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The transient development of electric-field distributions in a biased GaAs film after low density
optical excitation is determined by measurements of Franz-Keldysh modulations with a time reso-
lution of 100 fs. The experimental results are compared with theoretical calculations. The transient
field is calculated with a drift-diffusion model. Our calculation of the dielectric function of GaAs
includes the Coulomb coupling and the electric field. The resulting optical transmission changes
are calculated with a transfer-matrix method. The theory predicts a modification of the Franz-
Keldysh modulation due to the nonuniform field, in quantitative agreement with the experimental

observations.

Electromodulation spectroscopy! is a well-established
technique to obtain information about internal field
strength, band gap, and composition of bulk semi-
conductors as well as of heterostructures. In par-
ticular, the screening of internal or external electric
fields by optically injected carriers has been investigated
by photoreflectance,?™ electroreflectance, and electroab-
sorption measurements.%® In all these studies, the Franz-
Keldysh (FK) effect has been used to determine the elec-
tric field. Recently, there have been a number of publi-
cations which demonstrate that the nonuniformity of the
electric fields has to be taken into account in order to get
an accurate description of the experimental data.”8

The investigation of the dynamics of electrical fields
in semiconductors has recently gained much interest. A
detailed knowledge of field screening dynamics is both
important for a fundamental understanding of the trans-
port dynamics of photoexcited carriers and for the ap-
plication of semiconductor structures as optical modu-
lators and ultrafast photonic switches. The dynamics
of lateral® ! and vertical? electrical fields due to pho-
toexcited carriers has been studied in several experiments
with subpicosecond time resolution. Recently, it was also
demonstrated that the vertical transport of photoexcited
carriers in surface space charge fields!? is accompanied
by the emission of THz radiation.'4

In this paper, we investigate the dynamics of the
electric-field screening by photoexcited carriers in a bulk
GaAs layer by measuring the differential transmission
with a time resolution of 100 fs. Owur basic intention
is to quantitatively understand the temporal develop-
ment of the electric field after above-band-gap excita-
tion of free electrons and holes, which are accelerated
and separated by the applied voltage. The internal field
is screened through space-charge separation leading to a
modulation of the dielectric function. The experimen-
tally obtained differential transmission spectra show FK
oscillations, which have a reduced amplitude for higher
photon energies. A theoretical calculation of the carrier
transport with a drift-diffusion model predicts that the
electric-field screening exhibits a strong spatial modu-
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lation. Calculations of the optical spectra demonstrate
that this nonuniformity is essential to explain the exper-
imental data.

We perform pump-probe experiments using amplified
2-eV pump pulses of 50-fs duration and a white-light
probe continuum in the range 1.3-1.9 eV and measure
the transmission spectra Tr and Ty of the probe beam
with and without applied electric field at various time
delays between pump and probe beam. The spectra are
recorded with an optical multichannel analyzer (OMA
III). The differential transmission spectra (DTS) are cal-
culated as the normalized transmission change of the
probe beam:

DTS = (T — To)/To- (1)

The DTS are numerically corrected for the chirp of the
probe continuum as previously described.!® By this chirp
correction the time resolution obtained is mainly deter-
mined by the duration of the pump pulse without any
compression of the continuum probe pulses.

The experiments are performed on a
GaAs/Al,Ga;_;As double heterostructure grown by
molecular-beam epitaxy on a (100)-oriented n-type GaAs
substrate. The sample consists of a 0.2-pm-thick i-
Aly 5Gag sAs layer, a 0.22-um-thick i-GaAs layer, a 0.5-
pm-thick i-Alg s Gag 5 As layer, and a 0.5-um-thick n-type
Al 5Gag sAs layer doped to n = 1x10'® cm™3. A Schot-
tky contact is formed by a 1-nm Cr/5-nm Au film on the
frontside and a standard Ohmic contact to the substrate.
The substrate is removed over an area of 2 mm? by wet
chemical etching to perform transmission measurements.
The breakdown voltage of the diode is about 9 V corre-
sponding to a maximal internal electric field of 90 kV /cm.
The actual sample structure is confirmed by measure-
ments of static transmission and reflection spectra, which
agree well with calculated ones. The Fabry-Pérot oscil-
lations permit a precise determination of the actual layer
thicknesses. This sample design prevents unwanted sur-
face potentials as well as unintentional dopant diffusion
out of the highly doped layer. We therefore assume a
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constant electric field in the active GaAs layer before the
optical excitation. All pump-probe experiments are per-
formed with an excitation density of 2 x 101 cm~3. The
probe pulse intensity is kept low enough that the field-
induced modulation of the spectra is not affected. Spe-
cial care is taken to reduce the amplified spontaneous
emission during the pump pulse, which can cause a pho-
toinduced variation of the applied field even at negative
delay times.

The solid lines in Fig. 1 show experimental DTS for dif-
ferent delay times between pump and probe pulse. The
field-induced transmission change at zero time delay cor-
responds to the FK modulation caused by the initial field.
With increasing delay time, the amplitude and the oscil-
lation period of the modulation decrease. The modula-
tion ratio for extrema at higher photon energy is strongly
decreasing with increasing delay, so that the modulation
is restricted to the region near the band edge for larger
delay times. A residual field still exists for a delay time
of 5 ps.

For a quantitative understanding of the experimental
results, we need to calculate the theoretical DTS. The
theory requires three steps: (i) simulation of the car-
rier transport after optical excitation to obtain the time-
dependent screening of the electric field inside the sam-
ple, (ii) calculation of the field and energy-dependent di-
electric function, and (iii) calculation of the differential
optical transmission.

For the calculation of the carriers transport, we use
a one-dimensional drift-diffusion model for electrons and
holes.!® The field distributions are obtained by solving
the Poisson equation in a self-consistent manner. At the
heterojunctions, the field is kept constant at the initial
value because there is no current flow across the inter-
faces. The screening dynamics is entirely determined by
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FIG. 1. Experimental and calculated DTS for different de-
lay time.
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the carrier drift velocities, which are taken as the high
field saturation values of 5x 10® cm/s for holes and 8 x 10°
cm/s for electrons, respectively.l® The effect of veloc-
ity overshoot!? is insignificant for optical excitation at
2 eV and electrical field strengths < 50 kV/cm.1? Figure
2 shows the calculated electric fields across the active
GaAs layer for different delay times and a carrier density
of 1.5 x 1016 cm™3 injected at t=0. For negative delay
times, a homogeneous field of 34 kV /cm is present, which
is determined by the sample thickness and applied volt-
age. For positive delay times, the internal field is screened
by the space-charge field due to carrier separation. The
asymmetry in field distribution over the layer arises from
the difference of electron and hole saturation drift ve-
locities. After 5 ps, a broad region of almost constant
reduced field is established in the middle of the sample.

The electromodulation of the dielectric function of the
GaAs layer is obtained by a detailed quantum-mechanical
calculation of the Coulomb-enhanced absorption. The
most simple approach would be using Airy functions and
neglecting excitonic effects.’8720 We include excitonic ef-
fects in our calculation by closely following the theory of
Blossey?1™23 and restrict ourselves to an outline of the
procedure.

The absorption of a photon in a semiconductor results
in the creation of an electron-hole pair, which is coupled
by the Coulomb interaction. For a quantum-mechanical
determination of the absorption strength, a correct de-
scription of these final states is required. It is obtained
by solving numerically the time-independent Schrodinger
equation describing the photoexcited electron-hole pair,
including an external electric field and the Coulomb in-
teraction between electron and hole:

+ er) 6n(r) = Endn(r), (2)

R, e
2m}, 4meper|r|

where m?, is the reduced electron-hole effective mass,
€o€r is the static dielectric constant of the semiconductor
(GaAs), r is the relative distance vector between the hole
and the electron, and z is the component of r along the
z axis, which is defined by the direction of the external
electric field F. Finally, E, is the energy of the electron-
hole pair, and ¢,(r) is the combined electron-hole wave
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FIG. 2. Calculated z distribution of electric fields in a
GaAs film (d=223 nm) at different time delays.
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function. Equation (2) holds for direct transitions, i.e.,
for k., + ky = 0, where k. and k; are the wave vectors
of electron and hole, respectively.

The Schrédinger equation is expressed in terms of
dimensionless field-independent parameters and trans-
formed with parabolic coordinates {( = |r| + 2 and
n = |r| — z, which allow separation into two independent
equations. These are numerically integrated considering
the correct asymptotic solutions to obtain the eigenvalues
E,, and eigenfunctions ¢,(r). From these, the density-
of-states function ¢?(w) is calculated:

$*(w) = 47%a> Y |¢n(r = 0)* 8[(E, + En — hw)/R],

(3)

with the exciton Rydberg constant R and the exciton
Bohr radius a. This finally gives the imaginary part of
the dielectric function ez (w):

e(w) = %505r|#cu/eal2¢2(w), (4)

where ., is an interband dipole-matrix element and €ge,
is the static dielectric constant. To include collisional
broadening®®242% the resulting spectra are convoluted
with a Lorentz function with a full width half maximum
of 7 meV.

In order to calculate the actual light transmission, we
employ a transfer-matrix method?%:?” for the electromag-
netic wave equation. This allows to account for inho-
mogeneous field distributions resulting in different signal
contributions from different depths of the active layer.
The theoretical DTS for comparison with the experimen-
tal results are obtained according to Eq. (1). An inclu-
sion of the light hole contribution?#2° would lead to a
superposition of heavy-hole and light-hole oscillations for
higher energies. We calculate the spectral deviation to
be less than 2 meV and thus neglect this effect in our
model.

The dashed lines in Fig. 1 show theoretical calcula-
tions of the DTS using the complete theoretical method
outlined above. The calculated and experimental spectra
agree quantitatively. The temporal evolution of the am-
plitude as well as the oscillation period is well described.
In the following, we discuss a comparison of the experi-
mental results with calculations where nonuniform field
distributions and excitonic effects have been neglected.
This comparison shows that both effects are essential for
a qualitative and quantitative agreement of experiment
and theory.

The solution of the Schrodinger equation is given by
Airy functions, if the Coulomb interaction between elec-
trons and holes is neglected. Figure 3 shows a comparison
of the calculated DTS with and without Coulomb inter-
action, using the same band gap of E,=1.428 eV. It is
obvious that a quantitative agreement with the experi-
mental data cannot be achieved by a simple Airy-function
approach. The omission of the excitonic effects decreases
the amplitude at the band edge by more than a factor of
2 and leads to a phase shift of the spectra above the band
edge. The spectral position of the extrema as well as the
decrease of oscillation amplitude for higher energies are
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FIG. 3. Experimental and calculated DTS with and with-
out Coulomb interaction.

only well reproduced by the full model.

Figure 4 shows a calculation assuming that the elec-
tric fields are homogeneous and switched between 0 and
15 kV/cm. The experimentally observed signal reduc-
tion towards higher energies cannot be reproduced, which
can be regarded as evidence that a nonuniform field is
present in the GaAs layer. An alternative explanation
for the damping of the FK oscillations at higher ener-
gies would be an energy-dependent damping constant.
However, this explanation is immediately ruled out by
the very good agreement between experiment and theory
for zero time delay, when the field is homogeneous (see
Fig. 3).

In conclusion, we have presented experimental and
theoretical results for the time-dependent Franz-Keldysh
modulation of the optical transmission of a thin GaAs
film. The transient electric field has been calculated by
a drift-diffusion model and is found to be nonuniform.
The optical effect of field modulation is calculated from
a Schrédinger equation including the Coulomb interac-
tion potential. Theoretical spectra are calculated by a
transfer-matrix method. We find a very good agreement
between experiment and theory. To our knowledge, this
is the first study which combines both a self-consistent
calculation of the drift-diffusion transport and excitonic
effects in the optical spectra to understand the time de-
velopment of an inhomogeneous electric field in a semi-
conductor structure on a femtosecond time scale, which
is of central importance for ultrafast photonic switching.
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FIG. 4. Experimental DTS at 7=1.8 ps compared with cal-
culation assuming that the field is switched between 0 kV/cm
and an average (homogeneous) field of 15 kV/cm.
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