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We study the transport through a shunted surface superlattice system in the presence of an external magnetic
field. Such a system consists of a weakly doped, instability free superlattice �shunt� that is overgrown on the
edge with a two-dimensional electron system �surface superlattice�. A magnetic field parallel to a static applied
electric field along the superlattice axis induces current resonances in the shunt characteristics which are
explained by Stark-cyclotron resonances. These resonances support the conclusion that the field alignment in
the shunted surface superlattice structure is homogeneous. An increasing magnetic field perpendicular to the
transport direction leads to characteristic crossings of the current-voltage characteristics of both shunt and
surface superlattice. They are explained by a semiclassical model which assumes a competition between the
magnetic and electric localization of the miniband electrons. We conclude that our structure indeed presents a
domain free high density superlattice and might therefore be a promising candidate for the realization of an
active electrically driven Bloch oscillator.
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I. INTRODUCTION

Based on the seminal work of Esaki and Tsu,1 predicting
negative differential conductivity �NDC� in a superlattice
�SL� due to Bloch oscillations, Ktitorov et al.2 showed that
the superlattice acts as a gain medium for all frequencies up
to the Bloch frequency. Many of the early predictions for
superlattices have been demonstrated experimentally, includ-
ing the formation of Wannier-Stark ladders in biased SLs,3

the direct observation of Bloch oscillations with the help of
time domain spectroscopy,4–6 and the resolution of terahertz
�THz� resonances in the photoconductivity of a biased SL.7

Moreover, theoretical results by Willenberg et al.8 extend the
Ktitorov results to a wide range of SL parameters and elec-
tric field and temperature regions. Experimental evidence for
the predicted gain in SLs was recently given by a derivation
of the dynamic conductivity from time domain spectroscopy
results9 and by a direct observation of the crossover from
loss to gain in a biased super-SL structure.10

An active oscillator based on the SL gain both predicted
theoretically and experimentally has two main requirements.
The electric field across the device needs to be homogeneous
and the gain, given by the real part of the dynamic conduc-
tivity, must be large enough to overcome waveguide losses.
A large conductivity requires high carrier densities. Unfortu-
nately, these highly doped samples are subject to electric
field instabilities due to charge accumulation inside the
sample. The origin of these instabilities is a negative differ-
ential drift velocity which results in SLs from the electron
motion in a cosine-shape miniband. For small electric fields
the electron distribution picks up an average positive drift
velocity, however, scattering is so strong that the nonlinearity
of the miniband dispersion is not felt by the electrons. For
increasing electric field the electrons eventually reach the
nonlinear parts of the dispersion and the drift velocity starts
to saturate. Then, for very large electric fields, electrons
reach the Brillouin zone boundary and undergo Bragg reflec-
tion. This leads to an oscillatory motion of the electrons re-
ferred to as Bloch oscillations. Since more and more elec-

trons perform Bloch oscillations with increasing electric
field, the drift velocity continuously decreases. For high elec-
tron densities this negative differential drift velocity leads to
strong electric field inhomogeneities in SLs.30 However,
Bloch gain in SLs is only predicted for homogeneous electric
field distributions. Thus, the first major step towards a Bloch
oscillator is to reconcile a homogeneous electric field distri-
bution along the SL with high carrier densities. In Ref. 11 we
introduced a SL/shunt structure in which a surface SL �SSL�
is in direct lateral contact to a shunt, which provides electric
field stabilization12 to the SSL even in the high electron den-
sity regime. The main claims made for the shunted SSL
structures are that the electric field across the shunt is very
close to homogeneous and that the NDC observed in the SSL
characteristics is due to stable electrically excited Bloch os-
cillations.

In this paper we study the transport through one of these
structures in the presence of an external magnetic field. For
conventional superlattices both the magnetic field alignment
along the SL axis and perpendicular to it have been investi-
gated theoretically13–20 and experimentally.21–25 Depending
on the mobility inside the SL quantum wells, electrons are
Landau localized by a magnetic field along the SL axis. If
this localization occurs, the transport channels along the de-
vice become essentially one dimensional which leads to a
strong suppression of the overall current.17 Moreover, elastic
and quasielastic scattering between different Wannier-Stark-
Landau levels in neighboring wells opens up additional
transport paths when the potential difference between differ-
ent wells equals the cyclotron energy. In every such situation
the current through the SL takes on a maximum, leading to a
series of resonances which are referred to as Stark-cyclotron
resonances �SCR�.13,22 The current-voltage characteristics of
the shunt show both a strong overall transport reduction and
SCRs. From the latter we can directly comment on the elec-
tric field distribution in the SL-shunt system.

When a magnetic field perpendicular to the SL axis is
applied, the semiclassical transport theory shows that both
the magnetic and the electric field can localize the electrons
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along the transport direction.20 For small electric fields the
additional magnetic confinement leads to a smaller drift ve-
locity of the system, resulting in a positive magnetoresis-
tance �MR�. However, for strong electric localization the
magnetic field can actually cause an increased drift velocity
and, hence, a negative MR. This change from positive to
negative MR leads to a distinct crossing of the current-
voltage characteristics of a SL and a number of transport
properties like the scattering time and the perpendicular ef-
fective mass can be extracted from this behavior. Especially,
since the semiclassical theory based on Bloch oscillations
predicts a linear shift of the negative differential resistance
peak of the superlattice19,24 as compared to a quadratic one
for resonant tunneling,26 the transport regime can be deter-
mined experimentally.

For SSLs there are actually three distinct magnetic field
directions due to its reduced dimensionality. We will con-
sider here only a magnetic field in the plane of the two-
dimensional electron system, since the high mobility for per-
pendicular alignment leads to strong Landau quantization,
which is not covered by the semiclassical model.27

The paper is organized in the following way. In Sec. II we
collect the theoretical results with which the experimental
data will be explained. This is followed by a brief review of
the sample structure and its working principle in Sec. III. The
experimental results are then presented and analyzed in Sec.
IV and the paper ends with conclusions and a summary in
Sec. V.

II. THEORY

When a magnetic field B is applied in parallel with a static
electric field F along the axis of a superlattice the system
becomes completely quantized.13–16 The magnetic field leads
to Landau quantization within the superlattice layers,
whereas the electric field along the SL leads to the formation
of an equidistant Stark ladder. Thus, a set of equidistant lad-
der states, the so-called Wannier-Stark-Landau �WSL� levels,
sits in each SL well, as shown in Fig. 1�a�. When the states in
neighboring wells sit at different energies, transport occurs
by electrons hopping along the lowest lying states in each
well. This situation is similar to the Wannier-Stark hopping
in the magnetic field free case. But once WSL states in
neighboring wells become degenerate, elastic processes fol-
lowed by inelastic relaxation can open new transport paths
through the SL �arrows in Fig. 1�a��. These additional paths
lead to an increased transport. Therefore, the degeneracy of
the WSL levels leads to a series of current peaks which are
referred to as Stark-cyclotron resonances. The condition for
the degeneracy is given by

�eFd = n��C, � = 0, ± 1, . . . , n = 0,1, . . . , �1�

where eFd is the Stark splitting, the potential drop caused by
the field F over one SL period d, and ��C= �eB /m is the
cyclotron energy. By comparison of the ratios between dif-
ferent slopes of the SCRs the values � and n can usually be
assigned unambiguously to each resonance. Then, when the
effective mass m is known, information about the electric
field alignment in the superlattice structure can be made.

For a magnetic field alignment perpendicular to the super-
lattice axis the mobility is usually not large enough to lead to
Landau quantization. Therefore, transport in this situation is
described on the basis of the semiclassical theory introduced
by Esaki and Tsu.1,23–25

Assuming the transport to flow along the x direction,
whereas the magnetic field is applied along the z direction,
the semiclassical acceleration theorem results in

�kx

�t
=

eF

�
+

eB

m��
ky�t� , �2�

�ky

�t
= −

eB

m�d
sin�kx�t�d� , �3�

where m�� is the effective mass of the movement in the SL
planes, and m�=2�2 /�d2 is the zone center effective mass
along the SL direction in a miniband of width �. The drift
velocity, which is proportional to the current, can then be
calculated according to1

vd =
�

�m�d
�

0

�

e−t/�sin�kx�t�d�dt , �4�

assuming an electron scattering time �. For general values of
the magnetic and electric field, the system can only be solved
numerically. Assuming a scattering time of 1 ps and the ef-

FIG. 1. �a� Schematic drawing of possible transport channels
resulting in SCRs. �b� Numerical results for miniband transport in a
superlattice in the presence of a perpendicular magnetic field.
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fective mass m�� to be that of GaAs, the drift velocity for
different magnetic fields is plotted in Fig. 1�b�. There, the
electric field is given in units of the critical field FC
= � /ed�. For zero magnetic field, the drift velocity initially
increases linearly before it saturates and is followed by a
region of negative differential conductivity, when more and
more electrons start to perform Bloch oscillations. With the
magnetic field turned on, this basic shape survives, but also a
typical crossing of the transport characteristics can be ob-
served. Each trace shows a low bias region with positive MR
and a large bias regime with negative MR. Detailed numeri-
cal investigations25 predict that in the limit B→0 the cross-
over field between positive and negative MR is at F=FC /2.
Moreover, the position of the negative differential resistance
peak in the electric and magnetic field plane is predicted19,24

to be found at B=��m�� /2��FC.
In the limit F /FC�B /B0, where B0=�m�m�� /e�, the

above equations possess a closed form solution25 according
to

vd =
�F

1 + � B

B0
	2 , �5�

which can be rewritten as

R

R0
= 1 + � B

B0
	2

, �6�

where R=V / I and R0 is the resistance for B→0. This latter
expression allows us to deduce B0 experimentally by a linear
fit of the resistance versus the square of the magnetic field.

From the NDC peak position at B=0, from the shift of the
NDC peak with magnetic field, and from a linear fit of the
resistance for large magnetic fields we can deduce all rel-
evant transport parameters. With these we can then go back
and evaluate the described model and compare the results
with the experiment.

III. THE DEVICE

The investigated sample �cf. Fig. 2�a�� consists of a
GaAs/Al0.3Ga0.7As SL of 66 periods of 12 nm wide wells
and 3 nm wide barriers that has two contact layers on each
side. This structure is in situ cleaved and overgrown on the
side with a 5 nm wide GaAs well, referred to as the cleaved-
edge well �CEW�, followed by a 2000 nm thick Al0.3Ga0.7As
barrier and a highly doped gate contact. The lateral width �z
axis in Fig. 2�a�� of the sample is 500 �m. More details of
the sample preparation technique are given elsewhere.11,28

When no gate voltage is applied, only the current through the
undoped SL, in the following referred to as the shunt, is
measured. The unintentional doping in the shunt leads to a
small nL product with domain free, monotonically increasing
transport.29,30 For a positive gate voltage, a two-dimensional
electron system is established in the CEW which is strongly
modulated by the undoped SL. The strong modulation leads
to the formation of minibands and minigaps similar to the
situation in a conventional SL. The miniband structure of the
surface SL can be calculated with the help of two-

dimensional self-consistent simulations11 and is plotted for
two different densities in the inset of Fig. 2�c�, in which also
the widths of the lowest minibands are given. Thus, for posi-
tive gate bias both the current through the shunt and the SSL
are measured. The difference between both traces is the
transport contribution from the SSL. The current follows the
shape predicted for a SL with homogeneous field alignment
and is in good agreement with a theoretical fit from a simple
semiclassical model.1 In Fig. 2�c� the device characteristics
at 4.2 K for a SSL density of 1.7	1011 cm−2 are shown.
From the position of the NDC peak the scattering time � can
be deduced according to �= � /eFCd. This allows one then to
estimate the ratio between half the miniband width � /2 and
the scattering induced broadening � /�. From a comparison
of this value to the quantum-mechanical results presented in
Ref. 31 the SL transport regime can be deduced. As Fig. 2�b�
shows, the studied samples operate in the miniband transport
regime, which crosses over into the Wannier-Stark ladder
hopping regime for Stark-splittings eFd larger than �. It
might be argued that our observations, despite these num-
bers, are dominated by resonant tunneling processes. This
can, however, also be excluded due to the observation of
Shubnikov-deHaas oscillations at 4.2 K for magnetic fields
below 1 T.

IV. EXPERIMENT

This section is divided into two parts. First, we study the
transport through the shunt for a magnetic field aligned par-
allel to the SL axis. From the corresponding results, impor-
tant information about the homogeneity of the electric field

FIG. 2. �a� Schematic drawing of the sample structure. �b� Re-
laxation times and transport regimes. �c� Transport contributions in
the sample structure. The inset shows the SSL band structure for
two different densities.
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across the shunt can be deduced. In the second part the SSL
transport is investigated for a magnetic field which is both
perpendicular to the SL axis and in the plane of the two-
dimensional electron system. From these measurements im-
portant system parameters are extracted and are then used to
calculate current-voltage characteristics according to the
model described in the preceding section.

Figure 3�a� shows the current-voltage characteristics of
the shunt for a number of magnetic fields ranging from 0 to
13 T and being aligned parallel to the electric field. Two
distinct transport changes can be observed. Both a strong
suppression of the total current, resulting from the formation
of one-dimensional transport channels,17 is observed and a
number of peak structures become visible in these current
traces. A detailed analysis of the derivatives dI /dV and
d2I /dV2 shows a series of clear peaks whose positions are
plotted versus the applied magnetic field in Fig. 3�b�. A lin-
ear dependence for these features is found as expected from
Eq. �1� and a comparison of the slopes allows an unambigu-
ous assignment of values �� ,n� to these lines �also shown in
Fig. 3�b��. For an effective mass of about 0.07 me in the
12 nm wide well, a cyclotron energy of about 1.6 meV/T is
found. At the same time, a value of 1.18 meV/T for the
slope of the �1,1� SCR transition is extracted from Fig. 3�b�.
Both values should be equal when 100% of the shunt is
aligned homogeneously. From their ratio, we can deduce that
a homogeneous electric field alignment is found across a
minimum of about 75% of the shunt. Due to a possible mis-
alignment of the magnetic field, which would lead to a
smaller cyclotron energy, the 75% represents a lower limit.
Moreover, since there are no intrinsic buffer layers between
SL and contact, a spill over of electrons in a number of SL

periods can be expected which suggests that an even larger
part of the shunt is perfectly aligned. Since the electric field
distribution across the shunt is not completely known, it is
difficult to estimate how the SSL transport is influenced by
this. Although a worst case scenario would mean that the
Stark splittings given below have to be reduced by about
25%, this is unlikely since at least part of this reduction is
compensated by a somewhat inhomogeneous electric field
across a short section of the shunt. This section has to be
present in order to avoid NDC in the current-voltage
characteristic.30 Despite this remaining uncertainty, the ob-
servation of SCRs in the shunt characteristics strongly sup-
ports the first claim of a close to homogeneous electric field
alignment for the shunted SSL system. Since the lateral ex-
tension of the SSL is only about 10 nm, the field across the
SSL will look similar to the one across the shunt.12

When the magnetic field is applied perpendicular to the
current direction, the shunt characteristics show a typical
crossing behavior that has been observed before23,25 and is
again in agreement with the assumption that the electric field
alignment is close to homogeneous. However, for the shunt
and all other SLs studied so far, the connection between the
measured current-voltage characteristics and the drift veloc-
ity as calculated in Fig. 1 could only be established through
the additional solution of the Poisson and continuity
equations.20 This is no longer necessary for the SSL. It di-
rectly shows the NDC expected for a homogeneously aligned
high-density superlattice.

In Fig. 4�a� we plot the evolution of the current-voltage
characteristic of the SSL for a density of 1.7	1011 cm−2

FIG. 3. �a� Current-voltage traces of the shunt for several mag-
netic field values applied parallel to the current. �b� Positions of
magnetic field-induced features of the traces in �a�.

FIG. 4. �a� Current-voltage characteristics of the described SSL
at a density of 1.7	1011 cm−2 for magnetic fields from 1 to 13 T
�lines�. Also the B=0 trace is shown �symbols�. �b� Position and
height of the NDC peak of the data in panel �a�.
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with the magnetic field in the plane of the two-dimensional
system and perpendicular to the transport direction. The
traces show an initial current shoulder which appears right
where the shunt transport sets in. The transport characteris-
tics of SSLs without shunt exhibit no stable NDC and also a
larger transport than those with shunt11 at B=0 T. This can
explain why the SSL current decreases, at least for smaller
magnetic fields, beyond the initial shoulder. When we plot in
Fig. 4�b� the position and the height of the NDC peak in
dependence of the magnetic field, the qualitative behavior is
in good agreement with the theoretical predictions in Fig. 1.
The peak current first increases with magnetic field, then
reaches a maximum before it continuously decreases. It is
not clear yet why the B=0 value deviates from this behavior.
The peak positions have been extracted assuming a series
resistance of about 150 
, a value consistent with the sheet
resistivity and the geometry of the contact layers. A clear
linear relationship between the magnetic field and the NDC
peak position is found �independent of the series resistance�.
This linear dependence contradicts the assumption that a
resonant tunneling process underlies the observed NDC.
Resonant tunneling predicts a quadratic shift of the peak po-
sition with the B field.26 Such a fit lies well outside the error
bars given in Fig. 4�b� �0.25 meV at B=7 T and even larger
for B�12 T�, especially in the high magnetic field region
where the peak position can be determined very accurately.
This remains the case independent from the value of the
series resistance and also after considering the uncertainties
of the SCR measurements on the shunt. The latter rather tend
to make the trace somewhat sublinear, which is even further
from the quadratic dependence. From the fit over the linear
region we find a slope of 0.18 meV/T. This leads to an ef-
fective perpendicular mass m�� of 7.3 me. Since the magnetic
field is in the plane of the two-dimensional electron system,
m�� characterizes the motion perpendicular to this layer. As-
suming a plain two-dimensional electron system means that
we work in the limit of an infinite electron mass in the per-
pendicular direction leading essentially to a flat dispersion.
Therefore, the huge value for m�� seems quite realistic.

If we plot the resistance at a small SD bias of 5 mV as
shown in Fig. 5 then we find indeed a linear behavior for
large magnetic fields. From the linear fit we can deduce a B0
value of about 2.1–3.7 T. Since we do not know the series
resistance exactly, the fit is rather imprecise and yields this
rather wide range. Combining this B0 value and the mass m��
we find a relaxation time of 1.3–2.3 ps for the onset of
Bloch oscillations. Both numbers are a little longer than the
0.8 ps extracted from the position of the NDC peak for zero
magnetic field. A comparison of the NDC peak position and
height to a two-dimensional transport model32 that explicitly
distinguishes between elastic and inelastic processes allows a
more precise analysis. Especially, the model allows for the
transfer of energy from the static electric field into the mo-
tion perpendicular to the superlattice axis by elastic pro-
cesses. From this model it is found that elastic scattering by
interface roughness dominates with a characteristic time �e
of about 300 fs while inelastic scattering by acoustic
phonons is very slow at about �i=20 ps. The model also
states that the position of the NDC peak is determined by the
characteristic time ��i�
2.5 ps, where �=�i�e / ��i+�e�. The

reason for the difference between the � determined from the
peak position and that from the experiment lies in the depen-
dence of the NDC peak position on the effective electron
temperature. The latter explicitly enters the expression for
the drift velocity.32 When it increases, it shifts the NDC peak
to higher fields. Due to the very strong dominance of elastic
scattering over the inelastic processes in the SSL the electron
temperature can go up to 200 K and thereby shift the peak so
that the 2.5 ps result in 0.8 ps assuming a constant electron
temperature. The 2.5 ps agree reasonably well with the ex-
perimentally extracted numbers. There is actually an addi-
tional way to extract an experimental value for �. As men-
tioned in Sec. II, the electric field which separates the
positive MR region from the negative MR region is in the
limit B→0 given byF=FC /2. The latter is indicated in the
inset of Fig. 5 and leads to a � of about 2 ps.

In Fig. 6�a� we replot the current-voltage characteristics
calculated with the model outlined in Sec. II. However, this
time we use m��=7.3 me and �=0.8 ps. The latter value is
chosen, since it leads to the experimental NDC position at
B=0. Although a larger � is responsible for the onset of
Bloch oscillations, we need to use this value for comparison
with the experiment. Essentially, we define an effective scat-
tering time which incorporates an increased effective elec-
tron temperature. Figure 6�b� shows that now both the peak
height and the peak position, which have been scaled to the
experimental value at B=0, come quantitatively very close to
the experimental data of Fig. 4. This suggests that the SSL
transport can indeed be modeled by the applied semiclassical
theory and that electrons inside the SSL do perform stable
electrically excited Bloch oscillations.

V. CONCLUSIONS

The measurements presented in the last section do support
the two main conclusions derived from the static transport
properties of the shunted SSL structures. The observation of
SCRs in the shunt current-voltage characteristics nicely con-

FIG. 5. In the figure the resistance R=V / I for a SD voltage of
5 mV is plotted vs the square of the magnetic field B. The gray line
indicates a linear fit in the region of large B. The inset shows a
magnification of the current-voltage data of Fig. 4�a� at low bias,
indicating the crossover from positive to negative MR in the limit
B→0.

TRANSPORT PROPERTIES OF A SHUNTED SURFACE¼ PHYSICAL REVIEW B 73, 125301 �2006�

125301-5



firms that the electric field across the device is indeed very
close to homogeneous. The SSL itself shows transport as
expected for a superlattice in which electrons perform stable
Bloch oscillations even for high densities. The measured
current-voltage characteristics exhibit a direct one to one cor-
respondence between the semiclassical drift velocity and the
experimentally measured traces. In both a large region of
NDC can be observed.

Therefore, we have overcome the problem of electric field
instabilities which seriously has hampered the realization of
an active two-terminal Bloch oscillator so far. However,
since we have achieved the field homogeneity due to the
parallel shunt transport, we need to address the question how
the shunt changes the gain in the SSL.

The gain in a superlattice structure is based on a negative
real part of the dynamic conductivity ���� for all frequencies
smaller than the Bloch frequency �cf. Fig. 7�. The semiclas-
sical result for its evaluation2 is in good agreement with
quantum mechanical calculations.8 With the addition of the
shunt the relevant conductivity is, due to the parallel align-
ment of both transport channels, the sum of the dynamic
conductivities of SSL and shunt, �tot���=�SSL���
+�shunt���. So the question arises, whether the shunt contri-

bution diminishes the gain in the SSL. The answer is no, for
two reasons. First, the low density, at least two orders of
magnitude less than in the SSL, required for the low nL
product of the shunt leads to a very small conductivity, re-
sulting in a negligible shift of �tot���. But even more impor-
tant, the shunt is an almost homogeneous aligned superlattice
itself and exhibits itself gain,10 albeit a very small one. Nev-
ertheless it will add to the SSL gain and might help to over-
come unavoidable waveguide losses. Although the gain of
the so far realized structures is rather small �cf. Fig. 7�,
which is also due to the strong dominance of elastic scatter-
ing processes combined with small miniband widths, identi-
cal structures with wider minibands so that the emission of
LO phonons becomes possible are expected to possess gain
which exceeds the low temperature values given for the stud-
ied samples in Fig. 7 by more than an order of magnitude.

In summary, we have studied the dc transport through a
shunted SSL in an external magnetic field. With the magnetic
field perpendicular to the electric one, both a highly charac-
teristic crossing of the transport traces and a linear shift of
the NDC peak position is observed. The latter represents a
clear sign for miniband transport. For the magnetic field par-
allel to the current, the observation of SCRs confirms that the
electric field alignment in our structure is indeed very close
to homogeneous. Both facts give strong support to the claim
that we have realized a high density SL structure that does
not suffer from charge accumulation problems and in which
we can electrically excite stable Bloch oscillations.
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