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We present terahertz photoconductivity measurements on GaAs/AlGaAs and HgTe/HgCdTe heterostruc-
tures. The photoresponse is investigated time and spectrally resolved under quantum Hall conditions. The
samples are excited by a pulsed p-Ge laser, which emits photons of frequencies around 2 THz �corresponding
to photon energies around 10 meV�. Corbino-shaped GaAs/AlGaAs samples show relaxation times � down to
10 ns. The dependence of � on the applied source-drain voltage is explained by a two-level picture after
normalizing the data. All spectrally resolved measurements show contributions of the cyclotron resonance and
the bolometric effect. These results are compared to numerical calculations based on a self-consistent Born
approximation method. The measurements on HgTe/HgCdTe samples show comparable results. However, the
effective mass in these samples is only mc=0.026m0 �approximately 1/3 of the mass in GaAs/AlGaAs�. Thus
the cyclotron resonance is shifted to smaller magnetic fields around 2 T. This fact makes HgTe/HgCdTe
systems especially interesting for terahertz detector applications.
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I. INTRODUCTION

Quantum Hall �QH� systems1,2 can be excited effectively
by terahertz �THz� radiation, because the energy gap be-
tween the Landau levels and the photon energy are compa-
rable �about 10 meV�. The first investigations have been
done more than 20 years ago,3–5 most of the measurements
are done on GaAs/AlGaAs samples patterned in Hall-bar or
meander geometry. The investigations are interesting both
with respect to basic questions about the excitation and re-
laxation processes of QH systems and with respect to appli-
cation of these systems as high-performance THz detectors.
It was shown6–8 that QH detectors can reach a sensitivity up
to 108 V/W and a relative detectivity of 1014 �Hz/W at
4.2 K, which are better than usual semiconductor bolometers
working at the same temperature. In addition, QH detectors
are fast and spectrally tunable.

In this paper, we discuss detailed time-resolved measure-
ments of the photoconductivity on GaAs/AlGaAs QH
samples in Corbino geometry. The system is excited by
pulsed THz-laser radiation and the relaxation process is in-
vestigated. We find a dependence of the relaxation time on
the applied source-drain voltage. The results are related to
the Drude time and to the electron mobility. A normalized
plot of the data is compared to the results of a two-level
model of excitation and relaxation. Further, spectrally re-
solved measurements of the photoconductivity are presented.
We compare this results with numerical calculations using a
self-consistent Born approximation method. Finally, we in-
troduce spectrally resolved and time-resolved measurements
of the photoconductivity on HgTe/HgCdTe QH systems.
This material system is promising for THz detector applica-
tions because of the possibility of operation at moderate
magnetic fields �B�2 T�.

II. EXPERIMENTAL DETAILS

We use epitaxially grown GaAs/AlGaAs and
HgTe/HgCdTe heterostructures, which provide a two di-

mensional electron gas �2DEG�. Most of the experiments are
performed on samples patterned in circular Corbino shape
�inner and outer radii of the 2DEG are r1=500 �m and r2
=1500 �m�. All samples are characterized by Shubnikov–de
Haas �SdH� measurements and by I-V curves. The sample
properties are listed in Table I.

The samples were mounted in a He bath cryostat and
operated at a temperature of 4 K. The sample magnetic field
B is provided by a superconducting coil. We investigate the
systems at high magnetic fields up to 7 T. A sketch of the
setup is shown in Fig. 1.

The longitudinal conductivity �xx of a Corbino sample is
proportional to the source-drain current ISD at a source-drain
voltage VSD. For homogeneous systems, it is

�xx =
ISD

VSD

ln�r2/r1�
2�

.

In our setup, ISD is measured by a voltage drop over a serial
resistor �see Fig. 2�a��. The photoresponse �PR� is the differ-

TABLE I. Sample properties: material, carrier concentration ns,
and mobility �. The sample DHall is patterned in Hall-bar geometry;
all other samples are patterned in Corbino geometry. The denoted
mobilities in the case of Corbino samples are given by measure-
ments at Hall-bar structures using the same wafer.

Sample
No. Material

ns

�m−2�
�

�m2/V s�

A GaAs/AlGaAs 2.7�1015 10

B GaAs/AlGaAs 2.0�1015 50

C GaAs/AlGaAs 1.9�1015 150

DHall HgTe/HgCdTe 3.8�1015 4.1

E HgTe/HgCdTe 4.4�1015 4.1
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ence of the signal measured with and without illumination:
PR �	ISD�	�xx. For the time-resolved measurements, the
signal is transferred via a 50-
-terminated coaxial line. The
RC time of the circuit is less than 10 ns.

The THz radiation is generated by a p-Ge laser, which is
operated in pulsed mode. The laser crystal has a hole con-
centration of p�1019 m−3. Strong magnetic and electric
fields are necessary for the operation of the laser. The mag-
netic field of around 3 T is provided by an additional super-
conducting coil. Since the laser is based on the cyclotron
resonance of light holes in Ge, the photon frequency is con-
trolled by the magnetic field. Our laser is tunable from
1.7 to 2.5 THz �corresponding to wavelengths of
180–120 �m�. The linewidth of a p-Ge laser is as low as
6 GHz.9

The electric field for the laser is generated by applying a
high voltage to the laser crystal. This voltage is generated by
a high power pulse generator �voltage about 1–2 kV; current
about 15–20 A�. For the time-resolved measurements, we
constructed a special fast switching pulse generator with a
switch-off time of �20 ns �see Ref. 10 for details�.

The laser system and the QH sample are mounted in the
same cryostat. The THz radiation is transmitted via a brass

waveguide onto the sample. The setup is shown schemati-
cally in Fig. 1.

III. TIME-RESOLVED MEASUREMENTS

The time-resolved measurements of the PR are done with
the setup shown in Fig. 2�a�. The QH sample is exposed to
pulsed THz radiation. To suppress the effect of electromag-
netic cross-talking between the cables, two measurements are
taken: with and without applied voltage VSD on the QH
sample �see Ref. 11 for more details about this method�.

A typical shape of the time-resolved PR is shown in Fig.
2�b�. The laser pulse causes an optically induced breakdown
of the QH effect, yielding a sharp increase of the PR during
this process. After this we observe a constant PR. Finally, the
PR decreases after the radiation is switched off, because the
system relaxes back into the QH state.

To characterize the time of the relaxation process, we ap-
ply an exponential function of the form

PR � exp�− t/�� , �1�

with the decay time � and the time t. This is done in detail for
the GaAs/AlGaAs samples at filling factor �=2. To compare
the data to a more complex function than Eq. �1� is not
possible because of the limited measuring resolution �on me-
ander shaped samples, showing time scales in the millisec-
ond and microsecond ranges, a more complex behavior was
identified in the past7,12�.

We find decay times � from about 10 to over 200 ns �this
is by several orders of magnitude shorter than the time scales
found on meander type detectors8,12�. There is the trend that
� increases with increasing mobility of the sample �. Fur-
ther, there is a particular dependence of � on the voltage VSD.
This fact proves that the results are due to time scales inside
the QH system and are not dominated by influences of our
setup.

For the two low mobility samples A and B, we find con-
spicuous maxima slightly below the QH breakdown voltages
Vc. To compare the results obtained at samples with different
electron mobilities, the curves are plotted versus normalized
axes in Fig. 3. The voltage is divided by Vc �voltage of elec-
trical QH breakdown�, which is a characteristic voltage of
the system. The decay time is divided by �Drude, which cor-
responds to the mobility � according to �Drude=�m* /e �with
the electron charge e and the effective mass m*� and is a
characteristic time of the system. We see in this scale a quite
similar behavior of samples A and B, with a good match of
the maxima near VSD/Vc=1 �sample C shows a different
behavior; this will be discussed later�. We explain this result
with a heating picture as follows.

We consider the relaxation from a dissipative state back to
the QH state when the THz radiation is switched off. This
relaxation process of hot electrons is comparable to the situ-
ation reported in Ref. 13, where a spatially resolved process
is discussed. Like those authors, let us assume a two-level
model and a signal, which is proportional to occupation N of
the upper level: PR �N. The occupation of the upper level
decreases by a certain rate, but is increased by Joule heating,
which is proportional to VSD

2 and to j2 �where j is the current
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FIG. 1. Scheme of the measurement setup. The THz radiation is
transfered via a 38 cm long waveguide from the laser crystal to the
QH sample.

V
SD

voltage

source

oscilloscope

T=4 K

50�

50�

Corbino sample

(a)

1.0 1.5 2.0

0.0

0.5

1.0

(b)

p
h

o
to

re
s
p

o
n

s
e

(a
rb

.
u

n
it
s
)

time ( s):

FIG. 2. �a�: Circuit with impedance matched signal line. �b� A
typical shape of the time-resolved PR during one laser pulse.
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density inside the Corbino disk�. Therefore a high current
prevents a fast relaxation of the hot �optically generated�
electrons. This behavior may explain the results shown in
Fig. 3 �for VSD�Vc; for VSDVc, there is no QH state any
more, but there is a transition between dissipative states,
which is fast�. The process is described by the rate
equation13,14

dN = dNgain − dNloss =
�xxj2

��c
dt − N

dt

�0
, �2�

where ��c is the cyclotron engery. From this follows

PR � N � e−�t/�0��1−�j/jc�2�. �3�

Comparing this with Eq. �1�, one finds

� = �0
1

1 − � j

jc
�2 = �0

1

1 − �VSD

Vc
�2 . �4�

The function ��VSD� approaches �0 at VSD=0 and increases
for VSD→Vc, as shown in Fig. 3. This reproduces partially
the experimental results.

For source-drain voltages near Vc and above, the system
cannot reach the QH state and the measured decay time �
describes the change between dissipative states. This con-
cerns a different kind of relaxation time. One can say that,
for VSD�Vc, the relaxation process to the QH state takes an
infinitely long time. This corresponds to the divergence of
the function �4� at VSD=Vc.

Sample C with the highest mobility shows a different be-
havior. We see no decrease of � for VSD→0 �for VSD/Vc
�0.75, no reliable data could be measured, because of the
low signals for small VSD�. In Ref. 13, the sample with the
highest mobility �104 m2/V s� also differs from the behavior
of the remaining samples. This was attributed to a longer

spatial range of potential fluctuations at higher mobilities.
This is conceivable also in our case.

IV. SPECTRALLY RESOLVED MEASUREMENTS

In the spectrally resolved measurements, the PR is mea-
sured versus the magnetic field B. This is done for the
GaAs/AlGaAs samples for different conditions. The PR sig-
nal is measured during the laser pulse, when the optically
excited system is in a stationary equilibrium �the PR is not
influenced by the switching processes of the laser�.

Figure 4�a� shows the PR around the filling factor �=2 for
sample B �medium mobility� measured with different photon
energies for three different voltages VSD. For VSD=2 and
3 V, the system can reach the QH state and plateaus are
visible in the transport curves. For VSD=5 V, the breakdown
voltage Vc is exceeded. The highest PR is observed near the
integer filling factor for all voltages. In case of the QH pla-
teaus, the PR shows typically two peaks correlated to the left
and right flanks of the plateau �double-peak structure�. For
VSD=5 V, there is one peak bound to the SdH minimum.
This signal, called bolometric PR, is due to heating of the
2DEG by the THz radiation, yielding a change of the con-
ductivity �see, for example, Refs. 4–6 and Sec. V�.

On the other hand, additional peaks are visible at mag-
netic fields where the system is in cyclotron resonance �CR�,
according to

Eph=
!

��c = �eB/m*, �5�

where Eph is the photon energy. �Our measurements yield
m*=0.067m0, which is in good agreement with other
studies.15,16� In some cases, the CR peaks are negative �see
Fig. 4�a�, VSD=2 V, B5 T�. We attribute this behavior as
follows. The conductivity of QH systems decreases with in-
creasing temperature for filling factors distinctively outside
the QH plateau. As the negative CR peaks shown in Fig. 4�a�
occur just for these noninteger filling factors, this results in a
negative photoresponse. For Eph�8.1 meV, the CR peaks
overlap strongly with the bolometric effect. Both effects add
to each other, yielding highest PR.

A different type of measurement is shown in Fig. 4�b�,
where the photon energy is fixed, but the electron concentra-
tion is tuned by a gate voltage VG, yielding a shift of the QH
plateau. In this case, the overlap of bolometric and CR ef-
fects can be controlled by VG because the maximal bolomet-
ric signal is bound to the QH plateau.

We observe the superposition of the bolometric and CR
effects in all our measurements and find that it depends on
different parameters, for example, on the electron mobility �
of the system. The results for sample A �low mobility� are
shown in Fig. 5. The PR is measured for different laser pho-
ton energies and two different voltages VSD. For both volt-
ages, clear bolometric peaks, bound to the flanks of the pla-
teau, are observed. The position of the laser line Eph
influences the shape of the bolometric peaks: The highest
signal appears when the laser line is positioned at a flank of
the plateau. Single CR peaks are not directly resolvable. To
recognize the influence of Eph more clearly, we plot the data
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FIG. 3. The decay time for the GaAs/AlGaAs samples plotted
versus normalized axes. The decay time is divided by the Drude
time and the applied voltage is divided by the QH breakdown
voltage.
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in a different way: In Fig. 5�b�, the PR is plotted versus the
magnetic field B��c and the the photon energy Eph. The
gray tones correspond to the PR magnitude. We see an en-
hanced PR in the region corresponding to the QH plateau
and along the CR line �Eph=��c�. The maximal PR is found
at Eph�9 meV and B�5.4 T, where the bolometric and CR
effects overlap.

QH systems are promising candidates for high-
performance and tunable THz detectors. For this application,
the system is spectrally tuned by the magnetic field to vary
the cyclotron energy ��c. To reach a maximum of the PR,

the carrier concentration must be adjusted accordingly, too.
An important parameter for detector applications is the spec-
tral resolution. To determine this value, we plotted the PR
measured at a fixed Eph for different cyclotron energies and
adjusted ns. Figure 6 shows the result for sample B �the data
are taken from Fig. 4�b��. The data can be modeled by a
Lorentzian function. The maximum appears in good agree-
ment with the expected value Eph=��c. The spectral resolu-
tion corresponds to the full width at half maximum, yielding
��1 meV �corresponding to � /Eph�0.12�. This is the best
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value we obtained. Other samples in this study show broader
distributions.

V. NUMERICAL CALCULATIONS

The experimental results show clearly that the PR is af-
fected by two main mechanisms: the CR and bolometric ef-
fects. Under CR conditions, the system can efficiently absorb
radiation. This yields a heating of the electron system and a
resulting change of the conductivity �bolometric effect�. An
enhanced PR is observed near the QH plateaus, in particular,
at the flanks of the plateaus, because there the heat capacity
is small and the conductivity changes enormously with the
temperature.

For a theoretical treatment, we consider the dynamic con-
ductivity of the system. Classically, the dynamic conductiv-
ity can be calculated by solving the Drude equation of mo-
tion. We perform a quantum mechanical calculation by using
a self-consistent Born approximation �SCBA�.17 Figure 7
shows the real part of the conductivity Re(�xx���) as a result
�here, �=Eph/� is the photon frequency�. This example is
calculated for a damping parameter �B

2 =2e / ��2�ns��=0.01
�corresponding to wafer A�. The highest values of
Re(�xx���) are found roughly near along the CR line. Further
structures are due to Landau quantization. For �=0, the
static conductivity is reproduced, which shows minima at
even-numbered filling factors �note that ��c /EF=2/�, EF is
the Fermi energy and spin splitting is not taken into account�.

The absorption A and the absorbed power Pin are propor-
tional to Re(�xx���):

Pin � A � Re„�xx���… . �6�

The absorption leads to an increase of the temperature of the
2DEG. The temperature increase 	T, in addition, depends on

different parameters such as the heat coupling and the heat
capacity of the 2DEG and the exposure time.

The heat capacity c can be calculated from the density of
states, given by the SCBA:

c = 	 ��inner energy�
�T



ns

�7a�

=� �E − �ch�Z�E�	 �

�T
f�E,�ch,T�


ns

dE .

�7b�

Here, f is the Fermi function and �ch the chemical potential.
Figure 8�a� shows c plotted versus the filling factor. The
calculation yields a minimum of c at even-numbered filling
factors for a low temperature. In contrast, typically at higher
temperatures, a narrow maximum and two minima nearby
are found at even-numbered filling factors �see, for example,
the solid curve at �=2⇔��c /EF=1�. This behavior is con-
firmed qualitatively by the results of Zawadzki and Lassing18

and Gornik et al.19
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FIG. 7. �Color online� Real part of the dynamic conductivity,
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culated by the SCBA method.
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If c is taken as an essential parameter, the change of the
temperature can be calculated as follows:

	T �
Pin

c
�

Re„�xx���…
c

. �8�

The result of this procedure is shown in Fig. 8�b� with de-
pendence on the filling factor for different photon energies
Eph and �B

2 =0.0023 �corresponding to wafer B�.
As expected, 	T has maxima at �=�c �CR� and double

peaks close to �=2. The latter appear due to the special
structure of c���c /EF�. The result is comparable to the ex-
perimental curves as shown in Figs. 4�a�, VSD=3 and 5 V.

VI. PHOTORESPONSE OF HgTe/CdHgTe SAMPLES

The investigations of the THz PR of devices with HgTe
quantum wells embedded in Cd-HgTe barriers were aimed at
obtaining photosignals at smaller magnetic fields. The quan-
tum wells have a thickness of 12 nm, so that they possess a
semimetallic band structure.20 We found an effective mass of
about mc=0.026m0 for our samples from transmission cyclo-
tron resonance measurements. The results are shown in Fig.
9. As this cyclotron mass is by almost a factor of 3 smaller
than that of electrons in GaAs, the same Landau level split-
ting as in GaAs is reached at about 1 /3 of the magnetic field.
It should be noted that the band structure of this material is
nonparabolic. The nonparabolicity has various consequences.
One is the dependence of the cyclotron mass mc on the car-
rier density ns. The higher ns is, the higher is mc. Thus, the
value for mc as measured by CR experiments on our samples
is determined by ns of the samples investigated in this study.

In Fig. 10, the PR of sample DHall is shown for three laser
energies. Here, the PR is shown as a function of the magnetic
field B. In the B range of the fourth QH plateau �near B
�4.1 T�, we find two distinct maxima of the PR. Since the
laser is emitting photons with an energy well below the CR
condition, this effect is due to bolometric heating of the sys-
tem by the THz radiation. The PR signal is by about a factor

of 10 smaller than in comparable GaAs/AlGaAs samples.
However, also the HgTe/HgCdTe samples show a spectral
selectivity even in their bolometric signal. This is visible in
Fig. 11 for sample E. A variation of the laser energy leads to
a change of the amplitude of the PR. In Fig. 12, this spectral
resolution of this Corbino-shaped sample is presented as PR
versus the photon energy. The position of the CR is marked
by an arrow. As visible, the measured data are asymmetric
with respect to the maximum. The asymmetry is possibly due
to the strong nonparabolicity of the band structure of the
material.20 Taking the spectral resolution � from this curve,
one obtains � /Eph�0.6 �it is ��4.6 meV�. This resolution
is not as good as for GaAs/AlGaAs samples. However, the
HgTe/HgCdTe samples show also a spectral resolution in
their bolometric PR.
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Further, we measured the relaxation time of optically ex-
cited carriers in sample E. Similar to the GaAs samples, the
system is excited by short laser pulses. The photoresponse of
HgTe/HgCdTe samples is rather weak. Therefore the distur-
bances caused by electromagnetic coupling of the setup ap-
pear relatively strong in the result. Thus, a precise determi-
nation of intrinsic switching times is not possible. An
estimation yields ��100 ns.

Thus, the HgTe/HgCdTe samples are also suitable for the
spectrally resolved and fast observation of THz radiation.
Although these samples are less sensitive and possess a spec-
tral resolution less pronounced as for GaAs-based samples,
the HgTe/HgCdTe samples can be operated at lower mag-
netic fields �B�2 T�.

VII. SUMMARY

The subject of this work is the experimental investigation
of the terahertz photoconductivity in systems under quantum
Hall conditions. The investigations are interesting with re-
spect to possible applications of quantum Hall systems as
high-performance terahertz detectors. On the other hand, ba-
sic questions about the photoconductivity of QH systems are
addressed. As a terahertz source, a p-Ge laser system was
used, which emits a radiation of a frequency around 2 THz,
corresponding to a photon energy of about 10 meV. The
measurements were performed on GaAs/AlGaAs and

HgTe/HgCdTe heterostructures at a low temperature T
=4 K and high magnetic fields up to 7 T.

We performed detailed time-resolved measurements of
the PR of the GaAs/AlGaAs samples. In particular, the re-
laxation of the system after the switching off of the illumi-
nation was investigated. We found relaxation times � from
10 ns to over 200 ns, depending on the source-drain voltage
VSD and the electron mobility �. These time scales are by
orders of magnitude shorter than results of Hall-bar and me-
ander samples published before. For comparison, we plot our
results on a normalized scale �� divided by the Drude time
and VSD divided by Vc�. In this scale, the samples with �
�50 m2/V s are very similar. We discuss our result by a
two-level model, which treats the stationary equilibrium be-
tween excitation and relaxation processes.

In addition, we discuss spectrally resolved measurements
of the GaAs/AlGaAs samples. The photosignal is explained
by a superposition of cyclotron resonance and a bolometric
effect. The spectral resolution � was determined by measure-
ments of the photoresponse as a function of the magnetic
field. The best value of about �=1 meV at Eph�8 meV is
reached by a sample with Corbino geometry and with an
electron mobility of 50 m2/V s. The typical interaction of
cyclotron resonance and a bolometric effect is analyzed by
numerical calculations. The calculations are based on a self-
consistent Born approximation method and can reproduce
qualitatively the experimental results.

Finally, some investigations are performed on
HgTe/HgCdTe systems. To our knowledge, on these sys-
tems, no terahertz photoconductivity measurements have
been published by other groups yet. Because of the low ef-
fective mass, the CR appears at moderate magnetic fields
�around 2 T at 9 meV�. Because of the possibility of opera-
tion at moderate magnetic fields, this material system is es-
pecially interesting for detector applications, for which quan-
tum Hall systems are promising because of their high
sensitivity, spectral tunability, and fast response.
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