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Subpicosecond time-resolved relection of ultrafast electrical pulses
from Gaks in the presence of nonthermal photoexcited carriers
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The reAected waveform of a femtosecond electrical pulse incident on GaAs following hot-

electron excitation by a subpicosecond optical pulse is calculated. Conditions under which the
electrons initially re1ax mainly by emitting a cascade of longitudinal-optical (LO) phonons are as-
sumed to hold. It is found that the electrical pulse can show amplification on reAection when the
initial kinetic energy of the excited electrons equals an integral multiple of the LO-phonon energy
within a suSciently narrow energy spread.

Some years ago, Auston et al. ' demonstrated that sub-
picosecond electromagnetic transients containing far-in-
frared frequencies can be generated in electro-optic ma-
terials during propagation of femtosecond optical pulses.
A technique to use these electric field pulses for measuring
far-infrared dielectric properties of materials was also
developed. 2 In a recent experiment, Nuss, Auston, and
Capasso used such a technique to deduce time-dependent
mobility of photoexcited hot electrons in GaAs with fem-
tosecond time resolution for the first time. In that experi-
ment, the carrier dynamics was studied by measuring the
reflectivity of a femtosecond electrical pulse as a function
of the delay time with respect to the initial carrier pho-
toinjection. The carriers are excited by a femtosecond op-
tical pulse. The electrical pulses are generated by optical
rectification of femtosecond laser pulses' in a nonlinear
medium (LiTa03) in contact with the GaAs surface.
Both the incident and the reflected electric field
waveforms at the GaAs surface are separately measured
using the electro-optic ea'ect in LiTa03. Such electrical
pulses have been shown to have a wide Gaussian-like
spectral content with the frequency ranging from dc to a
few THz and a peak at about 1 THz. The pulse duration
is about 300 fsec.

In view of the importance of such measurements, we
present a calculation of the time-dependent Fresnel re-
flection coefficient for a short electrical pulse incident on
GaAs following hot electron excitation by a subpicosecond
optical pulse. We compute the reflected electric field
waveform for different conditions of photoexcitation and
momentum relaxation rates due to quasielastic scattering
mechanisms. We find the extremely interesting result
that the incident electrical pulse can be amplified on
reflection from the photoexcited GaAs surface when the
initial photoelectron kinetic energies are restricted to be
equal to an integral multiple of hcaL~, the longitudinal-
optical-phonon energy, within a sufficiently narrow ener-

gy spread ( 2h& h, tnLo&36 meV in GaAs). Our re-
sults also bring out the role played by the momentum re-
laxation time due to quasielastic electron scattering in dis-
torting the reflected electric field waveform.

To show this, we first calculate the time-dependent ac
electrical conductivity of the photoexcited carriers with
the dependence on the frequency of the incident electric
field included. The calculation is performed within the
framework of time-dependent Boltzmann transport equa-
tion for low-density photogenerated carriers (n & 10'
cm ). We assume that a subpicosecond optical pulse ex-
cites electrons into the central I conduction valley
predominantly from the heavy-mass valence band of a
GaAs-like polar semiconductor, the light-mass valence
band having a smaller density of states. The photon ener-

gy is taken to be small enough to avoid I L intervalley
transfer as a simplification. Under these conditions, the
excited electrons initially relax to lower energies by emit-
ting a series of longitudinal-optical (LO) phonons. The
carrier generation at the exciting photon energies of 1.6
eV and above typically occurs in a depth of about 0.2 to
0.4 pm in GaAs. In view of the long wavelengths con-
tained in the incident electric fields (k-300 pm), the
photocurrent carried by the excited carriers can be taken
as a surface current. We may mention here that we focus
attention only on the initial period of carrier relaxation of
a few psecs and do not consider the regime of slow pro-
cesses such as carrier recombinations, diffusion, etc. ,
which occur on the scale of several tens of psecs or more.
The surface current can be obtained from the volume pho-
tocurrent integrated over the depth of carrier generation.
The probing electric field vector is taken here for simplici-
ty to be in the plane of the GaAs surface (s polarization).

The generalized Fresnel reflection coefficient for a short
electrical pulse can be calculated for weak electric fields
by using the linearity of Maxwell's equations. The in-
cident electrical pulse E;(t ) can be Fourier decomposed as

P OO

E; (t) E;(ta) exp( —itat)den,
42' "

where t t —to, to is the center of the pulse. The reflected
field E„(t) is given by

Q OO

E,(t) - r(ta, t)E;(ta)exp( —itat)den. (2)
V2n "
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(In what follows, it is understood that complex-conjugate
quantities are added to obtain real fields and currents. )
Here r(tv, t) is the Fresnel reflection coefficient at fre-
quency m for the s polarization obtained by solving
Maxwell's equations subject to the usual boundary condi-
tions expressing the continuity of the tangential com-
ponents of the electric lelds and of the magnetic 6elds in
the two media at the interface. Writing

E, (tv) -r(cv, t )E;(tv), (3)

a, (tv, t) a(ai, t)e "t"dx', (5)

where d a ' is the absorption depth, a is the absorption
coefficient for the optical pulse, and

tu g

a(cv, t) „Z(t,t )e dt . (6)

The generalized conductivity response function Z(t, t') is
to be obtained by comparing the following expressions for
the photocurrent J(ai, t) induced by the Fourier electric
field E(tv, t)-E(tv)exp( —itvt):

J(ru, t) -2egfg(t)v(k),
k

and

Wf

J(ei, t) -„,Z(t, t')E(tv, t')dt', (s)

where E(tv, t) is the total electric field in GaAs (i.e., a
sum of the incident and the reflected fields) near the sur-
face, and v is the particle velocity parallel to E(ai, t). The
nonequilibrium independent-particle distribution function
fi, (t) can be obtained within the framework of the time-
dependent Boltzmann transport equation. Here we retain
only the dominant contribution of the conduction elec-
trons to J(tv, t), the excited heavy holes having much
smaller mobility.

We approximate the incident electrical pulse by the fol-
lowing Gaussian form as an illustration:

E(t)-Ae ' t'e (9)

it can be shown that the individual reflection coefficients
are given in terms of the surface conductivity a, (cv, t) bye

a, (tv, t)
r(tv, t ) -ro —(1+ro) (4)

a, (tv, t)+rt '

where ro (nicos8 nzc—os8')/(nicos8+nzcos8') is the
usual reflection coefficient for s polarization in absence of
photoexcitation. Here n~, nq are the refractive indices of
the media of incidence and transmission, respectively,
both taken to be nonmagnetic and 8 and 8' are angles of
incidence and refraction, respectively. Also,

rt (eo/po) 'tz(n
i cos8+nicos8')

in Eq. (4), eo and tto, respectively, are the free-space per-
mittivity and permeability.

If E;(t) and a, (ei, t) are known, E,(t) can be calculat-
ed for different values of the delay time to, measured from
the onset of photoexcitation (t 0). As mentioned ear-
lier, the surface conductivity a, (ei, t) can be obtained
from the volume conductivity a(ai, t) as

where t t —to, to is the center of the pulse, and A deter-
mines the strength of the field. From Eq. (1), we then
have

E;(a)) Ar exp[(tv —too) r /2]. (10)

We choose too/2n, the peak frequency, to be 1 THz and r,
the pulse width, to be 0.3 psec, giving a high cutoff' (at
10%) of about 2 THz, similar to the experimental condi-
tions. '

It is clear that once Z(t, t') is known, Eqs. (4)-(6) can
be used to compute E„(t) using Eq. (2). An explicit ex-
pression for the nonequilibrium velocity-velocity correla-
tion function Z(t, t') under the assumed conditions of pho-
toexcitation and electron relaxation is readily available in

literature, as obtained by us earlier. Using that, we cal-
culate the reflected electric field E,(t) [Eq. (2)] for E;(t)
given by Eqs. (9) and (10) for different values of the exci-
tation energies and of the quasielastic momentum relaxa-
tion rate.

That a variation of the excited electron energy has a
rather dramatic effect in influencing the shape of the
reflected pulse is anticipated for the following reasons.
We have previously shown5 for the low-density case that
at low enough frequencies (tube « I, r effective mo-
mentum relaxation time), a is real and can attain absolute
negative values in the subpicosecond and picosecond time
domain, whenever the electron energy distribution at gen-
eration is peaked at e, nhtuLo, n is the integer, with a
peak width 2h & hcoLO. The conductivity subsequently
approaches positive values determined by momentum re-
laxation time due to quasielastic scattering. The negative
conductivity essentially arises because the average elec-
tron velocity develops a direction opposite to that of the
accelerating electric field when the electrons relax to ener-
gies = htvLo. [The electrons accelerated by the field to
energies beyond h coL~ quickly lose energy by emitting an
LO phonon but those moving against the field (i.e., with
negative velocities) cannot). This in principle can lead to
very large r(m, t) due to the singularity at a, —

rt [Eq.
(6)] at low frequencies. For the more general response to
electrical pulses considered here with complex (attv),
the reflection coefficient r(tv, t) can still show a sharp
enhancement whenever Rea, (ai, t) nearly equals —

rt for
frequencies close to roo Our comp. utations of E„(t) indeed
show that the reflected pulse is significantly distorted
when the resonance condition s„n h, coLg, n is the integer,
is satisfied. In fact, E,(t) can exceed E;(t) implying
ampli6cation under suitable conditions of the time delay
to and the scattering time r~. Figure l provides an illus-
tration of this interesting effect. A time delay of to 2.25
psec with respect to the onset of photoinjection at t 0 is
chosen for this calculation. Normal incidence of the pulse
is assumed for simplicity. The refractive index of the
medium of incidence is set to be 6.4 while that of GaAs is
assumed to be 3.8 in the frequency range contained in Eq.
(10). The excited electron areal density n, is taken to be
2.5x10' cm, generated with a laser pulse of duration
of 0.2 psec. This corresponds to a volume density (N) at
the surface of 1 x 10' cm if the absorption depth (d) is
0.25 p.m. The electrons are assumed to initially have a
Gaussian energy distribution with a peak centered at
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FIG. 1. The reflected electrical pulse waveform showing
amplification when hot electrons are excited with energies 8 at
"resonance. "

~l is the momentum relaxation time due to quasi-
elastic scattering. The overall negative sign of the reflected
pulse is removed for an easy comparison with the incident pulse
shape given by Eq. (9) (dashed line).

e„3.0hcuL~ and a width 2h, at e ' of 10meV. It can be
shown that most of the excited electrons relax to energies
below hcoLo in less than 1 psec so that r is governed
mainly by the quasielastic scattering mechanisms at the
time of incidence of the electrical pulse. The momentum
relaxation time r~ due to these scatterings is assumed for
this illustration to be energy independent with a value of
5.0 psec. Figure 1 clearly demonstrates that by tuning the
excitation energy to the resonance condition, it is possible
to detect an enhancement in the reflected pulse.

The effect of changing s„ from oN'-resonance to on-
resonance condition is shown by another example in Fig.
2. A value of n, 1.25X10' cm (N 5&10' cm if
d 0.25 ttm) is used for this calculation. The delay time
to is set equal to 1.8 psec while i~ is 5.0 psec. The sharp
change brought about in the distortion of the reflected
pulse shape by shifting s„ from 3.42h mLO to 3.00hcoL is
quite remarkable.

The other parameter which may influence the shape of
the reflected pu1se is the momentum relaxation time, i .
To see this, we may refer to X(t,t') of Ref. 5. It turns out
that X(t,t') contains factors such as exp[ —(t —t')/z (s)]
where r '(s) rLo'(s)+ r~ '(o) is the eff'ective momen-

tum relaxation rate given in terms of the characteristic

TIME (psec)

FIG 2 The effect of changing the electron energy at genera-
tion from 3.42k eLa ("off-resonance") to 3.05mLo ("on-
resonance") in distorting the reAected pulse shape.

LO-phonon emission rate rLo and the quasielastic
scattering rate r~ '(e), s being the electron energy mea-
sured from the conduction-band edge. Typically,
rLo-150 fsec and r~ —1-100 psec in undoped GaAs de-
pending upon the background doping and the lattice tem-
perature. The initial carrier relaxation is dominated by=

HALO but as the electrons relax to energies less than
htoLo, r = r~. It is easy to see from Eq. (6) that the
transient electrical conductivity becomes real and fre-
quency independent only if car C 1. This is basically a
consequence of the fact that the transient photocurrent is
in a "phase quadrature" with the impressed electric field.

For the waveform given by Eqs. (8) and (9), the con-
ductivity cr, (to, t) in general will be complex and frequen-
cy dependent, if the momentum relaxation time r is
much larger than I/too=0. 2 psec. The photocurrent then
will not be in phase with the driving field. Also the
reflected field pulse may have a waveform different in
shape from that of the incident pulse due to the cu depen-
dence of a, (to, t). This indeed is seen in Fig. 3 when r~ is
5 psec. On the other hand, for a situation when ~ has a
much smaller value, it is expected that the reflected pulse
will have a waveform not very different in shape from that
of the incident pulse due to a, (ro, t) becoming nearly real
and co independent. Figure 3 very clearly shows this when
the effects of it 5 and 0.25 psec are compared. The ex-
ample with iI of 0.25 psec corresponds to the conditions of
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FIG. 3. The distortion in the reAected pulse waveform

brought about by reducing the momentum relaxation rate due to
quasielastic scatterings from 4&10'2 sec '

(v& 0.25 psec) to
2x10" sec ' (r~ 5 psec).

approximation of a frequency independent, real cr, (t)
therefore is justifiable in this case. This confirms that the
smaller the quasielastic scattering rate, the more the dis-
tortion of the reflected electrical pulse. It may be rnen-
tioned here that the time dependence of conductivity
within the probe pulse duration (-300 fsec) is included
in our calculations. The resulting small distortion of the
pulse is present even when the effects of frequency depen-
dence are insignificant.

Finally, we address the question of a practical test of
the effects discussed in this paper. By suitably tuning the
width t~ of the optical pulse used to generate hot carriers,
2d can be made sufftciently small (« htuLo=36 meV in
GaAs). It was demonstrated earlier by uss that the nega-
tive o effect persists even after increasing t~ to 0.5 psec. If
the energy of these pulses can be varied so that the excited
electron energy can be changed by at least 15-20 meV,
the effects predicted in this paper may be tested. Fem-
tosecond optical pulses will of course be required to gen-
erate and detect ultrashort electrical pulses. The large
value of r~ needed to obtain the effect seen in Figs. 1 and 2
at a convenient value of to can easily be arranged by per-
forming the experiments on high mobility samples, if
necessary at reduced temperatures. The I L,X sideval-
ley transfer, not included in the analysis, can be avoided in

the experimental conditions by using a III-V semiconduc-
tor with a sufficiently large intervalley transfer threshold
in energy (e.g. , InP, InGaAs). We may note that for
values of the excitation volume densities beyond 10'
cm, the model of carrier relaxation with a cascade
emission of LO phonons may no longer be valid and the
resonance effects described in this paper could be smeared
out.

the experiments of Nuss, Auston, and Capasso3 where the
transient electron mobility attains a small maximum value
Jto( er /m )=4000 cm /Vsec with r =0.2 psec. The
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