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Charge-carrier-transport phenomena on nanoscopic length and ultrashort timescales are of great interest
for a multitude of ultrafast dynamic processes occurring in chemical reactions as well as modern devices
such as solar cells or transistors. However, the investigation of such ultrashort current pulses is very
challenging and mostly based on indirect methods such as spectroscopic changes induced by the charge
transport. Here we monitor the short current pulse generated by the dissipative tunneling of charge carriers
through a barrier between two adjacent quantum wells via its radiated legacy in the terahertz frequency
range. By examining quantum structures with intermediate barriers of different thickness, we demonstrate
that the spectrum of the emitted radiation is a direct measurement of the charge-transfer dynamics asso-
ciated with the tunneling process. Our findings indicate that these incoherent tunnel currents do not start
instantaneously but build up on a timescale of approximately 170 fs.
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L. INTRODUCTION

Charge-transport phenomena on ultrashort length scales
that are dominated by quantum mechanics are of tremen-
dous interest for a variety of dynamic systems. They are
key for a fundamental understanding of ultrafast processes
and are, due to the ongoing miniaturization of systems, also
of great relevance for a large number of modern electronic
and optical devices. For such devices, in particular ultrafast
tunnel phenomena through internal interfaces on nanome-
ter or subnanometer length scales are of growing inter-
est and often limit their miniaturization or performance.
As a prototype example, a quantum-cascade laser uses
a complicated nanostructure of quantum wells and barri-
ers to engineer a specific band structure, exploiting rapid
charge-tunneling processes to achieve a population inver-
sion between conduction-band sublevels [1,2]. In an effort
to clarify the ultrafast dynamics associated with such pro-
cesses, researchers have investigated a variety of different
artificial quantum structures using a vast scope of experi-
mental techniques, including various types of pump-probe
measurements [3—6] and time-resolved photoluminescence
[7-9]. Yet, these methods are only indirect probes of the
process of charge tunneling through a barrier. Instead of
measuring the current associated with the charge trans-
fer, the photoluminescence or the differential absorption,
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which are sensitive to changes in the occupation of the rel-
evant quantum states, is measured. As such, these measure-
ments are also influenced by complex many-body effects
such as Coulomb screening, relaxation and scattering pro-
cesses, or coherent phenomena that are superimposed on
the signatures of the charge transfer [10—12]. In contrast,
terahertz emission spectroscopy is a direct probe with an
unambiguous origin: an ultrafast current induced by a
femtosecond optical pulse gives rise to a terahertz elec-
tromagnetic signal, whose origin is therefore solely due
to the transient current associated with the charge-transfer
process. As a result, terahertz emission has become a valu-
able tool for spectroscopic studies of optically induced
charge motion in many different material systems [13—
16]. In our case, terahertz emission spectroscopy is well
suited for probing the real-space motion of charges as they
tunnel through barriers. The technique has been exploited
as the most-direct approach to observe coherent wave-
packet motion in biased quantum-well structures [17,18].
In these earlier studies, the phenomena required a long-
lived coherence between the quantum states involved, and
therefore were typically observed only at cryogenic tem-
peratures. However, the characterization of an incoherent
charge transfer between quantum wells (i.e., an inelastic
tunneling current, which can occur at room temperature)
has not previously been reported.

Here we describe the observation of room-temperature
terahertz emission arising from the one-way (not
oscillatory) tunneling current due to charge transfer
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between adjacent quantum wells. In contrast to earlier
studies, which required an external bias to observe tera-
hertz emission from quantum-well structures with a type-I
band alignment [17,18], we use pairs of quantum wells
that are arranged as a type-II structure. In these III-V
ternary heterostructures, the band alignment is such that
the energetically-most-favorable states for electrons in the
conduction band and holes in the valence band are in oppo-
site quantum wells; subsequently, after optical excitation
of one quantum well, either the electron or the hole can find
it energetically favorable to transfer via quantum tunneling
to the opposite well, without applied bias. We demon-
strate that this ultrafast inelastic charge transfer on length
scales of a few nanometers produces a terahertz pulse. By
selective modifications in the tunnel barrier of our model
system, we unambiguously correlate the terahertz emis-
sion spectrum with the altered charge-transfer dynamics.
Using a simple phenomenological model that captures the
essential physics, we are able to reproduce the salient fea-
tures of the measured spectra and connect them with the
underlying current dynamics. Our results show that tera-
hertz emission is a valuable marker to quantify ultrafast
current dynamics in buried quantum structures, even at
room temperature.

Sample set e
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Sample set h

II. SAMPLE DESIGN

We use two sets of samples with different type-II
band alignments [see Fig. 1(a)]. In the first set (des-
ignated as samples el, e2, and e3), the electrons can
tunnel through an intermediate barrier, while the holes
remain in the quantum well in which they were opti-
cally excited. These samples consist of five periods of
Ga;_,In,As/GaAs/GaN,As;_, layers, with indium con-
centrations of around 24% and nitrogen concentrations
of around 5% to ensure a conduction-band minimum in
the Ga(N, As) layer, as shown in Fig. 1(a) (left). These
three samples have different thicknesses of the interme-
diate GaAs barrier. As confirmed by both transmission-
electron-microscopy and high-resolution x-ray-diffraction
measurements, the barrier thickness dgaas is 1.5 nm for
sample el, 4.0 nm for sample e2, and 6.0 nm for sam-
ple e3. In the other sample set (referred to as hl, h2, and
h3), the electrons and holes can both tunnel after photoex-
citation, as shown by the oppositely directed arrows in
Fig. 1(a) (right). Here, these samples consist of 50 periods
of Gaj-In,As/GaAs/GaAs,-,Sb, layers, with the GaAs
tunneling barrier fixed at 1.0 nm and an indium concen-
tration of around 5%. The Sb concentration is varied, with
values of 3% for sample hl, 5% for sample h2, and 7%
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for sample h3. This tunes the band gap in the Ga(As, Sb)
well between 1.35 and 1.40 eV, while the transition in the
(Ga, In)As layer is fixed at 1.38 eV. This always ensures an
energetically-most-favorable state for valence-band holes
in the Ga(As, Sb) layer, while the conduction-band min-
imum is located in the (Ga,In)As layer. As a result,
charge transfer and thus current flow after photoexcitation
is oppositely directed in the two sample sets. In addition,
we use two different samples as reference samples: a bare
GaAs substrate and a typical type-I quantum-well sample,
consisting of 50 periods of Ga,-,In,As quantum wells with
an indium concentration of 10%. All samples are grown on
(001) GaAs substrates by metalorganic vapor phase epi-
taxy (MOVPE). Details of the MOVPE growth procedure
are outlined in Ref. [19] for the samples el, €2, and 3 and
in Ref. [20] for the samples h1, h2, and h3.

ITII. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1(b). We use
a Ti:sapphire regenerative-amplifier system, with a pulse
energy of 5 mJ, a temporal duration (FWHM) of 35 fs, and
a repetition rate of 1 kHz. A fraction of this beam pumps
an optical parametric amplifier (OPA) to produce tunable
output pulses. This collimated beam impinges on the sam-
ple at an incident angle of approximately 45°, with a spot
size of approximately 4.5 mm. The pulse energy of the
incident beam ranges from 0.12 to 10.8 uJ. After optical
excitation of the sample, the emitted terahertz pulse in the
specular direction is guided via an off-axis parabolic mirror
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FIG. 2.

to an 800-um-thick ZnTe crystal for free-space electro-
optic detection. The ZnTe crystal is positioned outside of
the terahertz focus at a FWHM of the field of approxi-
mately 1.3 mm. As the detection crystal is moved from
this position onwards away from the focus, the measured
spectra no longer change significantly, so we can assume a
frequency-independent (not a diffraction-limited) spot size.
We emphasize that, unlike earlier measurements of tera-
hertz emission from quantum wells, all our measurements
are performed with the sample at room temperature.

IV. RESULTS AND DISCUSSION

We first consider the variation of the emitted terahertz
signal with the wavelength of the incident femtosecond
pulse. Figure 2(a) shows the detected terahertz waveforms
obtained from sample h3 for different photon energies
compared with the two reference samples. If the spec-
trally broad excitation pulse is centered at 1.34 eV, a good
fraction of the pulse excites the direct 1s transition in
the Ga(As, Sb) quantum well. The subsequent transfer of
electrons to the (Ga,In)As quantum well, which occurs
on a timescale of roughly 200 fs (inferred from optical-
pump—white-light-probe data), leads to a short current
pulse that is the source of the emitted terahertz pulse. If the
wavelength is blueshifted to 1.38 eV, the overlap with opti-
cal transitions in the Ga(As, Sb) and (Ga, In)As quantum
wells increases, resulting in a terahertz pulse with a slightly
higher amplitude. A further blueshift to 1.46 eV leads only
to a minute additional increase (not shown here). In this
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(a) The emitted terahertz pulses from sample h3 for different photon energies of the excitation pulse. Also shown is the

terahertz radiation from a bare GaAs surface emitter (brown line) as well as a conventional (Ga, In)As quantum-well reference sample
(black line). The inset shows the linear absorption of the type-I reference sample and of sample h3, which features a type-II band
alignment, along with the spectrum of an optical excitation pulse (dashed red line). (b) The emitted terahertz pulse of sample e1, which
allows only electron transfer, is shown for a geometry where the quantum-well heterostructure is on top of the GaAs substrate (red line)
and for an inverted sample (green line) where the optical excitation pulse has to pass through the substrate first. In addition, a typical
terahertz pulse from the hl, h2, and h3 sample set (blue line) is shown; this generates a tunnel current in the opposite direction to that
in the el, e2, and e3 sample set. Both pulses from sample el are multiplied by a factor of 10 to take into account the 10-fold lower
number of quantum wells compared with the hl, h2, and h3 sample set. The inset displays the maximum amplitude of the terahertz
pulses of sample h3 (blue) for different pulse energies of the excitation at 1.36 eV. The maximum terahertz-pulse amplitude of a bare
GaAs surface emitter (brown) excited at 1.46 eV is almost an order of magnitude smaller.
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case the GaAs substrate is also excited. However, the emis-
sion from a bare GaAs substrate, which is caused by the
photo-Dember effect [21], is roughly an order of magnitude
weaker than the emission of the type-II heterostructure.
In addition, the emission from the type-I quantum-well-
heterostructure reference is almost another order of magni-
tude weaker when it is excited below the absorption edge
of the GaAs substrate (e.g., at 1.34 eV). Therefore, we con-
clude that other previously studied effects [22—24] that may
contribute to terahertz emission in quantum-well structures
such as injection, shift, or light-induced drift currents or
light-hole—heavy-hole beats are negligible. If the central
pulse wavelength is redshifted, then the overlap with the
direct transitions in the type-II heterostructure is reduced.
This reduces the number of excited charge carriers, which
reduces the current and thus the amplitude of the emit-
ted terahertz pulse. Simultaneously, however, the spectral
overlap with the resonance of the charge-transfer exciton
[the peak at 1.31 eV in the inset in Fig. 2(a), labeled as
CTX] increases. This transition has a much smaller oscil-
lator strength than the direct transition of the Ga(As, Sb)
and (Ga,In)As quantum wells, so only a small fraction
of the optical pulse excites spatially indirect transitions.
These constitute an instantaneous polarization in the mate-
rial due to the spatially indirect nature of the transition.
This optically driven polarization is able to produce a mea-
surable terahertz signal, which could contribute to part of
the measured signal at 1.30 eV. Yet, the strong increase
of the signal when the excitation is shifted toward the
type-I resonances (in the type-II samples), combined with
the very weak signal obtained from the type-I reference
sample, implies that the observed signal at 1.34 eV is dom-
inated by the charge transfer between the two wells after
photoexcitation.

To further verify that the terahertz emission originates
from real-space charge transfer, we perform two checks.
First, we flip the sample around, so that the excitation
pulse is incident on the back surface rather than the front
surface. As expected, this flips the polarity of the emit-
ted terahertz signal [green curve in Fig. 2(b)], since the
current flow is oppositely directed with respect to the direc-
tion of terahertz emission. Furthermore, it results in an
additional delay of about 13 ps due to the extra propa-
gation time for the optical and terahertz signals through
the 500-um-thick GaAs substrate. For better comparison
of the terahertz waveforms with each other, the green
curve in Fig. 2(b) is corrected by this delay. As a sec-
ond test, we compare the terahertz signals from the hl,
h2, and h3 sample set with those generated from the
el, e2, and e3 sample set, in which the charge transfer
is oppositely directed. Again, we observe a flip of the
polarity of the terahertz pulse, as expected [blue curve in
Fig. 2(b)]. We also note that the signal is about a fac-
tor of 10 weaker, since samples el, €2, and e3 contain
only five periods of the double-quantum-well structure,

rather than the 50 periods in the hl, h2, and h3 sam-
ple set. These results are all consistent with the idea that
the terahertz signals originate from the charge-transfer
process between adjacent quantum wells after photoex-
citation. Since the emitted terahertz signal of the charge
transfer scales with the number of quantum wells and
with the energy of the excitation pulse [see the inset in
Fig. 2(b)], similar type-II structures may also have the
potential to operate as versatile room-temperature terahertz
emitters.

We next investigate the dependence of the signal on
the width of the barrier between the two quantum wells.
The first set of samples (el, e2, e3) are identical except
for the barrier width. A thinner barrier should lead to a
faster charge transfer, and therefore to a larger bandwidth
of the emitted terahertz pulse. Optical-pump—optical-probe
measurements on these samples under the same excitation
conditions (see Appendix E) yield time constants associ-
ated with the charge-transfer process that range from 160 fs
(for the thinnest barrier) to 13.3 ps (for the thickest one) at
room temperature. As noted above, these times do not nec-
essarily reflect solely the charge-transfer time, since those
measurements are also sensitive to intrawell relaxation
processes and other many-body effects [6,25]. However,
they do provide an estimate of the rough timescales for
the charge-transfer process. In Fig. 3, we show the tera-
hertz emission spectra from the samples el, €2, and e3,
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FIG. 3. Terahertz emission spectra for the three different bar-

rier thicknesses in the el, e2, and e3, sample set of 1.5 nm (solid
black line), 4.0 nm (solid blue line), and 6.0 nm (solid red line).
Also shown are the results of a phenomenological model that
describes the barrier-thickness-dependent spectra using transfer
times of 40 fs (dashed black line), 400 fs (dashed blue line), and
1.6 ps (dashed red line). The dotted red line is the result of the
phenomenological model with a transfer time of 1.6 ps but with-
out a time constant for the buildup of a tunnel current. The inset
shows the measured time-domain terahertz pulses corresponding
to the experimental spectra.
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showing a clear correlation between barrier thickness and
the bandwidth of the signals. As the barrier thickness
increases, both the high-frequency edge and the low-
frequency edge of the spectra shift to lower frequencies.
This result is not consistent with an alternative explanation
involving terahertz emission from the instantaneous polar-
ization created by direct excitation of the charge-transfer
exciton.

To understand these spectral changes, we develop a
simple phenomenological model (details are given in
Appendix D), in which the signal originates purely from
the current (real-space charge transfer) between adjacent
quantum wells. This calculation accounts for the duration
of the Gaussian excitation pulse, and includes only two
additional parameters: a time constant describing the expo-
nential increase of the current after photoexcitation, and
a second time constant describing the exponential decay
of this current. For the former we use fpyjiqp=170 fs as a
constant value for all samples. Such a buildup time of the
tunnel current is mandatory to describe the emission spec-
tra. If the tunnel current sets in instantaneously with the
optical excitation, the rise of the current would occur on
the timescale of the 90-fs short excitation pulse. The result
is a large bandwidth of the emitted terahertz pulse even
for thickest barriers, as revealed by our phenomenological
model (see Fig. 3). However, this is not consistent with our
observations. Our results strongly suggest that incoherent
tunnel currents do not start immediately but have to build
up first. The time constant of this buildup is consistent
with the observed buildup of a collective response of the
many-body system and conductivity after photoexcitation
in earlier reports [26,27]. Thus, we are able to monitor the
lowest time limit for the onset of an incoherent current in
the respective material. The second time constant (funneling)
describes the barrier-width-dependent tunneling time, for
which we use #,;=40 fs, #.,,=400 fs, and #.;3=1.6 ps. As
expected, these values are similar, but not identical, to the
time constants we measure in optical-pump—optical-probe
studies [6,25] (see Appendix E). From the modeled cur-
rent transients, we compute a prediction for the terahertz
waveform. We then use a spectral filter (the same for all
three signals) that represents the response function of the
thin (2-mm) Teflon beam block [28] and the 800-um-thick
ZnTe crystal used for terahertz detection [29]. The result-
ing curves reasonably accurately reproduce the measured
spectra, including, in particular, the shifts of both the low-
frequency and the high-frequency edges of the spectrum
with barrier thickness.

For the thinnest barrier (sample el), the high-frequency
edge of the spectrum, which drops fairly sharply at about
2.5 THz, is determined by the spectral response of our
ZnTe sensor, not by the charge-transfer dynamics. To cap-
ture the full bandwidth of the emitted terahertz pulse in
a sample with faster dynamics, one can use a thinner
detection crystal. To demonstrate this, we remeasure the
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FIG. 4. Terahertz emission spectra for sample h3 for detection
with an 800-um-thick ZnTe crystal (light-blue line) and a 200-
um-thick GaP crystal (dark-blue line). The spectrum measured
by the GaP crystal is described with the same phenomenological
model (red line). The model includes a charge-transfer time of
60 fs for this sample. Also displayed is the response function
(dashed black line) that accounts for the GaP detector response
and the absorption of the Teflon beam block. The inset shows the
normalized terahertz spectra of samples h1, h2, and h3, which all
have the same nominal barrier thickness and differ only in their
Sb concentrations.

signal from sample h3 using a 200-um-thick GaP crystal,
which has a broader spectral response. Figure 4 shows
this experimental result (the respective time domain is
shown in Appendix A) with the corresponding predic-
tion based on the same model discussed above (but with
use of the GaP detector response function [30,31], shown
in Fig. 4). We observe that the model correctly fore-
casts the increase in the high-frequency content of the
signal. Of course, a complete theoretical treatment of the
problem would be much-more complex, including a fully-
quantum-mechanical treatment of the tunneling process
[32,33]. Nevertheless, these results establish that the nar-
rowing of the spectrum in Fig. 3 reflects the slowing of
the charge-transfer process for thicker barriers. The simple
phenomenological model accurately captures the timescale
of this process, which can be extracted easily from the
measurements.

Finally, we also measured the spectra of the terahertz
emission from samples hl, h2, and h3, in which the band
gap of the Ga(As, Sb) well varies but the barrier width
is the same for all three samples. In this case, which is
depicted in the inset in Fig. 4, we expect only small differ-
ences in the spectral width of the emission, due to the dif-
ferent relative populations of electrons [in the Ga(As, Sb)
well] and holes [in the (Ga, In)As well] and their different
transfer times. As anticipated, we find that these differ-
ences are small compared with the effect of changes in the
tunneling barrier shown in Fig. 3. In addition, the measured
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terahertz spectra and thus the charge-transfer times
obtained are relatively insensitive to changes in excitation
density and energy, as shown in Appendixes B and C.

V. SUMMARY

In summary, we characterize the incoherent charge
transfer in a type-II quantum well using terahertz emis-
sion. This approach affords direct access to the photoin-
duced current arising from the tunneling process, without
the confounding effects of carrier relaxation that often
complicate the analysis of other measurements. Conse-
quently, we observe that the terahertz emission spectra and
thus the underlying charge-transfer dynamics are robust
against a wide range of excitation conditions and are
in our case almost exclusively determined by the thick-
ness of the tunnel barrier. Furthermore, we easily observe
an approximately-170-fs buildup dynamic of the tunnel-
ing process, since the phenomenological inclusion of this
process is necessary to describe our data accurately. We
also note that the surprisingly large terahertz signal, sig-
nificantly larger than that observed from conventional
methods of terahertz generation from bare semiconductor
surfaces, offers an interesting possibility to design ter-
ahertz emitters through engineering of the type-II band
structure and barrier width. Since the emission strength
is scalable with the number of periods, this could lead to
the development of powerful and spectrally agile terahertz
sources.

ACKNOWLEDGMENTS

This work is a project of the Collaborative Research
Center SFB 1083 funded by the Deutsche Forschungsge-
meinschaft. In addition, D.M..M gratefully acknowledges
the support of the Alexander von Humboldt Foundation.

APPENDIX A: DETECTION CRYSTALS

The terahertz emission of sample h3 is detected under
the same excitation conditions of 4-uJ pulse energy at
a central energy of 1.36 eV with two different crystals
for electro-optic sampling. One is an 800-yum-thick ZnTe
crystal and the other is a 200-um-thick GaP crystal. The
different detection bandwidths of the crystals result in
different terahertz pulses in the time domain; these are
shown in Fig. 5. It is evident that the detected terahertz
pulse becomes shorter when the GaP crystal is used and
approaches the expected waveform of a single zero cross-
ing. In comparison, the pulse detected by ZnTe shows
considerably more oscillations in the time domain, which
are mainly caused by the lower detection bandwidth and
the resulting spectral filtering of the terahertz pulse [34].
Here, the rather sharp cutoff edge of ZnTe near 2.5 THz
leads to oscillations in its Fourier transform (i.e., the time
domain).
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FIG. 5. The normalized terahertz pulse in the time domain as

detected by an 800-um-thick ZnTe crystal (green line) and a 200-
um-thick GaP crystal (line).

APPENDIX B: DEPENDENCE ON THE
EXCITATION ENERGY

As stated in the main text, the terahertz emission results
are very consistent for different excitation conditions. This
is checked by examining sample h3 for different pho-
ton energies. The normalized terahertz emission spectra
of sample h3 are shown in Fig. 6 for different excitation
energies. The data show that the spectral response, espe-
cially for excitation energies between 1.27 and 1.34 eV,
hardly changes. As a trend, the low-frequency components
are represented somewhat more prominently in the spec-
trum for higher excitation energies. This is attributable to
the fact that the (Ga, In)As quantum layers are excited to
a greater extent at higher excitation energies. The hole
tunneling from these quantum wells into the Ga(As, Sb)
quantum wells is expected to be slower than the tunneling

1.0
=)
3]
N
(_“ L
S
o
<054 E xcitation energy
3 1.27 eV
2 —1.30eV
a2 1 1.34 eV
g —1.38 eV

0.0

0 1 2 3
Frequency (THz)

FIG. 6. The terahertz emission spectra of sample h3 for differ-
ent photon energies of the excitation pulse.
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of electrons in the reverse direction. As a consequence, the
low-frequency components should be more pronounced in
the spectrum, which corresponds perfectly with our obser-
vations. At a central photon energy of 1.38 eV, the GaAs
substrate is already partially excited. This delays the fill-
ing of the quantum wells and thus further strengthens the
low-frequency components in the spectrum.

APPENDIX C: DEPENDENCE ON THE
EXCITATION DENSITY

The terahertz emission is also investigated as a function
of the optical-pulse energy. The main text reveals that the
maximum terahertz field strength increases almost linearly
with the pulse energies investigated. As a complement, we
show in Fig. 7 that the shape of the terahertz pulses in the
time domain does not change for the different optical-pulse
energies. Instead, only the field amplitude of the terahertz
pulse increases with increasing pulse energy. This again
underlines the reliability of terahertz emission results for
different excitation conditions.

APPENDIX D: PHENOMENOLOGICAL MODEL

We apply a simple phenomenological model to describe
the terahertz emission spectra. For this purpose, we assume
that charge carriers n(f) are excited by a Gaussian excita-
tion pulse g(f) via

nt) =k &t)As,

where £ is a constant factor and we use a Gaussian exci-
tation pulse with a FWHM of 90 fs. This corresponds to
the pulse length used in the experiment as confirmed by
an autocorrelation measurement. Then we distinguish arti-
ficially between nontunneling states 7,,,(¢) and conductive
charge carriers non(f), where the former transform into the

10 = —10.8 uJ 1.2

) —_ 81 0.9

= - — 3.6 4 = 0.36 uJ

= e 2.7 (1) e 0.27 2
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°
o
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FIG. 7. The emitted terahertz pulses of sample h3 after excita-

tion at 1.36 eV with different pulse energies.

latter with a certain probability per time step p;. Accord-
ingly, the nontunneling states can easily be determined
iteratively:

nnon(ti+1) = nnon(ti) + kg(ti+1)Ati+l - nnon(ti)pl,

with
nnon(Z‘O) = kg(tO)AIO-

From the total number of excited charge carriers n(),
the number of conductive charge carriers can thus be
calculated via

Aeon () = n(t:) — Ayon (%:).

Conductive charge carriers can now contribute to a cur-
rent by a tunneling process through the internal barrier. In
our phenomenological model we assume that all charge
carriers are generated in one quantum well and then tun-
nel through the barrier into the other quantum well with
probability per time step p,. This way we get the tunnel
current j (¢):

. . Aneon(tiv1) .
J i) =j(t) + —= i (t)pas
Aty
with
. Ancon(tO)
) = ——.
J (to) Alo

The radiated terahertz field in the far field is proportional
to the time derivative of the tunnel current j (¢) and can be
converted into frequency space by Fourier transformation.
For comparison with the experimental terahertz spectrum,
the spectrum of the phenomenological model is finally
multiplied by the detector response and the absorption of
the Teflon beam block.

The exponential time constants Zyyiidup and funneling given
in the main text are derived from the probabilities per time
unit p; and p; used for the iterative calculations. For p; we
use a constant value of 0.005865 fs~! for all samples, while
P2 ranges between 0.02469 and 0.000625 fs~! depending
on the barrier thickness.

APPENDIX E: OPTICAL-PUMP-OPTICAL-PROBE
EXPERIMENTS

In addition to terahertz emission we perform optical-
pump—optical-probe experiments under the same excita-
tion conditions. Details of the optical-pump—optical-probe
setup are given in Refs. [6,25]. Here we excite the sam-
ples at room temperature with a spot size of 4 mm and a
pulse energy of 3.6 wJ at 1.34 eV, in analogy to the condi-
tions in the terahertz emission experiments. To obtain the
transients illustrated in Fig. 8, we integrate the spectrum
over the respective excitonic resonance of the spatially
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FIG. 8. Optical-pump—optical-probe  transients of the

excitonic resonances of the (Ga,In)As quantum wells in
(Ga, InAs)/GaAs/Ga(N, As) heterostructures (el, €2, and e3
sample set) with different inner GaAs barriers of different
thicknesses.

direct transition as described in Ref. [6]. With the optical
excitation, a bleaching signature of the excitonic resonance
appears in all samples, independently of the respective bar-
rier thickness. Subsequently, the signal recovers fastest for
the thinnest inner barrier of 1.5 nm with a time constant of
about 160 fs. This recovery of the bleaching signature is
mainly driven by the charge-carrier transfer into the adja-
cent quantum well. As a result, it is in good agreement
with the times obtained by our phenomenological model
from the terahertz emission experiments for the buildup
of the tunnel current and the tunneling process itself. We
do not observe any temporal oscillations in our optical-
pump—optical-probe data; therefore, we conclude that this
is a one-way and not an oscillating tunneling process. For
a thicker barrier of 4 nm, we observe a much-slower recov-
ery of the bleaching signature in the optical-pump—optical-
probe experiments on a timescale of 2 ps. For the thickest
barrier of 6 nm, the bleaching signature increases first
after optical excitation. Here, relaxation processes prob-
ably dominate the bleaching signature initially compared
with the comparatively slow charge-carrier transfer. These
relaxation processes on a picosecond timescale of course
also affect the signatures of samples with other barrier
thicknesses. However, because of the dominant influence
of the charge transfer on these timescales, other processes
are not visible in the measured data in the case of thin-
ner barriers. Nevertheless, those other interactions of the
many-particle system obviously affect the dynamics of
optical-pump—optical-probe experiments in the first few
picoseconds. Accordingly, it is very difficult to derive the
actual charge-transfer dynamics with those optical experi-
ments. A comparison with our terahertz emission indicates
that the differences between both methods increase with
increasing transfer times of the charge carriers.
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