaid is a pulse that has experienced photoex-
citation while the THz pulse was in the sample (dashed
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FIG. 2: (a) Contour plot of ∆ETHz(pump-on minus pump-
off) as a function of constant reference time. The solid lines
correspond to positive ∆ETHz values and the dashed lines cor-
respond to negative values. The 45◦ component seen in Fig.
1 has been removed as explained in the text. However, there
is a component near pump-delay t′′ = 0 which curves to the
left and appears to come before the pump pulse has arrived.
(b) After deconvolution these features have essentially been
removed.

line), such that only the trailing portion of the pulse is
affected by the photoexcitation (the vertical line indi-
cates the moment of photoexcitation). After propaga-
tion through the detector, the photoexcited output pulse
[Fig. 3 (b)] has features that appear to differ from the
reference pulse before the pump pulse arrives. This is
because the finite-bandwidth of the detector acts as a
low-pass filter, broadening the true pulse. To correct for
this artifact we deconvolve the detector response from the
measured signal. After deconvolution, the reference and
the photoexcited scans [Fig. 3 (c)] are largely restored
to their shapes before convolution with the detector re-
sponse, and the features occurring before the arrival of
the pump pulse have essentially disappeared.

To perform the detector deconvolution we use a
Fourier transform method including optimal filtering.4
The electro-optic detection of a THz pulse has been mod-

THz Propagation  (ps)

1 2 3

(a)

THz Propagation  (ps)
5 6 7

(b)

(c)

THz Propagation  (ps)
1 2 3

(d)

ZnTe
Detector

FIG. 3: Illustration of the detector filtering effect on a THz
pulse transmitted through a photoexcited medium. In (a),
the solid line is the reference scan (no photoexcitation), the
dashed line represents the transmitted pulse when there is
photoexcitation, and the dotted line represents a decrease in
sample transmission due to the photoexcitation pulse. The
reference and photoexcited pulses are identical until the mo-
ment of photoexcitation, represented by the vertical line. (b)
Propagation through the detector (ZnTe) distorts the wave-
forms. (c) Numerical deconvolution of the detector response
removes the effect of propagation and nearly restores the scans
to their shape prior to propagation. The differences between
the reference and photoexcited scans are shown in (d) to fur-
ther illustrate this point. The thin solid line is the difference
before propagation, the bold solid line is the difference after
propagation and without deconvolution, and the dashed line
(hardly distinguishable from the thin solid line) is the differ-
ence after deconvolution.

elled by Bakker et al.5 and is given by

∆IEO(τ) ∝ r41

∫ l

0

dz

∫ ∞

−∞
dtIp(z, t− τ)E(z, t) (A1)

with

E(z, t) =
∫ ∞

−∞
dωE(0, ω) exp(izkZnTe − iωt), (A2)

where ∆IEO(τ) is the detected signal, E(z, t) is the prop-
agated THz pulse at a distance z into the detector crystal,
Ip(z, t−τ) represents the propagating visible pulse (taken
as Gaussian), and τ is the temporal delay between the
two pulses, kZnTe is the complex propagation vector of
the THz pulse in the ZnTe crystal, and r41 is the electro-
optic coefficient for ZnTe. To obtain the THz pulse before
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propagation through the detector, E(0, t), we can regard
Eq. (A1) as a simple convolution of the detector response
with the THz pulse given by

∆IEO(τ) ∝
∫ t

−∞
E(0, t)χd(t− τ)dt, (A3)

with χd being the response function of the detector.
If χd is known, a Fourier deconvolution can be used
to obtain E(0, t). The detector response function, χd,
is most easily generated by numerically propagating a
Dirac delta function through the detector using Eqs.
(A1) and (A2). The complex propagation vector is
kZnTe = ωn(ω)/c + iωα(ω)/(2c), where n(ω) and α(ω)
are the index of refraction and absorption coefficient for
ZnTe in the FIR, as measured in a separate THz-TDS
measurement from 0.2 to 2.5 THz. Literature values were
used to extended the FIR coverage to about 10 THz.6

The deconvolution procedure requires collecting the
data in the conventional fashion as shown in Fig. 1: the
pump-delay line is fixed while scanning the THz (probe)
delay line. Each THz difference scan is then deconvolved
from the detector. Finally, the data are numerically
projected to obtain deconvolved difference scans with
constant pump-delay times. The effect of convolution
with the detector is largely removed by this process, as
seen in Fig. 2 (b). Once the data have been correctly
deconvolved and numerically projected, the frequency-
dependent optical parameters can be extracted as dis-
cussed in Appendix B.

When the response of the material is slow compared to
the detector response time, deconvolution is not required.
For example, Fig. 4 is a 2D plot of the response of LT-
GaAs, photoexcited at 400 nm, collected when scanning
the THz transmitter in reverse. Photoexcitation at 400
nm produces electrons that immediately (∼10 fs) scatter
to the low mobility L and X valleys. The FIR response
is then governed by the return of the electrons to the
high mobility Γ valley.2,7–9 As a result, the rise time of
the THz absorption is much slower and deconvolution is
not required. Figure 4 shows the collected data without
deconvolution, and there are no artifacts visible.

The group velocity mismatch of the pump and probe
pulses can be neglected, since they traverse less than 2
microns of photoexcited material. The temporal reso-
lution of TRTS is determined by the ∼ 200 fs detector
response function and any geometrical limitations such
as spatial overlap of the pump and probe beams, or non-
collinear propagation of the beams.2

APPENDIX B: DATA ANALYSIS

Taking cuts of the 2D grid allows us to analyze the av-
erage dynamics measured in the experiment. A cut par-
allel to the pump-delay axis is a 1D pump scan (see Fig.
4), and a cut parallel to the THz-delay axis is a 1D probe
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FIG. 4: Contour plot of THz difference scan of LT-GaAs
photoexcited at 400 nm, solid lines are negative values and
dashed lines correspond to positive values. The FIR response
is slower when photoexcitation occurs at 400 nm compared to
800 nm, therefore, there is no need for detector deconvolution.
One dimensional cuts can be taken from the data: 1D pump
scans are parallel to the pump-delay axis and 1D probe scans
are parallel to the THz-delay axis.

scan. The 1D pump scans give the average THz absorp-
tion as a function of pump-delay time. By Fourier trans-
forming the 1D probe scans, we obtain the frequency-
dependent optical constants of the photoexcited mate-
rial at some point in time after photoexcitation. We can
obtain these 1D cuts experimentally by fixing the THz-
delay and scanning the pump-delay (1D pump scan), or
fixing the pump-delay and scanning the THz-delay (1D
probe scan). We collect the 2D grid by collecting a series
of 1D probe scans at a variety of pump-delay times.

Many systems studied with TRTS can be thought of
as layered stacks of dielectric materials. In the case of
a photoexcited semiconductor whose optical skin depth
is less than its own thickness, the dielectric stack con-
sists of semi-infinite layers of air that surround finite lay-
ers of photoexcited and nonphotoexcited semiconductor.
The frequency-dependent index of refraction np(ω) and
absorption coefficient αp(ω) of the photoexcited sample
can be extracted from the measured data without assum-
ing a model to describe the medium. To extract np(ω)
and αp(ω) we must know the photoexcited path length
d, and be able to describe the reflectivity losses at all
the interfaces, which are not known a priori. Further-
more, the photoexcited/non-photoexcited interface is not
well defined because the photoexcited medium gradually
transforms into the non-photoexcited medium. The pho-
toexcited path length d is usually small compared to the
spatial extent of the THz pulse. This can result in inter-
face effects that cause apparent superluminal propaga-
tion through photoexcited materials.10 If not treated cor-
rectly, these interface effects, which are most pronounced
when there are large changes in n(ω), can lead to large
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errors in determining the optical properties.
Photoexcitation creates an exponentially decreasing

distribution of carriers as a function of distance into the
sample. The spatial distribution of carriers evolves as a
function of time as the excited carriers diffuse, recom-
bine at the surface, and/or undergo bulk recombination.
These effects can be modelled to determine the carrier
spatial distribution at any given pump-delay time.2 For
most cases, diffusion is only important at longer pump-
delay times when t > d2

◦/D, where D is the diffusion
coefficient and d◦ is the initial photoexcited path length.
In a first approximation, we treat the photoexcited dis-
tribution as a uniform slab with thickness d. We choose
d such that the volume of the assumed slab distribution
is the same as the actual distribution, which is the 1/e
point for an exponential distribution, referred to as the
optical skin depth. In the case of non-exponential distri-
butions, the slab thickness is determined by normalizing
the distribution such that its maximum is unity. The
integral of the normalized distribution is the appropri-
ate thickness, d. To understand conditions under which
the slab approximation holds, we have performed finite-
difference time-domain (FDTD) simulations of TRTS
experiments11 using different non-uniform spatial distri-
butions. It is found that the slab approximation is valid
as long as the spatial extent of the distribution is less
than ∼ 5 µm.

In a TRTS experiment, we measure a complex ratio of
the THz field with pump on (photoexcited) vs pump off
(non-photoexcited):

θmeas = E∗
p(ω, d)/Enp(ω, d), (B1)

where E∗
p(ω, d) is the complex field measured after

transmission through the photoexcited material, and
Enp(ω, d) is the field measured after transmission through
the non-photoexcited material. Since this work is done
in the time domain, the THz difference pulse ∆E(t, d) =
E∗

p(t, d) − Enp(t, d) is measured and combined with
Enp(t, d) to yield E∗

p(t, d). Each are Fourier transformed
to give Enp(ω, d) and E∗

p(ω, d) which then yields θmeas.
Treating the interfaces in the dielectric stack is accom-

plished by relating θmeas to a complex transmission am-
plitude coefficient ζ(k), which accounts for the reflectiv-
ity of each interface, as well as propagation through the
structure. The transmission coefficient relates the com-
plex transmitted electric field amplitude Etr(ω, d) to the
complex initial electric field amplitude12 E◦(ω, 0) as

Etr(ω, d) = ζ(k)E◦(ω, 0). (B2)

In general, E = E exp(ikz − iωt) where E is the full
complex electric field, E is the complex amplitude, and k
is the complex wave vector given by

k(ω) =
2πn(ω)

λ
+ i

α(ω)
2

. (B3)

The transmission coefficient is further defined in terms of

the impedances of each layer in the stack by12

1
ζ(k)

=
j=n−1∏

j=1

Zj+1 + Z
(j)
in

Zj + Z
(j)
in

exp(−iφj), (B4)

where ζ(k) is the transmission coefficient for a wave inci-
dent on layer n of an n-layered stack, and φj = kj(ω)dj .
The propagation distance through the jth layer dj is de-
fined as zero for the semi-infinite end layers of j = 1
and j = n. The impedance of the jth layer is defined
as Zj = ω/ckj(ω), and the input impedance of the jth

interface is defined as

Z
(j)
in =

Zj−1
in − iZj tanφj

Zj − iZj−1
in tanφj

Zj , (B5)

where Z
(0)
in = Z1.

The FIR optical properties of the photoexcited mate-
rial are related directly to θmeas via the complex trans-
mission amplitude coefficients of the photoexcited ζ∗p(k∗p)
and non-photoexcited ζnp(knp) media. From the defini-
tion of ζ(k) in Eq. (B2),

θmeas =
ζ∗p(k∗p)

ζnp(knp)
. (B6)

The non-photoexcited transmission coefficient ζnp(knp)
can be obtained through a separate non-time-resolved
measurement of the FIR optical properties of the mate-
rial. By inverting Eq. (B6) we can obtain k∗p, the wave
vector for the photoexcited medium and thus, αp(ω) and
np(ω), the photoexcited optical constants. For this study,
we do the inversion numerically by generating a grid of
|θ(αguess, nguess)−θmeas| and finding the minimum on the
grid, but other numerical procedures for solving these
equations, such as the Newton-Raphson method, have
been employed as well. By successively narrowing the
grid we obtain values for αp(ω) and np(ω) whose accu-
racy are not limited by this numerical procedure.

The complex permittivity ε = ε′ + iε′′ is determined
from αp and np using ε′ = n2

p − [αc/(2ω)]2 and ε′′ =
npαpc/ω. The complex conductivity is obtained from

ε = εbound −
(

iσ

ε◦ω

)
, (B7)

where εbound is the part of the permittivity due to the
non-photoexcited material, and ε◦ is the permittivity of
free space.

It is worth noting that this procedure for extracting
the photoexcited optical constants of a single layer in the
dielectric stack assumes that none of the other layers’ op-
tical constants change upon photoexcitation. When mul-
tiple layers are excited, it is mathematically impossible
to determine all of the individual optical constants. How-
ever, even in these cases, TRTS still measures the changes
in optical density and phase of the complete stack, but
extraction of material parameters for each layer depends
on additional information about the system. This sit-
uation is exemplified in the study of photoexcitation of
LT-GaAs at 800 nm.1
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