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Density-dependent electron scattering in photoexcited GaAs in strongly
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In a series of systematic optical pump—terahertz probe experiments, we study the density-dependent
electron scattering rate in photoexcited GaAs in the regime of strong carrier diffusion. The terahertz
frequency-resolved transient sheet conductivity spectra are perfectly described by the Drude model,
directly yielding the electron scattering rates. A diffusion model is applied to determine the spatial
extent of the photoexcited electron-hole gas at each moment after photoexcitation, yielding the
time-dependent electron density, and hence the density-dependent electron scattering time. We find
that the electron scattering time decreases from 320 to 60 fs, as the electron density changes from
10" to 10"’ ecm™>. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4810756]

GaAs is an archetypal direct-gap semiconductor, widely
used in a variety of applications ranging from transistors
to laser diodes. GaAs is also one of the key materials employed
in present-day terahertz (THz) semiconductor optoelectronics,
which is largely based on ultrafast photoconductive
phenomena.' ™ A thorough understanding of the photoconduc-
tive behavior of this material is, therefore, of both fundamental
and technological relevance. The conductivity is defined as
o = eNpu, where e is the elementary charge, N is the carrier
density, and p = et;/m* is the mobility dependent on carrier
momentum scattering time t, and effective mass m*. The
scattering time 7, can in turn depend on the carrier density,”
leading to a complex dependency ¢ = eNu = >Nt (N)/m*.
The carrier momentum scattering time is one of the key param-
eters for the performance of THz optoelectronic systems, e.g.,
defining the efficiency of traditional THz photoconductive
emitters,”® and determining the sign of the THz refractive
index nonlinearity of a semiconductor.”®

In most THz applications, the photoconductivity in a
semiconductor arises from above-bandgap photoexcitation.
Such photoexcitation typically leads to a gradient in the spatial
distribution of carriers, which causes carrier diffusion.'%!!
Therefore, the temporal dynamics of the photoexcited carrier
density N = n/V depends not only on the excitation parameters
and decay of free carriers via recombination or trapping, but
also on the expansion of the electron gas volume V via diffu-
sion from the photoexcited region into the bulk of the material.
Here n is the number of carriers.

Surprisingly, however, the explicit dependency of elec-
tron momentum scattering time on electron density t,(N) in
GaAs, especially in photoexcited GaAs where the photo-
carrier diffusion effects are dominant, is not yet character-
ized for a wide range of electron densities. Carrier density
dependence of the scattering rate has been studied in detail
for Si and TiO,,* and has been reported previously over a
relatively small density range for GaAs.” In this work, we
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show that the electron momentum scattering time in photo-
excited GaAs is a highly dynamic parameter: it decreases by
as much as a factor of 4, as the electron density is increased
over the range of 10'°-10" cm ™.

In our experiments, we determine the ultrafast photo-
conductivity response using optical pump-THz probe
(OPTP) spectroscopy.”"'*!? A semi-insulating (SI) bulk
GaAs wafer is photoexcited using sub-50 fs laser pulses, cen-
tered at 400 nm, with variable pump fluence in the range of
1 — 200 uJ/cm?. The optical penetration depth determines
the initial thickness of the photoexcited electron-hole gas,
and amounts to dy = 15 nm at 400 nm wavelength.'* The cor-
respondingly large charge carrier density gradient efficiently
drives the diffusion of photoexcited electrons and holes into
the bulk of the sample, which will be analyzed below. At a
variable time delay 7, after the photoexcitation, the complex-
valued sheet photoconductivity spectra of GaAs were
resolved by ultrashort THz probe pulses with useful spec-
trum covering the frequency range of 0.5-2.5THz. The
experiment was carried out at room temperature and in trans-
mission configuration. The pump-probe delay time 7, was
varied in the range of 10-1000 ps. A minimum pump-probe
delay of 10 ps was chosen in order to ensure the complete
cooling of the carriers after 400 nm excitation, which occurs
via intervalley L — I' transfer with a time constant of 3.5
ps.2!15 We note that in GaAs the photoconductivity is almost
fully dominated by the contribution of electrons rather than
holes, owing to a much lighter electron effective mass as
compared to the holes, m, = 0.067mg vs my, = 0.45mq (my is
the electron rest mass).]6

The direct product of an OPTP measurement is the time-
and frequency-resolved complex-valued THz field transmis-
sion spectrum 7(w, t,), which can be directly converted into
the sheet complex-valued conductivity spectrum d¢(w,1,),
e.g., using a fairly accurate thin-film approximation known as
the Tinkham equation.3‘17 The sheet conductivity g is related
to (bulk) conductivity as ¢ = d;/d, where d is the thickness
of the conductive layer, in our case the spatial extent of the
electron gas. Under conditions of diffusion, d is naturally a
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dynamic parameter, which needs to be determined before the
(bulk) conductivity spectrum &(, t,) can be reliably inferred
from the THz transmission measurements.

Exemplary measurements of the complex-valued sheet
conductivity spectra of GaAs excited at 400 nm with pump
fluence of 13 uJ/cm? are shown in Fig. 1. These spectra were
measured at respective pump-probe delays of #,=10ps,
100 ps, and 300 ps. Like all other recorded spectra in this
work, these data are described very well by the Drude model
(solid lines in Fig. 1)

N,e?t, 1
m* 1 —iwt,

G,(w) = 6(w)d (1)

The values for the sheet electron density Ny, obtained from
the Drude fits, are shown in Fig. 1. Since the time-dependent
effective thickness d(z,) of the electron gas, defined by the
diffusion, is not yet determined, the free electron density
N(t,) = N(t,)/d(t,) cannot be quantified at this stage.
However, the electron momentum scattering rate y(7,) = ;!
can be readily obtained from the complex sheet conductivity
spectra: in the Drude model it is given by the crossing fre-
quency of the real and imaginary parts, multiplied by 2n
(note that the THz probe frequency is w/27).

It is apparent from Fig. 1 that the electron momentum
scattering rate y = r;l is strongly dependent on the pump-
probe delay, and hence on the free carrier density N: it shows
a monotonous decrease with decreasing N. We observed the
same trend in all our measurements, i.e. over the whole range
of pump fluences 1-200 uJ/cm2 and pump—probe delays of
10-1000 ps.

In order to establish the dependency of electron momen-
tum scattering time on the carrier density 7,(N), one needs to
correlate the above determined values for scattering times
14(t,) with the carrier density N(t,) = N,(t,)/d(t,). To this
end, we determine the effective thickness of the electron gas
d(t,) as a function of pump-probe delay numerically. In pre-
vious studies, the diffusion of an electron-hole gas in GaAs
at the delays ¢, > 3 ps was found to be ambipolar:”'? that is,
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FIG. 1. Symbols—complex sheet conductivity spectra of photoexcited
GaAs at pump fluence 13 uJ/cm? measured at selected pump-probe delays
1, of (a) 10 ps, (b) 100 ps, and (c) 300 ps. Lines—Drude fits. The arrows
indicate the scattering rates 7, and the extracted electron sheet densities N
(see Eq. (1)) are indicated in the figure.
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electron and hole populations diffuse together, and the
expansion of the electron-hole plasma is governed by the dif-
fusivity of its least mobile constituent—the holes. This effect
is demonstrated in Fig. 2, where we present the numerical so-
lution of a drift-diffusion equation,'® describing co-diffusion
of electrons and holes.

Now we can use a simple diffusion model to simulate
the expansion of the electron-hole gas. The ambipolar diffu-
sion constant is

(n +p)DnDp _ 2:“}1:“17 kBl - 2kBTﬂp

Dab = =
Dyup + Dpn My + Hy, e e

@)

where p and n are the concentrations of holes and electrons,
respectively, and D, and D,, are the corresponding diffusion
constants. Here, we have used the Einstein relation
D = kgTu/e, and assumed n =p.

In our simple model we ignore the possible effect of
bulk or surface recombination on the spatial profile of the
electron and hole densities, and we use the literature value
for the hole mobility y;, = 360 cm®>V~'s~!.'? The skin depth
of GaAs at 400 nm dy= 15 nm is much smaller than both the
optical and THz wavelengths in our experiments, so the ini-
tial density distribution n(x, t,) of the electrons and holes can
be considered a delta function, and the diffusion profile can
be modeled by the simplest form of the diffusion equation,'®
yielding the straightforward solution

NsO X2 >
n(x,t,) = ————exp| —— |, 3
( p) do /____‘471Dahl‘p P( AD ot 3)

where x is the depth coordinate and Ny is the sheet density
of electrons right after the photoexcitation (see inset of
Fig. 2). At each pump-probe delay #,, we estimate the effec-
tive thickness d of the electron layer as the ratio of the total
number of carriers and the maximum value of the density
d = [ n(x)dx/max[n(x)], as shown in the inset of Fig. 2. We
thus obtain the effective thickness of the layer at each pump

delay 7, > 0 as d(1,) = \/7Dgpt).
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FIG. 2. Numerical solution (at 7, =10 ps) of the drift-diffusion equation
illustrating the ambipolar diffusion, independent of pump fluence. Inset: The
profile of electron concentration at selected pump-probe delays, and the
effective electron gas width d.
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FIG. 3. Symbols—electron momentum scattering time as a function of elec-
tron density. The different colors correspond to the data from OPTP meas-
urements at different pump fluences, as indicated in the figure. Solid line—
Caughey-Thomas fit, with the parameters shown in the figure.

Now the (bulk) electron density at all times can be eval-
uated using the expression

os(t,) m*

N(t,) = rtp)iezrs(tp) )

“4)

where a(,) = €*Ny(t,)t5(t,) /m* and t4(t,) can be extracted
from the Drude fits (see Eq. (1) and Fig. 1).

With the knowledge of the density N(z,), we are able to
correlate the values of electron momentum scattering time
7,(t,) with the corresponding values of electron density
N(t,) for every pump-probe delay 1,, and for all pump fluen-
ces used in the experiments. This yields the dependency of
electron momentum scattering time in photoexcited GaAs on
carrier density, shown in Fig. 3, which is the main result of
our work. As one can see, 1; decreases by a factor of 4,
approximately from 320 fs down to 60 fs, as the electron
density increases in the range of 5 x 10'* — 8 x 10'® cm~3,
i.e., over 4 orders of magnitude.

We emphasize the significant overlap between the data-
sets originating from different OPTP measurements made at
different pump fluences, which are shown with different
color-coding in Fig. 3. This overlap confirms the reliability
of our analysis, in particular, in estimating the effective
width of the electron-hole plasma as a function of pump-
probe delay, and in excluding the effect of recombination on
the carrier spatial profile. Further, it demonstrates that the
electron momentum scattering rate in photoexcited GaAs
solely depends on the carrier density, but not directly on the
excitation fluence. Hence, one can exclude the influence of
the phonons generated via electron cooling after 400 nm ex-
citation, since this phonon population would be proportional
to the excitation fluence. The observed increase in electron
scattering rate with carrier density is most likely caused by
electron-hole and/or defect and (equilibrium) phonon scatter-
ing, enhanced by the density-dependent phase-space filling
effect.”
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In order to simplify the use of our data in applications,
e.g., in modeling of GaAs-based devices, we parameterize
the measured dependency of electron momentum scattering
time of the electron density 7,(N) using an empirical
Caughey-Thomas relation, originally formulated for the
density-dependent mobility*’

Tmax — Tmin
=————z T Tmin 5
L (/N ®

Ts

where  Tpacmin, No, and o are the fit parameters. The
Caughey-Thomas fit to the measured data and the best fit pa-
rameters are shown in Fig. 3.

In summary, we have demonstrated that the electron
momentum scattering time in photoexcited GaAs decreases
by a factor of 4, in the range of 320 — 60 fs, as the carrier
density increases over 4 orders of magnitude, in the range of
5% 10" —8 x 10" ecm 3, independent of the excitation flu-
ence. Accurate parameterization of the measured depend-
ency with the Caughey-Thomas relation will allow for easy
implementation of our findings in applications, such as trans-
port simulations.
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