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We apply time-resolved photocurrent and differential electroreflectance
spectroscopy to study the evolution of the internal field in a GaAs/AlGaAs
superlattice after pulsed optical excitation at low temperature. The elec-
tric field dynamics is investigated by tracing the spectral position of the
Wannier—Stark transitions as a function of delay time. We determine the
electron sweep-out time, extract detailed information about the picosecond-
-time-scale drift of the charge carriers by comparing the measured data with
the results of semi-classical self-consistent model calculations, and evaluate
the two experimental techniques with respect to their ability to provide in-
formation about the carrier and field dynamics.

PACS numbers: 03.65.Sq, 78.47.+p

1. Introduction

Semiconductor superlattices placed in an electric field make an excellent en-
vironment to observe a large variety of phenomena related to charge carriers in
periodic potentials including Bloch oscillations [1, 2], miniband collapse [3], Zener
tunneling [4], etc. By varying the applied electric field, superlattices can be tuned
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to a negative-differential-velocity regime and can thus be used as active compo-
nents in high-frequency oscillators [5]. As a rule, in order to realize an electrically
driven device, one needs a certain degree of doping. Introduction of charge carriers
by doping is very convenient technologically and well-suited for circuit designers.
However, doped superlattices exhibit the formation of electric-field domains under
external fields [6]. Therefore, an understanding of the evolution of the electric
field is an important issue with a considerable practical interest. The field dy-
namics can be traced by electrical means, for instance, by time-resolved current
measurements [6]. An alternative option to investigate the domain formation is to
use optical techniques. In the latter case, physical effects can be probed on much
shorter time scales, and one can investigate both electrically doped superlattices
and intrinsic superlattices with optical injection of mobile electrons and holes.

In this report, we specifically concentrate ourselves on the field evolution in
an optically excited intrinsic GaAs/AlGaAs superlattice. The work, apart from a
practical interest, has a strong motivation coming from basic solid-state physics:
we search for appropriate experimental conditions to observe the so-called Bloch
gain — the phonon-assisted inversion-less amplification of terahertz radiation by
optical transitions between the Wannier—Stark states in superlattices [7—10]. Since
one of the necessary conditions for a successful Bloch-gain experiment is to ensure
a sufficiently homogeneous electric field across the structure, we seek to estimate
the time scale within which the electric-field domains begin to predominate [11].

2. Samples and experimental techniques

We explore an intrinsic GaAs/Aly 3Gag 7 As superlattice (SL) grown on semi-
insulating GaAs substrate by molecular beam epitaxy. The SL consists of 50
periods of 6.7 nm wide wells and 1.7 nm wide barriers, and is designed to have a
width A, of the first electron miniband of 33 meV. In order to apply an electric
bias field, an n-doped buried contact layer (600 nm thick) is inserted between SL
and substrate. A top contact is realized via a 3 nm thick semi-transparent Cr/Au
layer. For the measurements, we prepared a 2 mm long and 500 um wide SL
waveguide structure by etching away most of the wafer from the top side down to
the buried contact layer. On this layer, we then deposited an annealed Au/Ge/Ni
alloy ohmic contact.

The superlattice, placed into a closed-cycle helium cryostat at 10 K temper-
ature, was excited by 70 fs long pump pulses delivered by a 83 MHz Ti:sapphire
laser. Two time-resolved optical techniques were used to trace the evolution of the
internal electric field: differential electroreflectance spectroscopy and photocurrent
spectroscopy. In both cases, care was taken to ensure that the size of the probe
spot was equal to or smaller than the size of the pumped spot. The field in the
structure was determined by measuring the spectral shift of Wannier—Stark-ladder
transitions.
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3. Experimental results and discussion

Figure 1 shows electroreflectance (Fig. 1a) and photocurrent (Fig. 1b) spectra
taken without pump excitation. The spectra illustrate that both techniques allow
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Fig. 1. Excitonic spectra measured for a GaAs/AlGaAs superlattice taken by (a) dif-

ferential electroreflectance and (b) photocurrent spectroscopy.

us to identify the relevant excitonic transitions. The sensitivity to their details is
different because electroreflectance — in contrast to photocurrent spectroscopy —
reproduces absorption lines as a second-order derivative. In the flat-band regime
(applied voltage of about 0.5 V), two transitions, heavy-hole (hh) and light-hole
(Ih), are clearly resolved around 1.564 eV in both spectra. With the increase of the
electric field (reducing the bias voltage), the spectra evolve into the Wannier—Stark
ladder. In the figure, we mark only the main lines: hhg is associated with spatially
direct, while hh_1, hh_o label spatially indirect transitions. Well-resolved spectral
peaks in both spectra indicate the high quality of the SL.

In the time-resolved measurements, we focused our attention on one of the
most pronounced excitonic lines, hh_1, and used it as a sensitive electric-field
detector.

The experimental data are displayed in Fig. 2. Both the electroreflectance
(Fig. 2a) and the photocurrent (Fig. 2b) time-resolved spectra were recorded at the
same experimental conditions — at an applied voltage of —0.85 V (corresponding
to an internal bias field of 30 kV/cm) and an excitation density of 4 x 105 cm=3.
In both spectra, one can see a clear continuous spectral shift of the hh_; peak by
as much as 5 meV during a time scale of 25 ps after excitation, later followed by
a slow recovery. The shift is attributed to field screening. There is a remarkable
difference, however, with respect to the direction of the observed shift. In the
electroreflectance spectrum, the hh_; peak undergoes a red-shift, i.e., it shifts to
lower photon energies. In contrast, in the photocurrent spectrum, hh_; moves to
the blue side by 5 meV.

In order to clarify such cardinally different experimental results we have
solved numerically a self-consistent set of drift-diffusion and Poisson’s equations
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Fig. 2. Time-resolved spectra in the vicinity of the hh_1 excitonic transition taken at
an internal electric field of 30 kV/cm and a carrier density of 4 x 10'® ¢cm ™ measured
using (a) differential electroreflectance and (b) photocurrent spectroscopy (the data of
Fig. 2b had to be taken with a different sample than those of Figs. 1a, b and 2a. The
hh_1 line was less pronounced in the second sample). The dotted line indicates the peak

position of hh_1 excitonic transition.

along the superlattice growth coordinate z:

) — — D on(z, ez, )F (2) = - Lpie(z, 1) (2, 1),

9 7 2

W — 8 (e, ) F(2) — KL Sop(2, 1), (1)
OF(z,

% = % (Z,t) - ’I’L(Z,t)},

pe(2) = qAcTod? /{2 + 2[qTdF (2)]?}.

Here, po and puy, are the electron and hole mobilities, n and p are the local electron
and hole densities at the moment ¢, g is the charge, 7. the momentum scattering
time for electrons, and d the period of SL. k denotes the Boltzmann constant,
¢ and gg are the dielectric permittivities of the SL and vacuum, and T is the
temperature. The system was solved only for spatial points which correspond to
the middle of each well. We apply the semiclassical approximation for p., which is
derived assuming nearest-neighbor coupling of the quantum wells of the SL [12].
For a description of the dynamics of the holes, one cannot work within a one-
-band model because of the strong scattering between heavy- and light-hole bands.
Leaving a more complex treatment to future work, we limit ourselves here to the
zero-order approximation and assume a field-independent effective mobility for the
holes.

The model calculations describe the spatio-temporal behavior of the charge
carriers and the electric field. In particular, at the excitation densities of our exper-
iments, the model predicts the formation of two regions: (i) an electron-rich region
with partially screened and rather homogeneous field, and (ii) an electron-depleted
region with high gradient of the field. The maximal electric field inhomogeneity
is reached just when the last electrons leave the SL 25 ps after photoexcitation.
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Later, with the sweep-out of the holes, the electric field restores to the initial
homogeneous conditions.

Bearing this in mind, we return to the question of the direction of the line
shift in our measurements. In the case of the photocurrent spectra shown in
Fig. 2b, the blue-shift of the peak of the hh_; excitonic transition can be well
explained as to be mainly determined by the screened region. With the field be-
ing rather constant there, the quantum wells in this region contribute oscillator
strength to the absorption line at the same photon energy. The blue-shift then
represents the reduction of the field compared to the initial (bias) field. In the
region with high field gradient, in contrast, the photon energy of the hh_; transi-
tion changes from quantum well to quantum well with the local field, which only
results in a broad spectral feature with low peak amplitude.

In the case of electroreflectance spectroscopy (Fig. 2a), our model calcu-
lations indicate that the differential signal is dominated by contributions from
regions in the SL with strong field gradient. As these are also regions with an
increased field magnitude, the electroreflectance spectra display a red-shift of the
peak of hh_; transition.

Although both spectroscopic techniques show the build-up of dynamical field
inhomogeneities, photocurrent spectroscopy appears to be more tractable due to
its direct, non-differential character. A quantitative comparison of photocurrent
data and model calculations for a similar superlattice as that investigated here
can be found elsewhere [11]. Our key result is that the observed shift of the hh_;
transition gives a measure for the sweep-out time of electrons and holes. The big
difference of the effective masses of these species allows treating the rapid initial
shift and following much slower recovery as independent from each other. We
find that electrons are swept out of the superlattice within 10-30 ps, which sets a
reasonable time window for future Bloch-gain measurements.
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