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Subpicosecond carrier dynamics in low-temperature grown GaAs
as measured by time-resolved terahertz spectroscopy
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The transient photoconductivity in a/dm layer of low temperature grown GaAkT-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 front 400 to 1100

+100 cnf V-1s ! with a time constant of 2 ps. Photoexcitation at 800 nm produces a
time-independent mobility of 30080500 cnf V! s 1. We determine the carrier lifetime in
LT-GaAs to be 1.1+ 0.1 ps. © 2001 American Institute of Physic§DOI: 10.1063/1.1416140

I. INTRODUCTION number of point defects, and also increases the distance be-
tween As islands. Since photoexcited electrons can be
Low-temperature grown GaAdT-GaAs) is a semicon-  trapped by As clusters acting as buried-Schottky barfiers,
ducting material with a high carrier mobility and a fast car-py residual EL-2-like point defecfsphotoexcited carrier
rier capture time. The mobility is larger than in silicoand |ifetimes increase with increasing anneal temperature and
almost as large as in regular GaAs, while the carrier lifetimeime >7 but still remain much shorter than in regular GaAs.
is three orders of magnitude smaller;1 ps in LT-GaAs  Furthermore, the mobility increases over the as-grown mate-
(Ref. 2 compared to-1 ns in GaAgRef. 3 and~10 msin  rial upon annealing because the defects and lattice strain are
silicon? This makes LT-GaAs materials attractive for appli- decreased.
cations such as ultrafast switches and terahertz antennas; ap- There has been a great deal of recent interest in genera-
plications for which it is desirable to have the highest pos+ijon, propagation, and detection of fs-THz pul$e¥.One of
sible mobility with the shortest possible carrier lifetime. In the most unique attributes of this new spectroscopic method
this work, we use time-resolved THz spectrosc6pRTS) to s that it allows time-resolved studies to be carried out in the
study the carrier mobility after photoexcitation. Time- far-infrared(FIR) region of the spectrum with subpicosecond
resolved THz spectroscopy enables the quantitative determiemporal resolution. Due to difficulties in carrying out and
nation of the conductivity, a product of the carrier mobility interpreting experiments based dime-resolbed THz
and carrier density, on a subpicosecond time scale. No othpectroscopy, reports of them are less numerous than reports
technique allows for such a determination on these timeitilizing THz pulses in a non-time-resolved mode, often re-
scales. ferred to as THz time-domain spectroscopyHz-TDS).
Low-temperature grown GaAs is produced using mo-However, in this article we show that TRTS is a powerful
lecular beam epitaxyMBE) of GaAs at low substrate tem- technique for studying the subpicosecond evolution of the
peratures during growth in an excess As fluXy far-infrared spectrum after photoexcitation, and we apply it

=180-300 °C, followed by a high temperature anndal, to study the photoconductivity in LT-GaAs.
=400-800 °C, for a short period of timé,=1—30 min.

Before annealing, the as-grown material is highly nonsto-
ichiometric, containing excess As, and its properties are gow: EXPERIMENT

erned by point defects such as As interstitials and As  14e experimental apparatus has been described

antisites> Photoexcitation of the as-grown material results i”previously? and will not be repeated here. The sample, pur-

subpicosecond carrier lifetimes. Furthermore, the as-growRpased from MellWood Laboratories. Inc.. consists of a 1
material is conductive in its nonphotoexcited sfalthe ma- m thick LT-GaAs layer on top of 2 50 nm AGa, As

terial properties, however, change dramatically upon anneals, rier deposited on a semi-insulating GaAs substrate. After
ing due to the precipitation of As clusters. The point defects, g growth the sample was annealiedsitu for 30 min at
are reduced as the excess As precipitates in an Ostwald rigrg o with an arsenic flux. Experiments were done with

ening procesS The material can then be best described aS Bhotoexcitation wavelengths of 400 and 800 nm. The optical

mixture of metallic As clusters embedded in a GaAs Sem"penetration depth depends strongly on waveleﬁ%ﬂ;uch

conductor matrix. _ _ that photoexcitation at 400 nm excites electrons solely within
Cont_rol of the A_s cluster size and the distance betwee,. | T.GaAs layer, while 800 nm photons penetrate further
clusters is accomplished by varying the anneal temperaturg,q excite electrons in the GaAs substrate as well. For 400
and time, T, andt,, respectively. Annealing reduces the [y excitation, the fundamental laser output was frequency
doubled h a 1 mmthick B-BaB,0, (BBO) crystal, and an
dElectronic mail: Charles.schmuttenmaer@yale.edu intensity of 0.9J cm 2 per pulse was used to excite the
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0 - tensity of the pump pulse was held constant for both scans,
2 w thus, differences in the observed signals are due solely to
E differences between the conductivity of LT-GaAs and regular
—g 27 i GaAs. The onset of photoconduction is nearly identical in
Ty 31 fa,, - both cases, but the LT-GaAs scan shows a subsequent rapid
%E N ‘A“A““n Gads | decrease in THz absorption corresponding to trapping of the
488008002 000a84 photogenerated carriers by the As clusters.
-5 T ; y ' Stanton and Bailéy modeled the onset of photoconduc-
0 2 4 6 tivity with three states. One state represents the combined
Pump Delay (ps) and X valleys, and there are two states for Hevalley: an

upper state and a lower state. Carriers are photoexcited into
({he uppefl” state and rapidly scattétO fs) into theL andX
valleys. They can then scatter back to the udpestate, but

the rate at which they relax is governed by the relaxation rate

sample. The spot size was 1.0Gmnd was about two times from the uppei” state to the lowef™ state, and only those
larger than the spot size of the THz pulse. The 800 nm pumgarriers in the lowel” state are allowed to contribute to the
pulse energy was 0,8J cni 2, with a 1.5 cmd spot size. The  signal. Once in the lowelr state they cannot scatter out. We

experiments were done under a dry nitrogen purge at roorfhen multiplied these model dynamics by an exponentially
temperature. decreasing function to describe the trapping process in LT-

Complete methods for collecting and interpreting theGaAs, and finally, we convoluted the model with a Gaussian
data are described in the supplementary Electronic Physidgnction to represent the visible pulse width. A nonlinear
Auxiliary Publication Servic EPAPS deposit that accom- least squares fit of the model to the data was performed and
panies this articlé’ This supplementary material describes the results are shown as the solid line in Fig. 1. We find that
how the data must be properly collected and analyzed ithe relaxation time from upper to lowér statesrr in LT-
order to extract the far-infrared spectrum. This includes deGaAs is 2+ 1 ps, the carrier lifetime; is 1.3+ 0.1 ps, and
convolution of the detector response function in order tothe full width at half maximum(FWHM) of the Gaussian
maximize the temporal resolution. In addition, to extractfunction is 680 fs. This is larger than the FWHM of the
quantitative values of the conductivity, the THz beam pathexcitation pulse because it is based on a fit to a 1D éa@n
must be described accurately. This entails specification of albnly monitored one point on the THz waveformather than
the interfaces that the THz beam encounters, as well as tre2D grid of data(collecting a full THz scan at each pump-
spatial distribution of the photoexcited carriers, which can belelay time as is presented below.
obtained by solving the appropriate diffusion equations. Fi-  Figure 2 displays the observed real and imaginary parts
nally, the nonphotoexcited optical properties of the mediunof the frequency-dependent complex conductiviiyd o]
in the far-infrared must be known. When all these effects arand Inj ¢ ]) in LT-GaAs photoexcited at 400 nm, as a func-
properly accounted for, the frequency-dependent conductition of pump-delay timet” from —1 to 3 ps2° To obtain
ity o(w;t") is obtained without assumption of a model at o(w;t") we treat the photoexcited sample as a dielectric
each pump delay time;'. stack of air/photoexcited LT-GaAs/nonphotoexcited LT-

The effective mass of hole carriers in GaAs is known toGaAs as discussed in detail in Refs. 3 and 17. The photoex-
be seven times greater than that of electrolge assume cited carrier path length is given by the optical skin depth at
this to be true for LT-GaAs as well, and therefore only con-400 nm, which we assume to be the same as that of GaAs,
sider photoexcited electrons as contributing to our observednd is 14 nnt®

FIG. 1. 1D pump scans of LT-GaAs compared to GaAs when photoexcite:
at 400 nm.

signal. The Ré¢ o] is essentially independent of frequency for all
pump-delay times; it rises to its maximum in about 1 ps, and
11l. RESULTS then decays exponentially back to zero. The[la is fre-

quency dependent, and rises at the lower frequencies for the
first ~0.5 ps and then rises rapidly at higher frequencies.
Photoexcitation with 400 nrt8.1 eV) light produces car- The overall maximum occurs concurrently with that for
riers with approximately 1.6 eV excess energy at 300 KRg o], at about 1 ps. At each pump-delay time, thd dm
These photoexcited carriers have enough energy to undergiows very little curvature as a function of frequency, which
intervalley scattering since theandX valley minima are 0.3 implies that its peak lies beyond our spectral coverage.
and 0.46 eV above th& valley minimum, respectiveli? While the measured Re ] and Inj o] are obtained with-
Conduction electrons in either theor X valley have a much out assuming a model, it is useful to employ one to describe
lower mobility than electrons in thE valley. Since higher and understand the transient conductivity. The simplest
mobilities result in greater THz absorption, we are less senmodel of conductivity is the Drude model, which treats con-
sitive to electrons in thé and X valleys, and our measured duction electrons as free to move under the influence of an
data reflect the dynamics of the electrons returning tolthe applied field, subject only to a collisional damping foféén
valley at this excitation wavelength. Figure 1 shows the rethis model, the probability of a collision during an intereil
sults of photoexciting GaAs and LT-GaAs at 400 nm whileis dt/7.y,, Wherer, is the scattering time, or equivalently,
monitoring the highest point on the THz waveform. The in-the average time between collisions. The collisions cause a

A. 400 nm excitation
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FIG. 3. The calculated model vs the measured complex conductivity in
LT-GaAs, R¢o] and Inf o], photoexcited at 400 nm. The model is based on
the generalized Cole—Cole Drud&CCD) model of conductivity. The

) ~dashed contour lines are the calculated values and the shaded contours are
FIG. 2. Measured time-resolved frequency-dependent complex conductivityne measured data shown in Fig. 2. Two cuts of the data are shown at the

Re{o] and Inf o], in LT-GaAs photoexcited at 400 nm. A color representa- |eft, one at 0.3 ps and one at 1.5 ps, where the measured data are shown with
tion of this figure, along with a comparison 40D andA ¢, is available in sglid lines, and the calculated data with dashed lines. A color representation
the EPAPS repositorisee Ref. 20 of this figure is available in the EPAPS repositdsge Ref. 2

momentum dephasing, is sometimes referred to as the . . .
dephasing timg. We ﬁajgo¥ound that this simple model can(-)btalned by using the same type of model described above

not fully account for the frequency-dependent conductivityfor the 1D pump scans. We assume thats the same as that

in regular GaAS Not surprisingly, the Drude model must obtained from the 1D results, and do not vary this parameter
also be modified in order to fit the observed conductivity inWhe.n fitting _the model to the Qatg. We vary the maximum
LT-GaAs. Generalization of the Drude model is accom-S&"€' Qensny,No, thg carrier lifetime, 7, (not to be con-
plished by allowing a continuous distribution of relaxation fused with the scattering .t'mfco”)’ t.he cc parameter, and
times>2?We generalize the Drude model through modifica-1¢ "WHM of the Gaussian function, for the entire data set.
tions analogous to the “Cole—Col&* (CC) modifications of Thep, for each pump-delay time we vary the critical scatter-
the Debye model for liquid&?5This results in an additional "9 M€ 7o.coll while the global parameters enumerated above

parameterq, that specifies the breadth of the distribution of :ret held f|x?d(.j For_gu;np-d”elgy ;'t:neé CI:eCs:; thar:j 0|.3Aps, the
scattering time&2 The equation for the generalized Cole— 2ara @€ not described well by the model. A more

Cole Drude(GCCD) model is as follows: comple_te model at thgse pump-delay times would account
for having both the visible and THz pulses overlapped tem-
80“’57'04:0” porally in the samplé.
o(w)= : (1) Figure 3 shows the fit of the model to |Re] and Inj o].

- (3 1-«a
1=(lo7o,can) Two representative cuts at pump-delay times of 0.3 and 1.5

whereg, is the free space permittivity;, .o iS the critical — ps are also shown, and the parameters from the fit are sum-
scattering timeg is the CC parameter, and, is the plas- marized in Table I. The uncertainty of the extracted mobili-
mon frequencydefined as»f,= Ne?/(e,m*), whereN is the ties is about 5%, and for the carrier densities it is about 2%.
carrier density. Whena = 0 we recover the Drude model. We find that the carrier lifetime is 1#0.1 ps and that the
The critical scattering time, o is equal to the average scat- Gaussian FWHM, a measure of our temporal resolution, is
tering time(r,) for this model. Additionally, the peak of 220 fs. These values are slightly different than those ob-
Im[ o] occurs at radial frequenay=1/7, .. The mobility  served with the 1D pump scans, and the reason for this is that
is related to the average scattering time by e(7.)/m*,  there is more information contained in the full 2D grid. The
wheree is the charge of the carrier, amd* is its effective 1D pump scan only measures a single point on the THz
mass. waveform, whereas the complete underlying dynamics are
We fit the GCCD model simultaneously to the entire grid extracted from the 2D data set.
of Rd o] and Inj o] by parameterizing the carrier density The extracted mobility as a function of pump-delay time
N(t) as a function of pump-delay time. The carrier density isis shown in Fig. 4. The mobility is initially low and then
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TABLE I. Summary of the results from this study. The results are grouped
by figure. Units for mobility,u, are cnd V-1 s71, and the reported values
have an estimated error af5%.

400 nm 800 nm
Fig. 1 Fig. 6
7n=13£0.1 ps n=11+0.1 ps
T=2*1 ps offset=36.8+0.2%
Aw=680 fs Aw=700 fs
Fig. 3 Fig. 8
N,=4.6+0.1X 10" cm 3 N,=2.7+0.2x10"%cm 3
7n=11+0.1 ps n=1.4x0.1 ps
Aw=220 fs Aw=250 fs
=2+1 ps (fixed) offset=26+1%
a=0.54 a®=0.48
a®=05

Selected cuts of Fig. 3

1 P=7300 ¢=0 ps)
uP=9700 ¢>4 ps)
7,°=2.0£0.2 ps

©

Selected cuts of Fig. 8

at 300 fs at 300 fs
N=4.5x10"cm™3 N 2=2.5x10%cm 3
1="500 1 3=3200
N P=6.7x 10"%cm3
wu °=7500
at 1.5 ps at 1.5 ps
N=2.7x10"cm 2 N2=1.1x10%cm™3
w=1100 1w 3=3000
N P=7.3x 10%cm3
u °=8100
Fig. 4 Fig. 9
7,=2.0+0.2 ps w #=3000

n=392(t=0 ps)
pn=1300¢>2 ps)

4 T-GaAs.
bGaAs.
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FIG. 5. Carrier density profiles for photoexcitation at 800 nm at three dif-
ferent pump-delay time<a) Is the initial carrier density distribution at

=0 and is exponential. The vertical line indicates the LT-GaAs/GaAs
boundary.(b) Shows plots of the carrier density it=1 ps(solid line) and
t"=3 ps(dashed ling The inset displays the percentage of electrons in the
LT-GaAs layer(filled circles and GaAs layefempty circle as a function
pump-delay time.

B. 800 nm excitation

The situation is different with 800 nm photoexcitation
because the 0,#m optical skin deptt is on the order of the
1 um thickness of the LT-GaAs layer, and 23% of the initial
photoexcited carrier density is therefore in the GaAs sub-
strate. Figure &) displays the spatial distribution of excited
carriers immediately after photoexcitation. Bulk recombina-
tion occurs very slowly in GaAs>*1 n9 and the spatial
distribution of carriers in the GaAs region remains fixed on
the time scale of 1-10 ps. However, carriers generated in the
LT-GaAs layer are rapidly trapped in less than 2 ps. Figure 5
(b) plots the carrier density profiles at pump-delay times of 1
and 3 ps. These density profiles were determined numeri-
cally using a diffusion model with reflecting boundariés2®
at the LT-GaAs/GaAs interface to account for the insulating
Aly Ga 4As barrier, and this model is used to determine the
relative fraction of electrons remaining in the LT-GaAs layer.

AA\S the electrons in LT-GaAs are trapped, their overall density

increases for about two picoseconds before leveling off. . . .
P g decreases relative to the density of electrons in GaAs. The

functional form of an exponential rise to a maximum with aninset of Fia. 5 shows the relative nopulation of excited car-
offset,{ = u;+ ui 1—expt/z,) ]}, was fit to the data, where 9. pop

i is the mobility offsetu; is the amount it changes, and the riers n LT-GaAs and GaAs as a f“T‘C“O” OT pump-d_elz_iy
: found to be 2.0- 0.2 ps time. After 1.2 ps there are more excited carriers remaining
time constantr, was fou . .2 ps.

in the GaAs substrate than in the LT-GaAs layer.
Figure 6 shows the results of a 1D pump s¢scanning

N
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FIG. 4. The extracted values of the mobiligotg as a function of pump-
delay time. The line is an exponential rise to a maximum function fit to theFIG. 6. 1D pump scans of LT-GaAs compared to GaAs, both photoexcited

data with a time constant of 2.0 ps. at 800 nm.
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pump with a fixed probe-delay timef LT-GaAs with 800

nm photoexcitation compared to that for regular GaAs. The
data set for photoexcitation of LT-GaAs shows a sharp de-
crease in the THz transmission followed by a rapid increase
(similar to photoexcitation at 400 nm shown in Fig, but
levels off with a 1.3 ps time constant rather than achieving a
complete recovery. The origin of the long-time offset is the
presence of excited carriers in the GaAs substrate, which do
not decay on this time scale. The solid line in Fig. 6 is the
result of a 700 fs FWHM Gaussian function convoluted with
an exponential decay having a long-time offset that was fit to
the data. The decay time constant is #10.1 ps and the
offset is 37% of the maximum. Note that the offset is greater
than 23% (the relative population of carriers excited into

oo

GaAs vs LT-GaAsbecause the carriers in GaAs have higher ‘,'ﬁm""\ﬂ[m i
mobility and absorb more of the THz probe beam than do the A¢ 0.05 ,,;r,,,’tl" f‘" W I

e : & 'ﬂ "]‘ ”Il}"'l;'o““\\\\
carriers in LT-GaAs, and thus contribute to a larger percent- 0.00 "’l",,ll!'””l/‘ll'll"““e‘\“‘}\\“‘\\““e
age of the signal. 4 05 il ,%W‘/,’l[,/o’,::.‘\‘\\““

Even though we can calculate the relative excited elec- % 1.0 ‘\ "’”'g,'ff,,",,"
tron populations in LT-GaAs and GaAs as a function of @@ L.5 iR
pump-delay time, as shown in the inset of Fig. 5, it is not @% 20N 0 \?ﬁ@g
possible to extract the conductivity solely in the LT-GaAs & @6@96

layer and/or GaAs substrate in the absence of a model. Simi-
lar difficulty will be encountered for any system in which gig. 7. change in optical densiAOD) and change in phase\@) as a
more than one layer of the dielectric stack changes upofunction of pump-delay time when photoexciting the LT-GaAs/GaAs struc-
photoexcitation. This is in contrast to photoexcitation at 40¢fure at 800 nm.

nm, where we extract the conductivity in LT-GaAs directly

because the absorption skin depth is too short to excite car-

riers in the GaAs substrate. As a result, we report the com-

plex conductivity of LT-GaAs photoexcited at 400 nm, but fine 3 transmission amplitude rakiofor a dielectric stack

only report the change in optical densitypD and change in consisting of several layers as shown here.
phaseA ¢ upon photoexcitation at 800 nm.

Figure 7 displays the observed frequency-dependerit 4 3 2 1
AOD andA ¢ when photoexciting at 800 nm. BottOD and Photoexcited Photoexcited
A¢ arise from changes of the conductivity in the LT-GaAs .. LT-GaAs LT-GaAs Gans GaAs
layer as well as the GaAs substrate. The data can be sepa- 0.54 um 0.46 um 0.70 um
rated into two regimes(l) Delay times from 0 to 1.3 ps
pertain to the initial onset and rapid decay of conductivity, This accounts for all of the interfaces encountered by the
and are dominated by the response of carriers in LT-GaAslHz pulse as it propagates through the LT-GaAs/GaAs struc-
(2) For delay times greater than 1.3 ps, the conductivity hagure. The carrier spatial distributions are approximated as
essentially leveled off, and is due to the photoexcited carrierslab distributions, as already discussed in Appendix B of Ref.
remaining in the GaAs substrate. The data obtained at 4007; the 0.54um layer thickness for photoexcited LT-GaAs
and 800 nm excitatiofFigs. 2 and 7, respectivelare very  was determined by normalizing the distribution of carriers in
different. Even though we are reporting the real and imagithe LT-GaAs layer and then integrating. We have verified that
nary conductivity for the 400 nm data, aneDD andA ¢ at  this slab approximation is equivalent to the actual carrier
800 nm, we can in fact compare the trends in the two datalistribution by performing FDTD calculatiorts.
sets because thAOD primarily reflects changes in the A GCCD model is used for each of the two photoexcited
Rd o], andA ¢ reflects changes in the [m].2°With 400 nm  layers, however, each layer will have unique valuesdgr
excitation, Rgca] is frequency independent, however, with 7, coi, and a. The LT-GaAs and GaAs values fes, are
800 nm excitation theA\OD peaks at very low frequencies. determined from the density of electrons in the appropriate
The In{o] rises up at the higher frequencies, and nevefayer. We parameterize the total density of excited carriers as
shows a peak in our frequency range when photoexcited a function of pump-delay time with an exponentially de-
400 nm. On the other handy ¢ shows a peak whose fre- creasing function with a long-time offset convoluted with a
guency changes as a function of pump-delay time with 80@saussian function. ThudN(t) is
nm excitation.

In order to model the measurédDD andA ¢, we need N 1) =NJ{(1-b)exd (t—ty)/ 7] +b}@G(t,ty), (2
to account for carriers in the LT-GaAs layer and GaAs sub-
strate, as well as account for the interface between the phavhere N, is the initial carrier densityb is the long-time
toexcited and non-photoexcited materials. To do so, we desffset, t, is the arrival time of the visible puls&(t,t,) is a
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Gaussian function centered igtwith FWHM of Aw repre- 1.5 ps l\ A\ D <
senting the visible pulse, angl represents a convolution. B2 ?\}\ >\ \\ T32

The relative fractions of elections in LT-GaA$,{.caad \A k AN L 5 5
and GaAs {gaad are known from the diffusion model, as o 007 ; =R\ N\ \\ z
shown in the inset of Fig. 5. The number of electrons in $ , & ‘\;\\\\ ~~rte
LT-GaAs and GaAs is related to the total number of excited ' AN R )'\>\\\\\{_ 05
carriers byn rgaas= fircaador aNd Ngaas= feaadlior, fur- 030 O —_ —— .
thermoren,,;= N tgaast Ngaas- The density is related to the e : : , : , -1
number of carrierm by N=n/(Ad), whereA is the area 05 1.0 15 20 05 1.0 15 20
(spot size of lasér andd is the depth of the carrier distribu- Frequency (THz)

tion, A is the same value for the total, LT-GaAs, and GaAs
distributions. Thus, one obtains the following two equations: ~ 0.10 4 1-3ps

0.10 A

g

Niotdior= Neaadcaast Nitcaaditcans: ©) 0.05 7/;""\7‘ £
S 0.00 +— : : z

Niotdiot= fcaadNioTiort fircaasNtoiot - (4) < /4\_4\ %
Z £

The depthdgaasfor the carrier distribution in the GaAs sub- 05
strate is the same as that of the total carrier distribution since 03 ps

both are exponential functions with the same l/alue, 0.00 . " T T T T =1
thereforedgaas= dior- HOWever,d 1.gaas is shorter thard,y 05 1.0 15 20 05 1.0 15 20
by 23%, and thuslrgaas = 0.77 di;. We arrive at the Frequency (THz) Frequency (THz)

desired relationships: Ngaas=feaadNiot  @nd  Nirgaas FIG. 8. CalculatedAOD and A¢ compared to the measured data. The
= fircaadNiot/0.77, S0 thalN 1.gans aNd Ngaps CaN be deter-  dashed lines are the calculated data and the shaded contours are the mea-
mined at each pump-delay time from qu) to (4). sured data shown in Fig. 7. Two cuts at 0.3 and 1.5 ps are shown on the left
The scattering rate in GaAs is assumed to decrease a§i§e- In the cuts the measured data are the solid lines, and the calculated data
. . . are the dashed lines. A color representation is available in the EPAPS re-
function of pump delay, as was observed in a previous stud}gository(See Ref. 21
of photoconductivity in regular GaASWe therefore param-
eterized 7. .gaas With @an exponential rise to a maximum
function with time constantr, q.caass With an offset that
increases from an initial valug, .o.canss t0 @ long-time
value. Thus, to fit the entire set of da0 difference scans
spaced 100 fs apartwe globally varyN,, 7, t,, by,

| T.GaAs: XGaAs: To,coll-GaAs and Tr,coll-GaAs: 1N @ nonlinear

tween 1 and 3 ch@V ! s 1 while that of an annealed
sample is much higher and increases with anneal time and/or
temperaturé® The mobility in regular GaAs is~7000
cn? V™1 st at 300 K3 During the annealing process the
excess As atoms form clusters, reducing the lattice strain.

least squares fitting routine, where is the “Cole—Cole” . : .
arameter not the absorption coefficient. We vagy Increasing the anneal time and/or temperature resglts in
P : L-GaAs  |arger clusters that have greater separation. Increasing the

Ieot(;?!)%;c;rdeach pump-delay time, keeping the global Param< ster separation results in longer carrier lifetimeshile

Figure 8 shows the observed data with the Calculateémhgboil”et;rease in lattice strain is responsible for an increase in

data overlaid, and two representative cuts of the data are The reduced mobility of LT-GaAs compared to regular

shown: one at 0.3 and the other at 1.5 ps followmg the 8Q%aAs is due to residual shallow defects. Shallow defects are
nm pump pulse. We see that the model fits the data quite

well. A summary of the best fit parameters is given in Tableobserved In LT-GaAs in the band-edge cw absorption

I. The values for the mobility in GaAs agree well with our spectrun;’ and are not fassomated with midgap deep traps

. 1 o1 due to the As clusters. Figure 10 shows the band structure of
previously reported value for GaAs of 6540tcv ! s ! at e

. . 6 33 T . LT-GaAs, differing only from GaAs by the presence of shal-
carrier density of 1.8 10'® cm™3.3 The carrier lifetimer, is

: L low defects and deep traps. The shallow defects reduce the

1.420.1 ps, and the FWHM of the Gaussian function is 250mobilit by increasing the scattering processes, and thereb
fs. The offsetby, is 26%+ 1%, which is smaller than that y by 9 gp ’ y

found for the 1D pump scan. This offset is for the carrier
density and not the THz transmission, as in the 1D pump

scans, and is close to the expected value of 23%. Figure 9 " 3000 42" . %%
showsu r.gans fOr all values of the pump-delay time, and it z . * "o..
is seen thaj 1.gans IS €Ssentially constant. g 2000 {° .
o)
2 1000
)
IV. DISCUSSION = : , :
A. Lifetime vs mobility in LT-GaAs 0 1 2 3
Annealing the as-grown LT-GaAs material is known to Pump Delay (ps)

i_ncr_eass both th_e Stati(_:_ carrier mobiftyand the _Carrier FIG. 9. Extracted values of the mobility in the LT-GaAs layer as a function
lifetime.” The static mobility of the as-grown material is be- of time after photoexciting at 800 nm.
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L T X where(x) is the average distance between clusters, &iisl
Chondiiction the lifetime of the carriers. From this relationship the mobil-
Band ity is seen to be inversely related to the carrier lifetimes
<) . /\ expected. Using a mobility of 3000 énv~! s ! and a tem-
Shallow \ /,n perature of 300 K, we calculate a cluster separatior 860
Defeas\ Y A . This distance is somewnhat larger than those reported in
i Ref. 7 for the same catrrier lifetime. However, the anneal time
Deep 7 400nm_ | (800 nm for their sample was only 30 s while our sample was an-
Traps \ nealed for 30 min, thus achieving a higher mobility and
g:gge \ larger cluster separation.

FIG. 10. The band structure of LT-GaAs is assumed in this study to be th%_ Time-dependent mobility

same as that of GaAs, except that LT-GaAs has a band of shallow defects,

and contains deep tragassociated with the As clustgr&kelaxation of the Carriers are photoexcited into the conduction band with

photoexcited carriers initially occurs in thevalley with a time constaniy excess energy. The excess energy initially is deposited into

and then from thé" valley into the midgap states with a time constant,af . ; . . . .

The shallow defects do not remove the electrons from the conduction ban&,he carrier kinetic energy resultlng in elevated carrier tem-

but do decrease their mobility. peratures. If the excitation energy is above that of the
and/orX valley minima, then intervalley scattering occurs on

the 10—-100 fs time scale. Intervalley scattering proceeds via

decreasing the time between collisiong,, whereas the €mission of large wave-vector phonaﬁwhich must decay
deep traps are responsible for the shorter lifetimes. through multiphonon processes. The excited carriers within

While the mobility in LT-GaAs is~ 2 times smaller than the I valley also relax by emitting phonons, of which the
in regular GaAs, it is still quite large. For example, silicon largest contribution is that of the LO phonons. In this way,
has a mobility of 1350 chV ! s 1. The carrier lifetime the carriers transfer energy to the lattice and eventually
on the other hand, is reduced by a factor of,fom ~1 ns achieve thermodynamic equilibrium. Due to rapid intervalley
in regular GaAsRef. 3 to ~1 ps in LT-GaAs. While it is scattering and large excess energies associated with 400 nm
desirable, from a device standpoint, for a material to havé&Xcitation, a large nonequilibrium population of “hot”
high mobility with short carrier lifetime, there is a tradeoff Phonons is produced. In this situation, the carriers may emit
between these traits in LT-GaAs materials; samples wittP" absorb phonons with roughly equal probability, and the
higher mobility have longer carrier lifetimes carriers cannot relax until the hot phonon population relaxes,

: ; ; ; =36

In the general case of semiconductors, the carrier lifeWhich occurs with a time constant of 1-49s! Thus, the
time 7, (which is on the order of nanoseconds not related hot phonons effectively slow down the thermalization time
to the mobility. This is because the mobility is related to theOf the carriers.

average carrier scattering tinfe.,), which is on the order We observe a time-ijf:p??de.nt increase of from
of femtoseconds to picoseconds. The carrier lifetimes a ~ 400+100-1100-100cn? V™! s~ with a time constant of

measure of the interband dynamics, whereas,) is a mea- _2.0 ps(Fig. 4 when photoexciting at 400 nm. The mobility
sure of the intraband dynamics. However, the carrier lifetimdNcreases as the number of scattering events decreases. A

in LT-GaAs and related semiconductor materials is governedMe constant of 2.0 ps is in qualitative agreement with the
by the average time a photoexcited carrier diffuses beforéelaxation time within in thel” valley obtained from the
encountering a trap, and this diffusion time is determined byhree-state model proposed by Stanton and Bafleyhich

the mobility. Thus, there is a phenomenological relationshipVas used to fit the onset of photoconductivity when photo-
between the carrier lifetime and the mobility through the€XCiting into thel or X valleys(Fig. 1). The relaxation in the
anneal conditions. The mobility is related to the anneal conl’ valley determined from that model was2 ps.

ditions through the reduced lattice strain, but the carrier life- It has recently been shown that the presence of hot

time is related to the anneal conditions through the As clustéPhonons can affect the measured free carrier absorption
separation. (FCA) because FCA is a phonon-mediated proc&séThat

To be quantitative, we treat the carriers as diffusing parS: 10 conserve both energy and momentum, intraband ab-
ticles undergoing Brownian motion which can be describecdOrPtion must be accompanied by either absorption or emis-
by Maxwell-Boltzmann statistics. Then, the average disSiOn of a phonon. This is the reason why FCA measurements

tance a particle diffuses in tinteis (x)= /Dt 2 whereDis  can be related to the mobility. In Ref. 36 hot phonons were
the diffusion coefficient. The mobility is related Bbthrough ~ S€€n to increase the measured FCA where the photon energy
the Einstein relationD = ukgT/e, wherekg is the Boltz- used was 73 meV, about two times larger than the 36 meV
mann constanfl is the temperature, areis the charge of an LO phonon energy..However, in the work reported here, the
electron. Since the carrier lifetime is the average time thaProPe photon energies used are 1-10 meV and the excess hot

the carriers diffuse before encountering an As cluster, th@honons are seen to decrease the FCA. One might expect the
mobility can be related to the carrier lifetime by additional phonons to increase the magnitude of FCA be-

5 cause there are more of them available to assist in the ab-
_ (x)e sorption, but more phonons lead to a higher scattering rate
- kg T’ and therefore a lower mobility. It is well known that at high

©)
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frequencieso( 7.,)>1 the mobility isinverselyproportional 304 o

to the FCA3® however, at low frequencies FCA éirectly _ — Refol
proportional to the mobility. Free-carrier absorption can be e 201

described quantum mechanically as a three-particle interac- £ 10 A

tion (electron, photon, phongnusing second order time- ) 0 -

dependent perturbation thed®yIt has been shown that the Z : : :
Drude model reproduces the quantum mechanical results in ‘B 30 1 Im[o]
the low frequency limit f w<kgT) when the scattering is é 20 S
elastic?*=*? The Drude model makes no assumptions as to S 4

the nature of the scattering processes and will reflect the 104/5

presence of excess phonons by a decrease in the mobility. 0 i : i

The Drude model predicts that a decrease in mobility leads 00 05 10 15 20

to a decrease in the absorption at low frequencies as ob-

Frequency (THz)

served by us, but an increase in the absorption at high fre-
guencies as observed in Ref. 36. FIG. 11. Comparison of the two different ways to add conductivities with
LT-GaAs has a larger mobility when the carriers are ex-the measured effective conductivity in the LT-GaAs/GaAs structure. The

cited with 800 nm light than with 400 nm light, and further- circles are the effective conductivity, the solid lines are obtained when the
e . T scattering rates are averaged, and the dashed lines correspond to adding the
more, the mobility is time-independent when excited at 80Qoqyctivities. The data are from 0.5 ps after photoexcitation with 800 nm

nm. Photoexcitation at 400 nm produces carriers with 1.67ght.
eV excess energy, whereas photoexcitation at 800 nm pro-
duces carriers with only 0.12 eV excess energy. The tempera-
ture of the carriers when excited at 400 nm is higher than

when photoexcited at 800 nm. Phenomenologically, we sefio response, but the Re] would have a constant value,
from Eq.(5) that a high carrier temperature results in a lowercorresponding to a change in absorption with no change in
mobility even though the carriers have a higher kinetic enindex of refraction. At the other extreme, whén,,) > 1.6
ergy. We expect the mobility to be reduced when exciting abps, neither the Ifrr] nor Ré o] would be measurable.

400 nm because of the large population of phonons pro-  The results in Sec. Ill allow important general observa-
duced. The carrier lifetime is essentia"y the same for bothions to be made about Conductivity measurements using
400 and 800 nm excitation, even though the mobilities arerRTS. Consider photoexcitation of the LT-GaAs/GaAs
qUite diﬁerent, becaus@ is different. In addition to their Sampie at 800 nm, in which the THz probe pu|se encounters
excess energy, photoexcitation at 400 nm creates carriefgo different types of absorbers; photoexcited carriers in LT-
with larger effective mass, due to the combined effects olGaAs and those in GaAs. If we did not knawpriori what
carriers in the low mobility. andX valleys as well as being  the underlying distribution of materials was, we would only
higher up in thel” valley, where the curvature is lower. Ad- pe aware of aeffectivephotoconductivity for the composite

ditionally, the 400 nm excitation creates a larger density olsample. That effective conductivity could arise from two dif-
carriers than photoexcitation at 800 nm, even with the sameerent ways of combining the individual conductivities. It
number of excited carriers because the optical skin depth isould be the sum of the individual conductivities:

itot
50 times smaller. ngher densities result in lower mOb”ﬁieS :E(Ti , or it could arise from an average of their Scattering

due to increased carrier—carrier interactions. times, o= o({ 7con)) , Where 1 7eq) =Za;/ 7¢q)i » anda; is
the fraction of carriers having., ;. We obtain different
results from these two cases.
As an example, Fig. 11 compares these two ways of
Time-resolved THz spectroscopy measurements areombining individual conductivities to the observed results.
most sensitive to peak frequencies ranging from 0.1 to 2.9Ve use the best fit parameters when photoexcited at 800 nm
THz, corresponding to scattering times betweef,,  to calculate the conductivity of GaAs and LT-GaAs at a
=1/(0.2x27)=1.6 ps and 1/(2.827)=56 fs, respec- pump-delay time of 0.5 ps, and then added them together
tively. For a symmetric log distribution of relaxation times, (shown as the dashed lines in Fig.)1We then calculated
as obtained with the “Cole—Cole” modification of the Drude the average scattering time from the individual scattering
model, the peak of Ifr] occurs atw=1/7.y), or a linear  times and calculated the resulting conductivighown with
frequency ofv=1/(27(7¢o)) - As (7o) becomes smaller or the solid line$. We obtained theffectiveconductivity from
larger, the peak will move out of our frequency window. For the measured E+y, as described in Appendix B of Ref. 17,
nonsymmetric distributions the peak does not occur preciselgnd it is shown with open circles. It is seen that adding the
at 1/(2m( 7)) but shows the same general trend. For LT-individual conductivities more correctly reproduces the mea-
GaAs photoexcited at 400 nli7.,) is between 10 and 50 sured data than averaging the scattering times. This is ex-
fs, which results in a peak in the [m] between 3.3 and 17 pected because it is known that our sample consists of two
THz, which is outside our frequency range. This is the reasoseparate layers.
that the measured frequency-dependent complex conductiv- The situation is different when the same carrier can un-
ity in Fig. 2 shows essentially no curvature. For the extremealergo a variety of scattering processes, and the overall scat-
case wher{ r.,) < 56 fs, the Injo] would show essentially tering time is given by

C. Conductivity measurements using TRTS
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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 previously? that a full two dimensional
(2D) grid of THz difference scans AEry,(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 ¢ is the THz-
delay time and ¢ 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

o
t" (ps)

0 1 2 3 4

FIG. 1: Typical TRTS 2D data set. Contour plot of AFry,
(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 AFEr,(pump-on minus pump-
off) as a function of constant reference time. The solid lines
correspond to positive A Ern, 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 ¢” = 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.*
The electro-optic detection of a THz pulse has been mod-
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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.®> and is given by

l oo
Algo(T) o<r41/ dz/ dtl,(z,t —17)E(2,t) (Al)
0 —00
with
B(et) = / dwB(0, w) exp(izhzte — iwt),  (A2)

where Algo(7) is the detected signal, E(z,t) is the prop-
agated THz pulse at a distance z into the detector crystal,
I,,(z,t—T) represents the propagating visible pulse (taken
as Gaussian), and 7 is the temporal delay between the
two pulses, kznre is the complex propagation vector of
the THz pulse in the ZnTe crystal, and r4; is the electro-
optic coeflicient for ZnTe. To obtain the THz pulse before
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propagation through the detector, F(0,t), we can regard
Eq. (A1) as a simple convolution of the detector response
with the THz pulse given by

t

Mo(r) o [ BO.Ow(-ndt (a3

— 00

with x4 being the response function of the detector.
If xq is known, a Fourier deconvolution can be used
to obtain F(0,t). The detector response function, yg,
is most easily generated by numerically propagating a
Dirac delta function through the detector using Egs.
(A1) and (A2). The complex propagation vector is
kznTe = wn(w)/c + iwa(w)/(2¢), where n(w) and a(w)
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.%

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 I' valley.>"? 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.?

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 n,(w) and
absorption coefficient a;,(w) of the photoexcited sample
can be extracted from the measured data without assum-
ing a model to describe the medium. To extract np(w)
and ap(w) 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.'? If not treated cor-
rectly, these interface effects, which are most pronounced
when there are large changes in n(w), 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.? 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
experiments!! 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 pm.

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

Omeas = E; (Wa d)/Enp (Wa d), (Bl)
where E5(w,d) is the complex field measured after
transmission through the photoexcited material, and
E,p(w,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 AE(¢,d) =
Ei(t,d) — Enp(t,d) is measured and combined with
Eup(t, d) to yield Ej(t,d). Each are Fourier transformed
to give Eyp(w, d) and Ej(w,d) which then yields 6yeas-

Treating the interfaces in the dielectric stack is accom-
plished by relating 66,5 to a complex transmission am-
plitude coefficient {(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 &, (w, d) to the
complex initial electric field amplitude!? & (w,0) as

Eur(w, d) = ((k)E(w,0). (B2)
In general, F = Eexp(ikz — iwt) where E is the full
complex electric field, £ is the complex amplitude, and k
is the complex wave vector given by

_ 2mn(w) | .a(w)

hw) = =5+ i (B3)

The transmission coefficient is further defined in terms of
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the impedances of each layer in the stack by'2

1 it Zjt1+ z
S DT T —i; B4
C(k) =1 7 Zi(i) P .

where ((k) is the transmission coefficient for a wave inci-
dent on layer n of an n-layered stack, and ¢; = k;(w)d;.
The propagation distance through the ;™ layer d; is de-
fined as zero for the semi-infinite end layers of j = 1
and j = n. The impedance of the j* layer is defined
as Z; = w/ck;(w), and the input impedance of the j!
interface is defined as

Z-]_1 — iZj tan ¢j )

Z(]) — n _ Z , B5
m Zj — iZiJn_l tan ¢j ’ ( )

where 7" = 7;.

The FIR optical properties of the photoexcited mate-
rial are related directly to 6neas via the complex trans-
mission amplitude coefficients of the photoexcited ¢} (k)
and non-photoexcited (np(knp) media. From the defini-
tion of ((k) in Eq. (B2),

e = 200 (B6)
Cop (Fup)

The non-photoexcited transmission coefficient (np,(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 k7, the wave
vector for the photoexcited medium and thus, a;,(w) and
np(w), the photoexcited optical constants. For this study,
we do the inversion numerically by generating a grid of
|0(tguess, Mguess) — Omeas| 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 a,(w) and n,(w) whose accu-
racy are not limited by this numerical procedure.

The complex permittivity € = &’ + i€” is determined
from ap, and ny, using ¢ = n? — [ac/(2w)]* and & =
npapc/w. The complex conductivity is obtained from

10
€ = €bound — ;
EoW

where epoung is the part of the permittivity due to the
non-photoexcited material, and e, 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.!

(B7)
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