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Abstract. We report an experimental study indicating ultrafast creation and annihilation of space-charge
domains in a semiconductor superlattice under the action of a THz field. Our experiment was performed
for an InGaAs/InAlAs superlattice with the conduction electrons undergoing miniband transport. We
applied to a superlattice a dc bias that was slightly smaller than a critical bias necessary for the formation
of space-charge domains caused by a static negative differential conductivity. Additionally subjecting the
superlattice to a strong THz field, resulted in a dc transport governed by the formation of domains if the
frequency of the field was smaller than an upper frequency limit (∼3 THz). From this frequency limit for
the creation and annihilation of domains we determined the characteristic time of the domain buildup.
Our analysis shows that the buildup time of domains in a wide miniband and heavily doped superlattice
is limited by the relaxation time due to scattering of the miniband electrons at polar optic phonons.
Our results are of importance for both an understanding of ultrafast dynamics of pattern formation in
nanostructures and the development of THz electronic devices.

PACS. 72.20.Ht High-field and nonlinear effects – 72.30.+q High-frequency effects; plasma effects –
73.21.Cd Superlattices

1 Introduction

In a semiconductor superlattice the energy an electron
can gain moving along the superlattice axis is restricted
to minibands [1]. Above a critical field, Ec, conduction
electrons, moving in the lowest miniband, give rise to a
bulk negative differential conductance (NDC) [1] and to
formation of domains [2]. Domains, corresponding to high
and low field regions, strongly influence the electron trans-
port through a superlattice. Experimental evidence for do-
main formation in semiconductor superlattices has been
found [3,4]. Propagating dipole domains, created under
the influence of a static field producing NDC, have been
applied for the generation of microwave radiation via self-
sustained current oscillations [5]; radiation with frequen-
cies up to 150 GHz has been observed. Another application
represents superlattice frequency multipliers which make
use of microwave field induced domain creation and anni-
hilation joint with a nonlinear current response [6,7].
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The formation of domains due to the NDC and the
emission of radiation by moving domains in semiconductor
superlattices has a similarity to the formation of domains
due to the Gunn effect in bulk III-V semiconductors [8],
however, the physical background for NDC in the super-
lattice diodes and in Gunn diodes are quite different. The
Gunn diodes exhibit NDC caused by intervalley transfer
of electrons [9,10], whereas Bragg reflection of miniband
electrons is responsible for the NDC in a miniband su-
perlattice [1]. Accordingly, also the dynamics of domain
creation and annihilation is quite different.

For bulk semiconductors, two characteristic times gov-
ern the rate of growth and collapse of space-charge do-
mains, namely the dielectric relaxation time [11] and the
electron relaxation time [12]. The dielectric relaxation
time, which is the product of the dielectric constant and
the negative specific resistivity [11], is a characteristic con-
stant for the damping of fluctuations in an electric field
under normal conditions and their exponential growth in
conditions of NDC [11,13]. Its value is typically of the
order of 10−13 s [13]. The electron relaxation time deter-
mines the rate with which the drift velocity of an electron
can follow a variation in the electric field [12]. Its value
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is given by the intervalley relaxation time which is of the
order of 1 ps. As Kroemer mentioned, just this longest
characteristic time limits the speed of domain formation:
For an operation at a frequency larger than the electron
scattering rate, domains cannot be created while NDC still
can exist [12].

In this paper we are mainly interested in finding the
maximum possible speed of formation of domains in semi-
conductor superlattices. This problem was not treated un-
til now for superlattices exhibiting miniband transport.
The driving idea for our measurements is the following.
For a superlattice with a miniband width larger than the
polar optic phonon energy, the intraminiband relaxation
time (∼100 fs) [14] is an order of magnitude shorter than
the relaxation time of electrons in Gunn diodes. There-
fore, if a characteristic time of domain creation and an-
nihilation in a semiconductor superlattice is controlled by
the intraminiband relaxation time, then, an ultimate fre-
quency limit for the operation of active devices based on
domains in superlattices can be an order of magnitude
faster than for Gunn devices. An upper frequency limit of
a few THz follows for superlattice devices in comparison
to a few hundred GHz for Gunn devices.

In superlattices, the time characterizing the growth
and collapse of space-charge fluctuations is influenced not
only by the intraminiband relaxation time, but also by the
dielectric relaxation time [2,15]. By analogy with natural
bulk semiconductors we suppose that a characteristic time
of domain formation in a superlattice, τdom, is the longest
among the intraminiband relaxation time τ and the di-
electric relaxation time τdiel, i.e. τdom = max (τ, τdiel). An
estimate shows that τdiel � τ for semiconductor superlat-
tices having a narrow miniband and small doping. Because
the dielectric relaxation time in a superlattice varies in-
versely proportional to the product of the doping, N , and
the miniband width, ∆, i.e. τdiel ∝ 1/(N∆), an increase in
miniband width and doping results in a decrease of τdiel.
In order to measure the shortest of the possible times of
domain formation, namely τdom = τ , we have chosen an
InGaAs/InAlAs superlattice with a very wide miniband
and a high doping.

We developed an experimental method which enabled
us to study the dynamics of domain formation in a su-
perlattice in a wide frequency range, from 10 GHz to
4 THz. In simple terms, the method consists in a study
of the changes of the current-voltage characteristic un-
der the action of a high-frequency field. We found that
domain formation caused the current maximum to shift
towards smaller voltages and that the shift increased with
the ac field amplitude. We observed such kind of shifts
for a wide range of frequencies up to several THz. For a
large frequency (3.3 THz), the shift disappeared indicat-
ing that the miniband electrons did not respond anymore
with sufficient speed to the variation of the THz field.
Our experimental results contradict predictions following
from a standard miniband transport theory [16–18], which
assumes a homogeneous field distribution in the super-
lattice. We present a calculation which shows that the
homogeneous-field theory predicts the existence of an ac

Fig. 1. Measured current-voltage characteristic of an In-
GaAs/InAlAs superlattice and principle of experiment: Switch-
ing the superlattice into a state of negative differential conduc-
tivity for a portion (hatched) of the ac field period; Uc, critical
voltage and Uf voltage amplitude of the ac field.

field induced shift in the direction towards larger voltages
if ωτ � 1 where ω is the angular frequency of the ac field.
Further results obtained by simulations in the framework
of the drift-diffusion model, as well as an additional ex-
periment on another superlattice, support the main con-
clusion of the present work: The shortest time of domain
formation in a semiconductor superlattice is limited by
the intraminiband relaxation time.

The paper is organized as follows. The principle scheme
of the experiment, as well as current-voltage (IV) char-
acteristics under the action of a low-frequency field, are
presented in the next section. The IV characteristic of su-
perlattices illuminated by THz fields are described in Sec-
tion 3. Section 4 is devoted to the analysis of experimen-
tal results using simulations based on the drift-diffusion
model and calculations in the framework of the miniband
transport theory. In the final section we summarize and
discuss the results of the work.

2 Principle of the experiment

The typical current-voltage characteristic of a heavily
doped superlattice exhibits a maximum at a critical volt-
age, Uc, directly followed by a kink (Fig. 1). For a static
voltage, Us, larger than Uc, electric field domains arise due
to NDC. At a bias smaller than the critical Uc, no domains
are formed.

We study the change of the IV characteristic of a su-
perlattice under the action of an ac field. Now, the total
voltage across the superlattice is U(t) = Us + Uf sin ωt
where Uf is the amplitude of the ac voltage. We are mainly
interested in the shift of the maximum of the IV curve
for Uf/Uc < 1. Therefore, we specifically focus on val-
ues of Us that are slightly smaller than Uc (Fig. 1). We
will show that domains can be induced by the total volt-
age U(t) exceeding Uc (Fig. 1, hatched) if the miniband
electrons can follow the ac field adiabatically (ωτ � 1).
Domains collapse during the rest of the period T = 2π/ω
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Fig. 2. Current-voltage characteristics of the InGaAl/InAlAs
superlattice under the action of a microwave field (frequency
20 GHz, dashed) in comparison with the characteristic of a non
irradiated superlattice (solid). The microwave power increases
as indicated by the arrow.

when the total voltage U(t) is smaller than Uc. Whether
domains will be really created and annihilated in such con-
ditions or not, depends critically on the relation between
the characteristic time of domain buildup, τdom, and the
half-period of the ac field, T/2. If τdom < T/2, domains
are formed. However, in the opposite case, τdom > T/2, a
space-charge instability caused by NDC has no time to be
fully developed.

We summarize the conditions for periodic formation
and annihilation of domains in a superlattice driven by
the sum of a dc and an ac voltage: (i) The superlattice has
to be driven in the quasistatic regime (ωτ � 1), (ii) the
NDC condition has to be fulfilled for the total voltage,
U(t) > Uc, during a part of the period T (while Us <
Uc), (iii) τdom is smaller than the portion of the period
during which NDC is possible. We note that a similar
experimental method has been used by Pozhela et al. in
their investigation of domain buildup in a bulk n-GaAs
induced by a microwave field [19,20].

Applying an ac field to a superlattice results in IV char-
acteristics that look quite different in the presence and in
the absence of domains. First, we consider the case of a
low-frequency ac field. Miniband transport theory, formu-
lated without an account of domain formation, predicts
that in the limit ωτ � 1 an application of an ac field re-
sults in a shift of the maximum of the IV curve towards
larger voltages in comparison with the nonirradiated su-
perlattice [21,22]. This “right shift” is caused by a nonlin-
earity of the Esaki-Tsu characteristic; the shift increases
with increasing ac field amplitude. However, experimental
IV curves measured in the presence of a low-frequency field
are often looking differently. In Figure 2 typical experi-
mental IV characteristics of a superlattice irradiated by
a microwave radiation (frequency 20 GHz, dotted curves)
are shown in comparison with the IV characteristic of the
nonirradiated superlattice (solid curve). Formation of do-
mains causes the maximum of the IV curve to shift to-

Fig. 3. (a) Sample composition. (b) Cross section of the corner
cube with equivalent circuit.

wards smaller voltages; the “left shift” increases with an
increase of intensity of the microwave field. In this situa-
tion, domains can build up because τdom < T/2 according
to the large period of the low-frequency field. It will be
shown in the next section that in a heavily doped super-
lattice with a very wide miniband domains can be induced
by radiation of a frequency as high as few THz.

3 Experiment

In our experiments we studied a very wide miniband
superlattice consisting of 120 periods of 4.4 nm thick
In0.53Ga0.47As layers separated by 0.9 nm In0.52Al0.48As,
grown lattice matched on an n+ InP wafer by use of molec-
ular beam epitaxy (Fig. 3a). The superlattice which was
doped with silicon (8×1016 cm−3) was embedded between
layers of highly doped InGaAs (1019 cm−3). Using a modi-
fied Kronig-Penney model [23], we calculated the width of
the lowest miniband (∆ ∼ 190 meV). In an earlier experi-
ment [5], the peak-drift velocity of the miniband electrons
(vp = 1.5×107 cm/s) has been determined and it has been
shown that propagating domains in the superlattice led to
the generation of microwave radiation (150 GHz for this
superlattice). From the wafer, a device had been fabri-
cated by photolithography and wet chemical etching. The
device consisted of a cylindrical superlattice mesa element
(cross-section area 20 µm2) which had an ohmic contact
on top. The bottom was electrically connected to a large
contact placed on the InP substrate.

We mounted the superlattice device on the inner
conductor of a coaxial cable connected to a metallic
corner-cube. An L-shaped antenna was used to electri-
cally connect the superlattice with the corner cube via
the top contact (Fig. 3b). We measured the direct current
through the device and its dependence on a static volt-
age, Us, via the coaxial line and a low-pass filter. We used
the Santa Barbara free-electron laser to produce radiation
pulses with frequencies from 180 GHz to 4 THz and with
a duration of a few µs. We determined the instantaneous
THz power from the pulse duration and the pulse energy,
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Fig. 4. Current-voltage characteristics of a InGaAs/InAlAs
superlattice under the influence of THz radiation (with sym-
bols) in comparison with characteristics of the nonirradiated
superlattice (solid). The THz radiation power is increasing as
indicated with the arrow.

which we measured with a pyroelectric detector. The THz
radiation was coupled quasi-optically to the superlattice
device via the antenna and produced a THz current flow-
ing through the sample to the ground via the small capac-
ity, CTHz, of the coaxial cable. The THz radiation pulse
changed the current through the superlattice giving rise
to a current pulse which was transmitted through a large
capacity, Chf , and monitored on an oscilloscope as a volt-
age across an Ohmic resistor (50 Ω). Measurements have
been performed for the sample at room temperature.

IV-characteristics of the InGaAs/InAlAs superlattice
under the action of THz radiation are shown in Figure 4.
THz radiation (frequencies 180 GHz and 2.5 THz) re-
duced the current at all voltages and caused the current
maximum to shift towards smaller voltages in comparison
with the nonirradiated superlattice. The shift increased
with increasing THz radiation power. Note that similar
reduction of the current and a similar “left shift” of the
IV curve maximum was observed for frequencies down
to 20 GHz (Fig. 2). We attribute the current reduction
and the shift of the maximum to the THz field induced
formation of domains. The superlattice electrons can re-
spond with sufficient speed to the field and can cause NDC
during the positive excursions of the THz field. As the
THz field swings back, the NDC disappears. Correspond-
ingly, a charge density domain may have grown during
the positive excursions and collapsed during the negative

excursions. Accordingly, as the THz power was increased,
the positive excursions of the THz field reached the neg-
ative differential conductivity region for smaller values of
the DC voltage. That is to say, the larger shift indicates
that for larger amplitudes of the THz field, an instan-
taneous voltage in excess of Uc could be reached at a
smaller static voltage Us. Our results demonstrate that
the domain formation in the InGaAs/InAlAs superlattice
can follow electric-field changes up to a few THz corre-
sponding to creation and annihilation times of the order
of 100 fs.

However, for THz radiation with a larger frequency
(3.7 THz) the overall current was simply depressed and
there was no shift of the IV curve maximum (Fig. 4,
lower). The absence of a shift indicates that domains were
not induced by the THz radiation at the highest frequency.

We made the same kind of measurement with a
GaAs/AlAs superlattice. This superlattice, consisting of
80 periods of 4.9 nm of GaAs and 0.9 nm AlAs, had a mini-
band width of 70 meV and a doping of 8×1016 cm−3. We
found that the current maximum shifted towards smaller
voltages only under the action of a low frequency radia-
tion (tens of GHz), whereas we observed a shift towards
larger voltages for 2 THz radiation. We did not see any
visible shifts of the IV curve maximum in the case of
radiation at frequencies of 3 and 3.7 THz. These obser-
vations indicate that the domain formation time in the
GaAs/AlAs superlattice was so that τdom > T/2 for the
case of 2 THz. We attribute the difference in τdom be-
tween the two superlattices mainly to the smaller mini-
band width of the GaAs/AlAs superlattice which had a
miniband width being by a factor of 3 smaller than that
of the InGaAs/InAlAs superlattice. The difference of the
miniband relaxation times in these two different superlat-
tices played most likely a minor role.

4 Analysis of the experimental results

In this section we will explain the observed shifts of the
IV curve maximum under the action of ac fields. In par-
ticular, we need to provide a theoretical background for
the following results: (i) Domains can induce a shift of
the IV curve maximum towards smaller voltages. (ii) The
nonlinearity of the IV characteristic alone cannot be the
reason for this shift. (iii) Neither domains nor nonlinearity
of the IV curve can induce a shift for a very high frequency,
ωτ � 1. We treat the problem by using a combination of
several different approaches. Namely, we estimate the di-
electric relaxation time and compare its value with the in-
traminiband relaxation time and the period of the ac field.
Next, we make use of a drift-diffusion model to simulate
changes of the IV curve induced by an ac field and com-
pare the results with results following from the standard
miniband transport model. Each of these approaches can
provide a sufficient understanding of one of the aspects of
the problem, while all approaches have their own range of
applicability. For instance, the drift-diffusion model can
explain the IV shift due to domains, but it is inapplica-
ble for high frequencies. On the other hand, the standard
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miniband transport model works well for any frequency,
but it does not allow domain formation. Combining these
different approaches, we can well understand the physics
underlying our experimental observations.

4.1 Two characteristic times of domain formation
in a superlattice

For a single miniband, the dependence of the electron drift
velocity, v(E), on an applied static electric field is gov-
erned by the Esaki-Tsu relation [1]

v(E) = 2vp
E/Ec

1 + (E/Ec)2
, (1)

where vp, the peak-drift velocity, is the drift velocity
at the critical electric field Ec. The dielectric relaxation
time, τdiel, defined by the relation [11,13,24] τ−1

diel =
(4πσ/ε)∂v/∂E, with account of equation (1) takes the
form τ−1

diel = ω2
plτ(1− (E/Ec)2)

[
1 + (E/Ec)2

]−2
, where σ

is the superlattice conductivity, ωpl =
(
(4πe2N)/mε

)1/2 is
the miniband plasma frequency (N is the number of elec-
trons per cm3, m the electron mass at the bottom of the
miniband, and ε the average dielectric constant of the su-
perlattice). We found that in our case the intraminiband
relaxation time τ was ∼110 fs. This value is a compro-
mise between the value obtained by fitting the measured
IV curves by an Esaki-Tsu characteristic and a value ob-
tained from an analysis of shifts of the IV curve maximum
(see Sect. 4.3).

For E > Ec the dielectric relaxation time τdiel be-
comes negative indicating the growth of space-charge fluc-
tuations under the conditions of NDC. Assuming that the
negative differential mobility takes its maximal absolute
value 1/8 (at E/Ec =

√
3), we estimated τdiel ≈ 110 fs for

the InGaAs/InAlAs superlattice. Therefore, τdiel is com-
parable with τ . Importantly, both τdiel and τ are shorter
than the half-period at 2.5 THz (T/2 = 200 fs); the val-
ues are consistent with the observation that domains are
created and annihilated at 2.5 THz (see Fig. 4, middle).

For the GaAs/AlAs superlattice, we found τdiel ∼
340 fs. Because here τdiel > τ , the characteristic time of
domain formation is determined by τdiel. Thus, for this
superlattice τdom was longer than the half-period already
at 2 THz (T/2 = 250 fs) resulting in a “right shift” of the
IV maximum, which is typical for a superlattice without
domain formation (see [21] and Sect. 4.3 below).

4.2 Simulations based on the drift-diffusion model

To demonstrate that a periodic formation of domains
in an ac-driven superlattice can result in a shift of the
IV maximum towards smaller voltages, we made numeri-
cal simulations based on a one-dimensional drift-diffusion
model [13,24]. From the continuity and the Poisson equa-
tions, the spatio-temporal variation of the electron density,

Fig. 5. Current-voltage characteristics calculated in the frame-
work of the drift-diffusion model (upper) and using the stan-
dard miniband transport theory (lower). The formation of do-
mains results in a shift of the current maximum to smaller
voltages. Assuming a homogeneous field the nonlinear mini-
band transport produces a shift to larger voltages.

n(z, t), along the superlattice axis was calculated. We in-
troduced an electric-field dependent drift-velocity of elec-
trons in the superlattice following equation (1). The drift-
velocity showed a region of negative differential mobility
for E/Ec > 1. We took into account a diffusion current
with the diffusion coefficient given by the Einstein rela-
tion. Injection and extraction of electrons into and out of
the superlattice was modeled by a cathode and an anode
layer which were both characterized by an ohmic mobility
lower than the small-field mobility of the superlattice. The
doping level in the cathode and anode were chosen equal
to the doping in the superlattice. For an applied voltage
U(t) = Us + Uf sin ωt, we calculated the current through
the superlattice with the dielectric current also taken into
account.

Our simulations show the following picture of domain
dynamics. If the instantaneous voltage U(t) exceeds a crit-
ical value Uc, a dipole domain starts to build up at the
cathode. The dipole domain consists of a depletion layer
followed by an accumulation layer and travels through the
superlattice towards the anode. The domain grows as long
as U(t) > Uc but is annihilated shortly after the voltage
drops below Uc. Before a new domain is started, the elec-
tron density is constant within the superlattice except for
regions close to the cathode and the anode.

Application of an ac field (frequency ∼ 200 GHz) re-
sults in formation of domains and in a significant shift of
the IV curve maximum towards smaller voltages (Fig. 5,
upper). Increasing the ac frequency in the simulation, one
finds that the shift disappears, i.e. the maximum occurs
at the same voltage for all THz field amplitudes. In the
simulation, this change of the behavior is due to a finite di-
electric relaxation time τdiel. The drift-diffusion model can
qualitatively explain the observed domain-induced “left
shift”. However, the model is unlikely to be applicable at
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THz frequencies. Neither the use of the Einstein relation
is reasonably well justified nor the assumption of an in-
stantaneous response, which is determined by the Esaki-
Tsu characteristic. For a more sophisticated analysis of
the THz frequency range the development of a “general-
ized drift-diffusion model” would be required [26].

In this respect, it is very instructive to oppose our ex-
perimental results to calculations carried out within the
miniband transport theory, which is valid for any fre-
quency of the ac field but does not take into account the
possibility of domain formation.

4.3 Comparison with results of the miniband transport
theory

Our calculations carried out in the framework of the stan-
dard miniband transport theory [16–18] clearly show the
existence of a shift in the direction of larger voltages that
is induced by an ac field.

For low frequency (ωτ � 1), the electron drift velocity
v(t) can follow adiabatically to changes of the ac electric
field E(t) = Es + Ef cosωt. Then, we can substitute the
instantaneous electric field E(t) in the Esaki-Tsu equation
and after time averaging we obtain for the static electron
velocity

v(Es, Ef ) =
1
T

∫ T

0

v (E → Es + Ef cosωt) dt, (2)

where v is defined by equation (1). A typical IV character-
istic calculated using equation (2) shows the shift of the
current maximum towards larger voltages (Fig. 5, lower).
Such a behavior is in contrast with both the results of
our drift-diffusion simulations (cf. upper in Fig. 5) and
with the experimental results (cf. Fig. 2). Within the qua-
sistatic regime of interaction the value of the shift is a
function of the amplitude Ef only and does not depend
on the frequency of the ac field. To describe the IV curve of
a superlattice under the action of a field with a higher fre-
quency, we use a formula of the standard miniband trans-
port theory

v(Es, Ef , ω) =
∞∑

n=−∞
J2

n

(
eaEf

�ω

)
v

(
E → Es +

n�ω

ea

)
.

(3)
We calculated v − Es characteristics for different ac field
amplitudes and frequencies. We found the values of Ep

s

determining the maximum value of the velocity, max (v).
We define the relative shift of the IV curve maximum
as S = (Ep

s − Ec)/Ec. The positive (negative) relative
shift indicates that the IV curve maximum shifts towards
larger (smaller) voltages. The dependence of the relative
shift (in percent) on the frequency and for different values
of Ef is shown in Figure 6 (solid). For frequencies up to
ωτ ∼ 1, the relative shift is independent of ω; its value is in
agreement with the corresponding value calculated using
equation (2). For a range of frequencies between ωτ ∼ 1
and ωτ ∼ 1.8, the relative shift first slightly increases

Fig. 6. Dependence of the relative shift of the IV curve max-
imum on the frequency of the radiation. Observed negative
shifts (symbols) are in contrast to positive shifts calculated in
the framework of the miniband transport theory (solid lines).
A larger THz field amplitude determines a more pronounced
shift both in calculations and experiments. Shifts are present
in the whole quasistatic frequency range (ωτ � 1).

and then sharply decreases. Finally, for frequencies larger
than ωτ ∼ 1.8, we found a negligibly small negative rel-
ative shift. Such a behavior becomes more pronounced at
larger ac field amplitudes. The positive shift reveals that
electrons in a superlattice respond to a total (quasi)static
field that is larger than the bias Es. The disappearance of
this shift for ωτ > 1.8 shows that miniband electrons then
cannot follow the changes of the electric field and classical
rectification is impossible.

In Figure 6 we also plotted the relative shift of the IV
curve maximum, extracted from experimental data (sym-
bols), as a function of the ac field frequency. The exper-
iment shows a negative relative shift in the same range
of frequencies that corresponds to the frequency range
where a positive shift in the miniband transport model
is predicted. A larger THz amplitude (triangles) induces
a larger “left shift” compared to the shift induced by a
smaller THz amplitude (squares). The nonlinearity of IV
curve itself certainly can not be a mechanism providing
the observed shift in the whole frequency range. More-
over, the negative shift disappears at the frequency which
corresponds to the crossover in the miniband transport
theory (accuracy of our measurements of S does not al-
low to detect an extremely small negative relative shift
predicted by theory). It means that domains cannot be
created at high frequencies, when the character of the in-
teraction between miniband electrons and THz radiation
has changed. We conclude that the ultimate frequency of
domain formation is determined by the intraminiband re-
laxation time τ .

5 Discussion

In conclusion, we reported on changes of the IV char-
acteristic caused by domain formation and annihilation
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in a superlattice, which is caused by THz radiation (up
to 2.5 THz). We believe that this effect is quite general
for heavily doped wide miniband superlattices, where the
dielectric relaxation time is less than or of the order of
the miniband relaxation time. Our measurements indicate
that a characteristic time of domain formation in semi-
conductor superlattices is limited by the intraminiband
relaxation time.

The periodic formation and annihilation of propagat-
ing dipole domains in superlattices has been used for the
generation of microwave radiation up to 150 GHz [25].
Our present results beg the exploration of “limited space-
charge accumulation” (LSA) modes of operation [27,28] in
semiconductor superlattices at THz frequencies [29]. This
particular domain mode circumvents transit time effects
in Gunn diodes, but there, the fundamental limit set by a
relatively slow energy relaxation prevents operation above
∼100−200 GHz. The superlattice system might achieve
THz operation that fully uses the fast relaxation by mak-
ing use of LSA operation. For a better understanding of
this regime, it would be necessary to perform more sophis-
ticated simulations that properly include the space-charge
and electron dynamics with an account of k-space bunch-
ing effects [30,31]. On the other hand, the results of our
research are relevant to an understanding the role domains
can play in nonlinear processes in semiconductor superlat-
tices, in which a nonlinearity is formed by a dielectric re-
laxation processes. Corresponding strongly nonlinear phe-
nomena such as bistability [32,33], dynamic chaos [34] and
spontaneous symmetry breaking [35,36] have been pre-
dicted recently but still were not observed in experiments.
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meinschaft, ONR MFEL program, DARPA/ONR THz Tech-
nology program, ARO Science and Technology program,
Academy of Finland (grant 1206063), and the Humboldt
Foundation.
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