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The development of semiconductor quantum dot (QD) devices particularly for the infrared requires

information on their intraband energy levels. For most of the samples FTIR spectroscopy does not

provide reliable results on intraband transitions in the mid-infrared due to very low absorption signals.

In recent years photocurrent spectroscopy was demonstrated as an alternative method. In this paper

we present a modified photocurrent method, which does not require complicated contact structures or

contact layers. The samples are laterally contacted by simply soldering wires and are biased by several

10 V. The intraband resonances are monitored via current changes induced by optical excitation with

intense picosecond mid-infrared laser pulses. Both bound to bound and bound to continuum transitions

enhance the current. We present data taken on two highly n-doped GaAs/InAs QD samples with

different doping concentration at 77 K and at room temperature. In this way, a nearly complete picture

of intraband transitions between excited levels in the conduction band is obtained. The intraband

spectra obtained with this technique nicely agree with calculated QD intraband levels.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

In recent years semiconductor quantum dot (QD) structures
attracted remarkable interest in fundamental research and for
applications due to their favorable optical and electrical proper-
ties [1]. Especially semiconductor lasers with low threshold
current [2] have been demonstrated and QD photodetectors for
the mid-infrared range (MIR) operating at room temperature are
under intense investigation [3–6].

In spite of all these successful applications, there is still a lot of
basic work to be done to characterize these structures particularly
in the MIR. The widely used standard technique for investigating
intersubband (ISB) transitions in 2D semiconductor heterostruc-
tures or intraband (IB) transitions (also denoted as intersublevel
transitions) in QD structures is the Fourier transform infrared
(FTIR) spectroscopy. It provides reliable results in 2D systems but
fails to resolve IB resonances in most QD structures on account of
their moderate absorption cross sections combined with a low
dot density resulting in tiny absorption signals. Although intra-
band absorption is clearly detected in GaN QD samples [7], the
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intraband absorption of QDs consisting of materials like InAs,
which is located in the mid- and far-infrared, is hard to detect [8]
in the background noise of the spectrometer.

Another complementary technique for the investigation of
intraband transitions in the MIR is the photocurrent spectroscopy,
which provides enhanced photocurrent signals subsequent to
photoexcitation of IB resonances. The signal strengths depend
on the absorption cross section and on the carrier escape
probabilities. For such investigations sophisticated contact struc-
tures are used: contact layers to apply a voltage perpendicular to
the QD layers [9,10], or interdigitated contacts for the application
of in-plane fields [11]. Up to now, to our knowledge, only QDs
with low doping concentrations have been investigated under
low intensity excitation and at cryogenic temperatures. In that
papers, only excitations from dot ground states to the wetting
layer and to continuum states in the conduction and the valence
band [12] were monitored.

In this contribution, we present a photocurrent method for a
simple access to intraband levels of QD samples, which does not
need sophisticated contacts and which may also be used at
ambient temperature. Intense ultrashort laser pulses tunable in
the MIR are used to excite intraband transitions in the conduction
band of QDs resulting in clear photocurrent signals. The potential
of the method is shown with the help of investigations on highly
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doped InAs QD samples. Experimental data taken on samples with
different doping concentrations and at different temperatures
give a nearly complete picture of the intraband levels. The results
are in good agreement with calculations.
2. Experimental

In the experiments photoinduced current changes due to
photoexcitation of intraband transitions in the QDs via ultrashort
infrared pulses are measured. The sample geometry with two 451
facets and the electrical circuit used in our experiments are
shown in Fig. 1. The samples are contacted by simply fixing gold
wires on both sides of the top of the QD layers with pure Indium
solder at a temperature of approximately 160 1C. The sample is
integrated in an electrical circuit with a series resistor of 10 MO,
which is connected to a voltage supply adjustable between 0 and
100 V. Intraband transitions of the QDs are photoexcited by
intense tunable MIR picosecond pulses that are focused to one
of the facets. The MIR pulses of 10 Hz repetition rate are
generated via difference frequency generation between the emis-
sion of a modelocked Nd:YLF laser and the near-infrared emission
of an optical parametric oscillator [13]. The MIR pulses excite
electrons resonantly to upper levels, which exhibit higher prob-
ability for thermionic emission or tunnel escape, or even transi-
tions to the continuum may take place. In this way the
conductivity in the QD layers increases and a photoinduced
current is expected that can be detected via the voltage drop at
the QD sample with the help of an oscilloscope.
3. The QD samples

To test our method we used GaAs/InAs QD samples grown by
the Stranski–Krastanow method on semi-insulating GaAs sub-
strates [14,15]. A 25 nm thick Al0.25Ga0.75As/GaAs superlattice is
followed by a 240 nm wide GaAs buffer layer. The active region
of our samples consists of 30 periods of a dot-in-well structure.
Each of them contains a 40 nm GaAs barrier, an InAs wetting
layer and the InAs QDs overgrown by a strain reducing layer of
In0.12Ga0.88As. The GaAs barriers are n-doped in a 2 nm wide
region about 1.5 nm below each wetting layer. The doping
Rs
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Fig. 1. Experimental setup for the photocurrent measurements. The MIR excita-

tion pulses are focused to a 451 facet and reflected at the QD layers. The

subsequent current changes are measured via voltage changes at the QD sample

by an oscilloscope.
concentration amounts to 1.5�1018 cm�3 carriers in sample A
and 6�1017 cm�3 in sample B. This active region is capped by
another 25 nm thick Al0.25Ga0.75As/GaAs superlattice and a GaAs
cap layer.

The selforganized growth creates islands of pyramidal shape
due to the lattice mismatch of InAs and GaAs. During the
subsequent overgrowth process, Indium from the strain reducing
In0.12Ga0.88As layer diffuses towards the pyramids resulting in
QDs with the shape of truncated pyramids. The pyramids have a
base length of about 18 nm and a height of around 6 nm as shown
in the inset of Fig. 2 [14,15]. In consequence the Indium content of
the In0.12Ga0.88As alloy decreases in the direct vicinity of the dots
within the diffusion length to approximately zero. Therefore we
assume an in plane conduction band scheme as sketched in Fig. 2
in which the QDs are enclosed by GaAs. We prepared a 5 mm long
piece of sample A, and a 1 mm long piece of sample B, both with
two 451 facets.

First information on intraband transitions is generally expected
from FTIR measurements. Best results are generally obtained, taking
difference spectra using a reference sample carefully prepared from
the pure substrate material with the same geometry. Such spectra
did not show any clear resonances due to the low intraband
absorption of the QD layers even in sample A with five internal
reflections. To suppress signal contributions due to small differences
of the samples, we divided FTIR spectra taken at 20 and 300 K
(see Fig. 3a), a representation in which only temperature dependent
resonances show up. So absorption bands which are more pro-
nounced at room temperature appear as peaks and resonances with
increased absorption at 20 K as dips. Beside relatively strong
residual absorption lines of H2O and CO2, we find a peak at about
96 meV, indicating an increased intraband absorption at 300 K. If we
look closer, a broad low temperature resonance dip between 125
and 145 meV suggests an intraband absorption, which is more
pronounced at 20 K.
Fig. 2. In plane conduction band structure of the InAs QDs embedded in the strain

reducing In0.12Ga0.88As layer. The calculated QD levels are shown for 77 and 300 K.

Inset: geometry and size of the QDs.



Fig. 3. Intraband spectra of the QDs of sample A (a)–(c) and of sample B (d). (a) Ratio

of FTIR transmission spectra taken at 20 and 300 K. Photoinduced current change

(b)–(c) of the QD sample A at 77 and 300 K and (d) of sample B at 77 K after intense

MIR excitation. The vertical dashed lines indicate calculated transitions.
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4. Photocurrent measurements

Data on photoinduced current changes taken at 77 K and at
room temperature are presented in Fig. 3b–d for samples A and B.
The spectra are normalized to the excitation energy of the MIR
pulses. An excitation of intraband resonances by an intense MIR
pulse leads to a voltage signal in the order of 1 mV and a decay
time of a few hundred ns, which is determined by the electrical
circuit.

Fig. 3b shows the photocurrent changes as a function of the
excitation frequency taken at 77 K on sample A (bias voltage
60 V). Here the signals are relatively large, since we used a
relatively long sample which allowed five reflections of the MIR
beam at the active surface. Broad resonances at about 130 and
190 meV are obvious and an increased background signal is found
at frequencies above 130 meV. It should be mentioned that the
spectral width of the excitation pulses (2 meV) is narrower than
the width of the resonances. From the excitation energy of a
few hundred nJ we estimate a maximum sensitivity in the order
of 1 A/J.

Fig. 3c presents experimental data taken at 300 K (sample A).
Here the bias voltage was only 15 V to prevent damage of the
sample, which shows a considerably lower resistance at higher
temperatures. FTIR absorption spectra (see above) indicate a clear
room temperature resonance below 100 meV. So we focused on
that spectral region, in which we find a pronounced photocurrent
signal at 95 meV and a small resonance at 130 meV.

Experimental data taken on the second sample B at 77 K
are shown in Fig. 3d. The structure of both samples is nearly
identical, only the doping concentration is lower in sample B
(n¼6�1017 cm�3). Beyond that, sample B is shorter allowing
only a single reflection of the excitation beam at the surface with
the QDs. Consequently, the expected photocurrent signals are
considerably lower despite of a higher bias voltage of 100 V. In
the figure, we observe photocurrent resonances around 100 meV
and weaker resonances at 130 and 190 meV. Due to the fact, that
both samples have very similar properties, it is not surprising that
the frequency positions of the resonances are similar in both
samples.
5. Discussion

The photoexcitation of the quantum dots involves transitions
between bound states or bound to continuum transitions. If
charge carriers are excited to continuum states an increase of
the current is evident [5,16]. Moreover, transitions to upper
bound QD states may result in a photoinduced current [6,17].
Increased thermionic escape rates due to the lower energy barrier
and higher tunneling rates into the wetting layer, or the strain
reducing In0.12Ga0.88As layer may contribute to the lateral cur-
rent [3,18]. An increase of the tunneling rates through the QD
barriers due to the relatively weak applied electric field, which
never exceeded 500 V/cm, is not expected.

For a more detailed interpretation of the spectra in Fig. 3
calculations of the energy positions of the intraband states of the
QDs have to be done. From that results, intraband transition
frequencies and their corresponding oscillator strengths are
determined. For the special type of QD samples investigated here,
there exist highly involved calculations [8,19], based on a full
8�8 k �p theory for modeling the valence and conduction band,
which takes into account strain, piezoelectricity and spin orbit
coupling. These calculations were made for a smaller QD with a
different doping concentration and only for cryogenic tempera-
tures. Moreover, it was assumed that the QD is directly sur-
rounded by GaAs neglecting an In gradient of the strain reducing
layer. Therefore, we performed additional calculations for the
conduction band using the size and shape of the InAs QDs as
shown in Fig. 2 and assuming an In gradient in the vicinity of the
QDs as depicted in the figure. For this numerical simulation we
used the program Nextnano3 [20]. To keep computation time in
an acceptable range we neglected the coupling of different bands
and we assumed that the elastic strain is reduced to a negligible
value by the strain reducing layer. Numerical calculations within
the framework of this model lead to an unexpected large dot
depth followed by a transition energy of e1-e2 of �140 meV.
However, the positions of the upper energy levels are strongly
affected by the energy of the strain reducing layer. Therefore the
transitions close to the confinement barriers fit quite well to
the experimental data. In Fig. 2 the bound states relevant for the
interpretation are inserted as solid and dashed lines for 77 and
300 K, respectively. The calculated electronic intraband transi-
tions between excited levels with an oscillator strength larger
than 0.1 are listed in Table 1.

We start with a discussion of the photocurrent spectrum
in Fig. 3b taken on sample A at 77 K. We have to keep in mind
that each QD is filled with 10 electrons due to the high doping
concentration, i.e. the first 5 levels are occupied. A calculation
taking into account the Fermi distribution at 77 K shows a
complete occupation of levels e1–e4 and an occupation density



Table 1
Calculated energies of intraband transitions of the QD samples at 300 and at 77 K

relevant for the interpretation of the photocurrent data.

Transition i-f Energy (meV)

for 300 K

Energy (meV)

for 77 K

e2/e3-e4 108 111

e2/e3-e5 128 129

e2/e3-e6 194 196

e4-e7/e8 147 147

e5-e7/e8 128 129
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of 90% for level e5. (The Fermi level is pinned by the strain
reducing In0.12Ga0.88As layers.) Consequently, efficient intraband
photoexcitation is only expected between one of the levels e1–e5
and levels e6 or higher.

The broad resonance at �130 meV in Fig. 3b is assigned to the
transition e5-e7/e8 (see Fig. 2 and Table 1). At excitation
frequencies above 130 meV we find an increased photoconduc-
tion signal due to carriers excited from e4 and e5 to continuum
states, which strongly contribute to the current increase. In that
frequency region, another pronounced photocurrent resonance at
around 190 meV is detected, which is interpreted as transitions
from the occupied e2/e3 states to the unoccupied e6 state with a
subsequent escape from the QDs.

Fig. 3c presents the low frequency part of the photoconduc-
tivity signal for sample A measured at 300 K. This spectral range is
of particular interest, since the FTIR spectrum in Fig. 3a indicates a
photocurrent signal at room temperature in contrast to low
temperatures. At room temperature the electronic levels e1–e3
are completely filled, the occupancy of level e4 is 70% and that of
level e5 is 50%. The occupation of higher levels can be neglected.
These numbers show that an absorption from e2/e3 to e4 may be
observed at �100 meV. Indeed we find a strong resonance at this
frequency at 300 K in Fig. 3c while at 77 K in Fig. 3b that
resonance does not show up due to Pauli Blocking. This finding
is in agreement with the result from the FTIR measurements
(Fig. 3a). At �130 meV the e2/e3-e5 and e5-e7/e8 resonances
contribute to the signal. The later one is highly pronounced at
77 K (Fig. 3b).

Of special interest is a comparison with the data in Fig. 3d
taken on sample B with a lower doping concentration. Numerical
calculations give transition frequencies that are within a few meV
the same as those presented in Table 1. In sample B each QD
contains only �4 electrons resulting in a sublevel occupation of
100% for level e1 and 50% for the two degenerated levels e2/e3 for
77 K. The other levels are unoccupied.

In Fig. 3d we find a high photocurrent signal at about 100 meV,
which corresponds to the transition from occupied e2/e3 levels to
the empty e4 level, similar to the situation in sample A at room
temperature. As mentioned above, the overall signals from sample B
are lower than from sample A, so the accuracy is only limited.
However, there is some indication for a splitting of the resonance
into two due to a breakup of the degeneracy of levels e2 and e3
caused by strain or the piezoelectric effect [21]. The next resonance
at 116 meV might be due to transitions from e2/e3 to the bound
state of the wetting layer. This is consistent with calculations for a
wetting layer of 3 monolayers thickness. Transitions to this state
result in an increased photoconductivity [3]. In Fig. 3b a shoulder at
this frequency is also observed. The signal close to 130 meV is
attributed to the e2/e3-e5 transition and the signal around
195 meV is interpreted as the e2/e3-e6 transition. Both maxima
are observed in sample A, too. The transition e1-e2/e3 does not
show up in this experiment, because of the low escape probability of
electrons in the confined states e2 and e3. Transitions to continuum
states are not detected in sample B, since energies beyond our
accessible frequency range are required for transitions from the
highest occupied level e3 to the continuum.
6. Conclusion

The experimental investigation of intraband transitions in QDs
is still a challenge in most samples. The data presented in the
paper show that the detection of photoinduced current changes
after intraband excitation with intense ultrashort MIR pulses is a
technique, which provides reliable information on intraband
transitions despite of their low absorption strengths. The strong
MIR excitation allows investigations with simple electrical con-
tacts. From measurements in samples with different doping
concentrations and at different temperatures not only transitions
from the lowest levels but nearly the complete manifold of the
intraband levels is obtained. However, the interpretation of the
amplitude of the photocurrent signals is more involved. If the MIR
pulse excites the carriers to continuum states we find an absorp-
tion edge with an increased current signal at higher energies.
Transitions between bound states give rise to absorption bands. In
this case, the amplitude of the current signal is not a direct
measure of the absorption strength; it depends on the escape
probability from the QD, too.
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