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Electrically tunable GHz oscillations in doped GaAs-AlAs superlattices
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Tunable oscillatory modes of electric-field domains in doped semiconductor superlattices are reported. The
experimental investigations demonstrate the realization of tunable, GHz frequencies in GaAs-AlAs superlat-
tices covering the temperature region from 5 to 300 K. The orgin of the tunable oscillatory modes is deter-
mined using an analytical and a numerical modeling of the dynamics of domain formation. Three different
oscillatory modes are found. Their presence depends on the actual shape of the drift velocity curve, the doping
density, the boundary condition, and the length of the superlattice. For most bias regions, the self-sustained
oscillations are due to the formation, motion, and recycling of the domain boundary inside the superlattice. For
some biases, the strengths of the low- and high-field domain change periodically in time with the domain
boundary being pinned within a few quantum wells. The dependency of the frequency on the coupling leads to
the prediction of a different type of tunable GHz oscillator based on semiconductor superlattices.
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I. INTRODUCTION

Since the observation and explanation of the Gunn ef
it has been known that traveling field inhomogeneities
generated by negative differential velocity~NDV!.1,2 The
properties of these traveling Gunn domains have been s
ied extensively theoretically and experimentally3,4 leading to
several proposals for applications. The most important ap
cation is probably the frequency generator. Although os
lator devices based on the Gunn effect operating in the ra
of 100 GHz have been reported,5 Gunn oscillators have no
led to the expected breakthrough in technology. This
largely due to the difficulties in tuning the oscillation fre
quency. Furthermore, it is impossible to vary the drift velo
ity vs field characteristics„v(F) curve… except by using dif-
ferent bulk materials~e.g., GaAs, InxGa12xAs, or InP!.

These problems may be overcome by using an enti
different class of NDV exhibiting materials formed by sem
conductor superlattices. In an applied electric-field perp
dicular to the two-dimensional layers, several different tra
port mechanisms such as miniband transport, reso
tunneling, and real-space transfer from wells to barri
(G→X transport! give rise to complexv(F) curves with
several regions of NDV as shown in Fig. 1. In contrast to
above mentioned materials, the tunability of the barrier a
well thickness as well as the control over the barrier heigh
the superlattice can be used to tailor the drift velocity vs fi
v(F) characteristics. By proper engineering, samples w
several NDV regions can be manufactured with control o
previously inaccessible features such as the actual shap
550163-1829/97/55~4!/2476~13!/$10.00
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the NDV ~cf. Fig. 1!. The frequency of the oscillations als
depends on the number of moving charges in the supe
tice, which may be controlled by varying the doping in th
quantum wells.

Currently, three different types of superlattice oscillatio
due to NDV have to be distinguished:

~i! The most prominent type of oscillations is found, wh
carriers within the miniband are accelerated beyond the B
louin zone boundary, where their drift velocity becom
negative. In the absence of scattering, the electron w
packet then oscillates with the Bloch frequen
f B5eFd/h, whered and h denote the superlattice perio
and Planck’s constant, respectively.6,7 These so-called Bloch
oscillations were predicted for superlattices by Esaki a
Tsu.8 Inspired by the prospect of THz frequency generat
based on superlattice Bloch oscillators, a long series of
vestigations targeting the miniband regime followed lead
to the observation of damped Bloch oscillations in expe
ments with pulsed optical excitation a few years ago.9

~ii ! A different type of oscillations occurs in the miniban
regime, when the scattering times are shorter than the
neling times. In this case transient charge accumulati
traveling through the superlattice may lead to oscillations
the current. Experiments using pulsed optical excitation
carriers in superlattices with wide minibands show
damped oscillations with frequencies up to 20 GHz.10 More
recently, reflection gain up to 60 GHz in doped superlattic
with miniband widths of up to 80 meV was demonstrated11

~iii ! Very recently a third type of oscillations has bee
shown to exist in weakly coupled superlattices in field
2476 © 1997 The American Physical Society
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55 2477ELECTRICALLY TUNABLE GHz OSCILLATIONS IN . . .
gions where tunneling into higher subbands takes place.12–14

As a consequence of domain formation, this type of osci
tions may also be observed in field regions where the e
trons tunnel between the lowest subbands. While the
two oscillation types have never been observed under c
stant bias conditions, this type is shown to operate ove
broad frequency range practically independent of the ex
nal circuit and without any external triggering.

In this paper we investigate experimentally and theor
cally the third type of oscillations in lightly and moderate
doped superlattices~SL!. This type of oscillations may be
generally observable in the NDV regime of thev(F) char-
acteristics of such superlattices. In a companion paper,15 we
have shown that self-sustained oscillations may exist if
dimensionless doping parameter,n5eNDd/(eFM) (ND is

FIG. 1. ~a! Conduction band profile of a superlattice with thr
subbands in an applied electric field.~b! Drift velocity vs field
characteristics of this superlattice consisting of the nonreso
background, the low-field maximum (C1→C1), and the first two
resonant tunneling maxima. The dotted line indicates a poss
shape of thev(F) curve in the case of aG→X resonance located
between theC1→C2 andC1→C3 resonances. The dashed line
explained in the text.
-
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the 3D SL doping, andFM is the field at the resonance w
consider! lies between two values (n1 /N,n2) which can be
calculated numerically from the localv(F) characteristics
(N is the number of SL periods!. If several tunneling reso-
nances exist@cf. Figs. 1~a! and ~b!# the frequency of the
oscillations increases with increasing index of the subb
involved in the tunneling resonance. This observation is
tributed to the larger drift velocities associated with the re
nances involving higher subbands. Furthermore, several
cillatory modes without the typically well-defined domain
are shown to exist. These oscillatory modes can be tune
frequency simply by changing the applied voltage. Beca
the oscillations are observable even at room temperature
suggest to use superlattice oscillators based on resonant
neling into higher subbands as a tunable source for h
frequencies.

II. EXPERIMENTAL RESULTS

Four GaAs/AlAs superlattice structures, grown by m
lecular beam epitaxy, are discussed in this paper.
samples are hereafter referred to as 9.0/4.0~doped and un-
doped!, 9.0/1.5, and 13.3/2.7, where the first number ref
to the GaAs well width and the second to the AlAs barr
thickness in nm~cf. Table I!. The superlattices are embedde
between two highly doped Al0.5Ga0.5As contact layers with
a doping densityND5231018 cm23 ~Si for n1- and Be for
p1-type doping! forming n1-n-n1 andp1-i -n1diodes. Af-
ter evaporating AuGe/Ni contacts onto the top and subst
side and alloying them for Ohmic connections, the samp
are wet-etched into mesas of 120mm diameter. The circular
top contacts of 70mm diameter leave a large part of th
mesas uncovered to allow for optical access. All experime
are performed at 5 K in a He-flow cryostat using high-
frequency coaxial cables with a bandwidth of 20 GHz. T
time-averaged current-voltage data are recorded with a Ke
ley SMU236. The time-resolved current is detected with
Tektronix sampling oscilloscope CSA 803 using the G
sampling head SD-32.

A. Current-voltage characteristics

Figure 2 shows the current-voltage (I -V) characteristics
of the doped 9.0/4.0 sample in forward bias. Clearly visib
are two plateau regions with almost constant current betw
0.5 and 4 V and 6.5 and 8.5 V. To prove that these plate
are related to the subband resonances, time-of-flight m

nt

le
st
est
aAs
TABLE I. Parameters of the four investigated samples.N denotes the number of periods andN2D the
two-dimensional carrier density introduced by doping.Ci andX1 indicate the energy positions of the lowe
G-subbands in the wells and the lowestX-subbands in the barriers, respectively. The width of the low
conduction miniband is given byD1. The energies of the subbands measured from the bottom of the G
conduction band have been obtained by conventional envelope function calculations.

dGaAs/dAlAs N Type N2D C1 C2 C3 X1 D1

~nm/nm! ~cm22) ~meV! ~meV! ~meV! ~meV! ~meV!

13.3/2.7 50 n1-n-n1 131010 23 94 212 159 0.13
9.0/4.0 40 n1-n-n1 1.531011 44 180 410 146 ,0.1
9.0/4.0 40 p1- i -n1 44 180 410 146 ,0.1
9.0/1.5 40 n1-n-n1 2.531010 44 180 411 199 3.7
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2478 55J. KASTRUPet al.
surements were performed on an undoped 9.0/4.0 refer
sample (p1-i -n1 diode!.16 The peak photocurrent is thereb
taken as a measure for the inverse transport time, whic
low excitation densities is directly proportional to the dr
velocity for homogeneous fields. Note that for the presen
tion in Fig. 2 the built-in voltage (1.5 V! of the p1-i -n1

diode has been subtracted from the reverse bias voltage
plied to thep1-i -n1 diode and the sign has been inverte
The resonances for tunneling from the first into the sec
(C1→C2) as well as into the third (C1→C3) conduction
subband are clearly observed at 6 and 15 V, respectiv
The low-field transmission maximum (C1→C1), which in
the case of a strongly coupled superlattice correspond
miniband conduction, is not resolved in this sample, beca
the transport time is too long in this field range to be
solved with this method. However, it has been shown pre
ously that even weakly coupled superlattices exhibit a ne
tive differential drift velocity in this regime.17 In addition to
theC1→Cj resonances due toG subbands in the GaAs well
and the exponential nonresonant background, a pronou
steplike increase of the peak photocurrent is observed
about 10 V, which is assigned to enhanced transport thro
the lowestX level in the AlAs barriers. The lowestX states
of the AlAs barriers are energetically located in such a w
that transport through theseX states becomes possible
voltages between theC1→C2 andC1→C3 resonances. In
the drift velocity vs field characteristics, thisG→X reso-
nance leads to a steplike increase of the drift velocity
indicated by the dotted line in Fig. 1~b!.

The voltages of the observed resonances can be comp
to the calculated energy levels listed in Table I. For exam
the bias voltagesUbias for G→G resonances are calculate
using

U res~C1→Cj !5
N~Cj2C1!

e
, ~1!

whereC1 denotes the energy of the injecting conduction s
band andCj the energy of the conduction subband, in whi
the carriers are tunneling into.N refers to the number o

FIG. 2. Current-voltage characteristics of the doped 9.0/
sample and peak photocurrent vs applied voltage obtained by t
of-flight experiments in the undoped 9.0/4 reference sample.
dashed line indicates the condition of current conservation for
second plateau assuming a low-field domain with a field stren
corresponding to theC1→C2 resonance.
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periods ande to the electron charge. In the case ofG→X
resonances, however, the distance between the levels i
duced to half the superlattice period. Therefore, an additio
factor of 2 has to be included, i.e.,

U res~C1→Xj !52
N~Xj2C1!

e
, ~2!

whereXj denotes the energy of the receiving state in
barrier. The voltages for theG resonancesC1→C2 and
C1→C3 are calculated using Eq.~1! resulting in 5.4 and 14.6
V for the 9.0/4.0 sample, respectively. Using Eq.~2!, we
obtain a resonance voltage of 8.2 V for theC1→X1 reso-
nance in this sample. All values agree well with the observ
values. Note that all observed resonances appear at slig
higher voltages due to field inhomogeneities and screen
effects.

To investigate the electric field inside the superlattic
photoluminescence ~PL! measurements have bee
performed.13,18Due to the quantum-confined Stark effect, t
PL from regions with strong electric fields is redshifted wi
respect to the PL from low-field regions. The experime
reveal that in both plateau regions of this sample the
consists of two peaks with their respective intensity depe
ing on the applied bias voltage. This Stark splitting of the
signal is taken as direct evidence for the existence of
distinct electric-field domains, which are formed because
NDV and current conservation. For the first plateau the c
sequence of this conservation law is depicted by the das
line in Fig. 1~b!. Clearly, the electric field of the low-field
domain (FL) corresponds to theC1→C1 resonance peak
while the field strength of the high-field domain (FR) lies on
the next rising branch of thev(F) characteristics slightly
below theC1→C2 resonance.

19,20Applied to the second pla
teau, the current conservation law~dashed lines in Fig. 2!
shows that the high-field domain in this voltage region for
as a consequence of resonant transport through theX1 level
in the barriers (C1→X1 transport!. In contrast to previous
work,21 where this new formation mechanism was cons
ered, these measurements provide the first direct evide
relatingX levels in the barriers to domain formation. How
ever, it should be mentioned that it is not very surprising
observe domain formation due to transport through theX1
level. For domain formation to occur, only aminimum of the
v(F) curveis required in conjunction with a sufficiently hig
carrier density.15 In that sense the subject of domain form
tion and conditions for oscillations can be discussed sim
by looking at thev(F) curve as discussed in a companio
paper.15

In the 13.3/2.7 sample the calculatedC1→X1 resonance
(13.7 V! is located between theC1→C3 andC1→C4 reso-
nances, which are calculated to be at 9.5 and 17.9 V, res
tively. Consequently, theI -V characteristic exhibits three
plateaus as can be seen in Fig. 3. The thin dashed line
been added to indicate the positions of the transport max
for homogeneous fields. Unlike in the 9.0/4.0 sample, the
in the plateau regions shows no Stark splitting indicating t
the field distribution inside the SL is less sharply defined
possible explanation of this behavior is the existence
rather broad resonances in this weakly doped superlat
However, theI -V characteristics show some clear signs
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55 2479ELECTRICALLY TUNABLE GHz OSCILLATIONS IN . . .
domain formation~e.g., current branches19,22!, but the differ-
ences between the electric-field values of these domai
seem to be rather small. Since the QCSE is quadratic in th
electric field, the peaks of the two domains cannot be re
solved in the PL experiments. Because stable electric-fie
domains have been investigated intensively over the pa
years, we will not discuss the stationary regime any furthe
We will rather focus on the nonstationary behavior instead

B. Oscillations in different plateaus

The absence of a regular pattern of current branches in t
plateaus is a first hint that the field distribution inside the SL
may not always be stable. Indeed, the current, e.g., in th
lower plateau of the 9.0/4.0 sample~Fig. 4!, shows a strongly
time-dependent component, which has been attributed to
oscillatory instability of the field distribution inside the
superlattice.12,13During one cycle of the oscillation a mono-
pole forms near the cathode, drifts through the superlattic

FIG. 3. Current-voltage characteristics at 4 and 295 K for the
13.3/2.7 sample. The dashed line shows schematically the expec
drift velocity vs field characteristic of this sample for a homoge-
neous field.

FIG. 4. Current self oscillations at 0.78 V in the first plateau of
the doped 9.0/4.0 sample at 4 K.
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towards the anode and dissolves, while a new monopol
formed.13 This type of oscillation is denoted the first oscilla
tion mode.

It is interesting to note that the displayed trace also c
tains a number of small current spikes. Supported by sim
lations, voltage turn-on measurements have shown that t
small spikes are due to well-to-well hopping of the doma
boundary moving through the superlattice.23 Thus, the num-
ber of current spikes indicates how many superlattice peri
are involved in the oscillation. For the displayed oscillati
this leads to a number close to thirty, which allows to spe
late that for this particular voltage the domain bounda
crosses about three quarters of the superlattice during
cycle of the oscillation.

To analyze the oscillations in more detail, we have m
sured the voltage dependence of the oscillation freque
within the plateaus. The Fourier transform12 exhibits a series
of frequency maxima, of which we take the fundamen
frequency as the oscillation frequency of the field distrib
tion.

1. Voltage-independent frequency

The voltage dependence of the oscillation frequency
the two plateaus of the 9.0/4.0 sample is plotted in Fig
showing that the observed frequencies in the first plateau
weakly voltage dependent, while in the second plateau th
is no dependence on the applied voltage at all. The not
able increase of the frequency with voltage at the end of
first plateau is due to the charge monopole having less ro
to travel from the beginning of the superlattice to the po
tion of the high-field domain. In both plateaus there are

ted

FIG. 5. Voltage dependence of the oscillation frequency wit
the first ~a! and second~b! plateau of the doped 9.0/4.0 sample
4 K. The frequencies are indicated as open circles. For compar
the time-averagedI -V characteristics are included labeled by do
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2480 55J. KASTRUPet al.
gions, where sinusoidal oscillations could not be observe
In these regions the current contains a time-dependent co
ponent, which is not periodic and therefore difficult to mea
sure. In particular the discontinuities in the frequency at th
beginning of the first plateau suggest that the oscillation
may become chaotic, when the charge monopole oscillat
near the contacts. While chaotic behavior has been shown
exist theoretically in the case of an external driving
frequency,24,25 the boundary regions of the plateaus are sti
under investigation in this respect. Very recently driven an
undriven chaos have been observed in this system.26 Note
that chaotic behavior has also been observed at the onse
trap-dominated Gunn oscillations in ultrapurep-Ge.27 This
behavior is due to intermittent switching between small an
large amplitude current oscillations,27 although its theoretical
interpretation remains uncertain.28

2. Voltage-dependent frequency

In contrast to the 9.0/4.0 sample, the frequencies of th
oscillations in the 13.3/2.7 sample exhibit a pronounced vol
age dependence as shown in Fig. 6 for three different tem
peratures in the third plateau. The oscillations begin to a
pear close to the resonance maximum and decrea
monotonically with increasing voltage. Furthermore, in thi
sample oscillations are only detected near the beginning
the plateaus in the region of NDV. This observation not onl
applies to the third plateau, but also to the first and seco
plateaus. Thus, there is a clear difference between the os
lations observed in these two samples. Unlike in the 9.0/4
sample, the time-resolved PL does not show an oscillatin
two-domain solution,13 but merely an intensity modulated
broad line. These two differences are taken as a signature
the existence of a different oscillatory mode in this sample
which is not related to well-defined electric-field domains.

In Fig. 7 the experimental results on the 9.0/1.5 samp
are shown. In this case we used a 25mm mesa in order to
keep the current at a reasonable level. Due to the strong
coupling, GHz oscillations are already observed in the lowe
plateau. In addition to a strong voltage dependence of t
frequency, there is also an abrupt jump to lower value
Higher plateaus could not be measured due to the large

FIG. 6. Oscillation frequency vs applied voltage in the third
plateau of the 13.3/2.7 sample for three different temperatures.
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crease in current at about 8 V. Time-resolved PL spectra
a 120mm mesa do not show two well-separated lines. Ho
ever, intensity oscillations with the same frequencies
clearly observed. Current oscillations on these large me
are also measured using pulsed electric fields to avoid
heating of the sample.

C. Temperature dependence

Figure 3 shows the current-voltage characteristic of
13.3/2.7 sample at room temperature. From the fact tha
still shows the plateaulike features related to resonant tun
ing one can speculate that the oscillations may also be fo
at higher temperatures. In Fig. 6 the oscillations in the th
plateau are observed up to 200 K, while in Fig. 8 tuna
oscillations indeed exist even at 295 K in the case of
second plateau. These results are very encouraging, bec
they prove that a device such as a frequency generator b
on the recently found tunable oscillatory mode can, in pr
ciple, be manufactured. However, in order to obtain we

FIG. 7. Voltage dependence of the oscillation frequency in
9.0/1.5 sample at 4 K. The frequencies are indicated as open cir
For comparison the time-averagedI -V characteristic is included
labeled by dots.

FIG. 8. Oscillation frequency~open circles! and amplitude
~squares! vs applied voltage in the 13.3/2.7 sample at room te
perature in the second plateau.
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55 2481ELECTRICALLY TUNABLE GHz OSCILLATIONS IN . . .
defined resonances even at room temperature, one prob
has to switch to another material system with stronger c
finement. For example, superlattices based
InxGa12xAs/InxAl12xAs material system exhibit pronounce
plateaus even at room temperature.29 Therefore, it is ex-
pected that with properly chosen parameters oscillators b
on InxGa12xAs/InxAl12xAs superlattices can be operated
room temperature.

III. THEORETICAL INTERPRETATION:
THREE OSCILLATORY MODES

In order to explain why the frequency depends in one c
on the applied voltage, while it is voltage independent in
other case, the condition for the two oscillatory modes ha
be investigated in more detail. Numerical calculations on
following discrete drift model have been performed for t
electric fieldFi and three-dimensional~3D! electron density
ñi of the i th SL period as well as for the total current dens
J using the following equations:12,13,30,31

Fi2Fi215
ed

e
~ ñi2ND!, ~3!

e
dFi
dt̃

1eṽ~Fi !ñi5J, ~4!

1

N (
i51

N

Fi5
F

Nd
. ~5!

Herei51, . . . ,N is the period index,ND the 3D doping den-
sity, d the SL period,e the average permittivity, andF the
applied voltage between the two SL ends. Equations~3!–~5!
have to be supplemented using the appropriate initial co
tions for the field profileFi as well as with a boundary con
dition for F0, which we take as

F1~ t !2F0~ t !5c
edND

e
, ~6!

where c.0 denotes a dimensionless charge accumula
within the first SL period due to the excess doping outs
the SL (n1-n-n1 structure!. We expect that the narrower th
barriers are, the largerc.0 is, since the overlap betwee
wave functions of adjacent quantum wells is larger for n
rower barriers. To find a precise relation between the str
ture of then1 region before the SL andc, microscopic mod-
eling of the fulln1-n-n1 structure~characterized in Ref. 20!
is needed. This is outside the scope of the present w
However, we can estimate the values ofc by comparing
experimental and calculated frequency versus voltage
curves. Thus comparing Figs. 5, 6, and 7 with Fig. 13~b!, we
obtain thatc should be very small (c,0.001) for samples
9.0/4.0 and 13.3/2.7, whereasc should be from 10 to 100
times larger for sample 9.0/1.5~see the discussion below!.

The ṽ(F) function is a phenomenological electron velo
ity, which is proportional to the tunneling probability. Th
main transport mechanism in weakly coupled superlattice
sequential resonant tunneling. Thus,ṽ(F) has peaks at the
applied voltages or electric-field strengths corresponding
the alignment of the energy levels of adjacent quantum w
bly
-
n

ed
t

e
e
to
e

i-

n
e

-
c-

k.

as

is

to
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as given in Eq.~1!, which are always separated by a regi
of NDV. The experimentally observed voltage dependen
of the frequency in samples 9.0/4.0 and 13.3/2.7~cf. Figs. 5
and 6! can be explained in terms of the actual shape of
ṽ(F) curve, the doping density in the wells and the char
accumulation within the first period. The crucial features
the ṽ(F) curve are the separation between the peaks as
as their width. The position of the peaks can be appro
mated by Eq.~1!. The width of the peaks and the values
the minima of ṽ(F) depend on the particular scatterin
mechanisms, which are present in the samples. Howeve
is reasonable to assume that the peaks of theṽ(F) curve for
the 13.3/2.7 sample are wider than those of the 9.0
sample, since the narrower the barriers, the wider the en
intervals for resonant tunneling.32 Therefore, we will com-
pare simulations of the same model using two differe
ṽ(F) curves and different doping densities. We shall u
curves ṽ(F) with only one peak, corresponding to
C1→Ci resonance, withi51,2, . . . . Thus we are only deal-
ing with the self-sustained oscillations occurring in the p
teau after the chosen resonance. Adding more peaks doe
appreciably change the self-sustained oscillations on e
different plateau, although different features may appear
highly doped SL’s. In fact, there are stationary nonunifo
solution branches with electric-field profiles presenting
multaneous coexistence of three or more domains if aṽ(F)
curve with several peaks is considered.18,33

To compare experimental results belonging to three
ferent samples to our data, it is convenient to render the E
~3!–~6! dimensionless. Suppose we want to analyze tim
periodic current oscillations at a certain plateau of t
current-voltage characteristic. We adopt as the units of e
tric field and velocity the corresponding values at the peak
the velocity curveṽ(F) prior to the plateau,FM and ṽM ,
respectively. Thus, we have to scale the magnitudes in
figures by a different factor for each sample and plateau.
time scale factors,st , for the 9.0/4.0~second plateau, afte
the C1→C2 resonance!, 13.3/2.7~second plateau, after th
C1→C2 resonance!, and 9.0/1.5~first plateau, after the
C1→C1 peak!, samples are 3.57, 0.98, and 0.30 ns, resp
tively. The electric-field scale factors,sE , are on the same
order of magnitude, 105, 4.43104, and 2.43104 V/cm. We
set15

Ei5
Fi

FM
, ni5

ñi
ND

, I5
J̃

eNDṽM
,

v5
ṽ

ṽM
, t5

n ṽMt̃
d

, f5
F

NFMd
, ~7!

where the dimensionless parametern is defined as

n5
eNDd

eFM
. ~8!

A typical self-sustained current oscillation~far from the
voltage bias corresponding to the onset or the end of
instability! is caused by the generation, motion, and ann
lation of domain walls, which are charge monopoles.31 We
want to estimate the dependence of the oscillation freque
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2482 55J. KASTRUPet al.
or periodTp on the biasf. There exist three different oscil-
lation modes depending on the value of the bias:

~i! First mode: Oscillation of the electric-field profile
around an almost uniform stationary state@Fig. 9~a!#. It oc-
curs when the bias is just above the onset of the instability
can be shown that the oscillation frequency decreases as
bias increases by numerically solving the problem of line
stability of the stationary electric-field profile as discussed
a companion paper.15

~ii ! Second mode:Monopole recycling@Fig. 9~b!#, which
typically occurs when the bias is larger. In this mode o
oscillation, the period is the sum of the formation time of
monopole~the time it takes each new charge accumulatio
injected at the first SL period to form a monopole! plus the
time elapsed until another charge accumulation is injecte

FIG. 9. Current oscillations~left! and field profiles~right! for
n50.1, c51024, N550, and different values off51.10 ~a!, 1.25
~b! and 1.61~c!. Note that near the extrema of the current oscilla
tions, the field distribution is close to the one of the stationary sta
It
the
r
n

f

n

d.

New monopoles are formed when the current is close to
maximum value (I'1, or J̃'eNDṽM in dimensional units!
and the monopole formation time is small compared to
period of the oscillation. The bias interval, over which t
second oscillatory mode exists, can be shown to incre
with sample doping or with the number of SL periods.

~iii ! Third mode:Oscillation of the electric-field profile
about a nonuniform stationary state containing two elect
field domains@Fig. 9~c!#. This mode is sometimes present
weakly doped samples, which oscillate for larger biases
then occurs near the end of the oscillatory branch. In t
third mode of oscillation, a domain wall remains pinned a
given location and the field values at the low- and high-fie
domains oscillate in antiphase. The shape of the current
cillation is almost sinusoidal and the maximum current
clearly below 1~where the accumulation layers were inject
from the injecting contact for the mode discussed before!. A
similar oscillation mode has been found in simulations
imperfect superlattices.34

Next we report the results of numerical simulations of t
self-sustained oscillations of the current in the discrete mo
for different values of the dimensionless parameters. T
simulations yield self-sustained current oscillations when
dopingn is such that the corresponding stationary field p
file is clearly inhomogeneous, e.g., as in Fig. 10. The curr
on the middle branch of stationary solutions is significan
larger thanv(f). In these cases the bias has to be within
certain interval (fa ,fv) @fa.1 is on the NDV branch of
v(E), andfv may or may not be larger than the minimu
Em# to generate self-sustained current oscillations. B
fa.1 andfv are increasing functions ofc. In Fig. 10~a!,
the oscillatory behavior begins atf5fa'1.100 via a super-
critical Hopf bifurcation. The amplitude of the oscillatio
increases with bias following a square-root law and the f
quency is almost constant. Atf5fv'1.617 the branch of
oscillatory solutions disappears via a second Hopf bifur
tion. For longer SL’s withN5200 and the same doping, Fig
10~e!, or for a 50-well SL with larger doping, 10~c!, the end

-
e.
r-
FIG. 10. ~a! Stationary
current-voltage characteristic~full
line! with maximum and mini-
mum of the oscillating current
~dotted lines! N550. The oscilla-
tory branch begins atfa'1.100
and ends atfv'1.617; the inter-
val of bistability begins at
fb'1.487. ~b! Fundamental fre-
quency of the current vs the ave
age electric field ~bias! for
N550. ~c,d! Same as~a,b! but
now n50.15; fa'1.052, fb

'1.556,fv'1.797.~e,f! Same as
~a,b! but N5200; fa'1.02,
fb'1.622, fv'1.868. In all
casesc51024.
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55 2483ELECTRICALLY TUNABLE GHz OSCILLATIONS IN . . .
FIG. 11. ~a! Electric-field profiles at different
times during one period of the current oscillatio
depicted in the inset.~b! Time evolution of the
electric-field values in the left, middle~when it
exists!, and right domain of the SL. The corre
sponding values ofE( i )

„I (t)…, i51,2,3, are repre-
sented with dashed lines. Parameter values
f51.25,c51024, n50.1, andN550.
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of the oscillatory branch is different: a limit cycle collide
with the unstable fixed point from the middle branch of t
Z-shaped current-voltage characteristics and disappears.
bifurcation scenario results in a decrease of the freque
down to zero, when the collision takes place, while the a
plitude is unchanged to lowest order. The bias interval wh
the oscillatory branch exists (fa ,fv), shrinks asn de-
creases, and forn,n0 (n0'0.073 for N550, c51024),
there is no oscillatory solution. Close to the Hopf bifurc
tions the first and third modes of oscillation are found. W
no longer see recycling and motion of domain walls. Inste
in all these examples, there is an interval of bistability b
tween the self-sustained oscillations and the stable statio
lower branch of theZ-shaped characteristic whenf
P(fb ,fv). The bistability may be hard to observe expe
mentally because the basin of attraction of the self-susta
current oscillations is very small and most initial field pr
files evolve to stationary situations. A similar type of bist
bility can be found when~i! wiggles in the static current
voltage characteristicI * (f) appear, and~ii ! the upper
branch of a wiggle is unstable against oscillatory behav
while the lower branch is stable. See Fig. 1 of Ref. 15
n50.3. Figure 10 shows the variation in magnitude and f
quency of the current oscillations as a function of the bias
different doping values and number of SL periods.

To clarify the nature of the oscillations let us describe
second modeof oscillations, which occurs for most biase
Figure 11~a! shows the field profiles at different times of
given period of the current oscillations for a 50-well SL. W
can identify a field profile consisting of two well-forme
field domains at time~1!. We define the field of the domai
to be the electric fieldEi at the position whereni has a local
minimum, i.e., the variation in the field is minimal. The d
main wall between two domains is a charge monopole c
taining an excess of electrons (ni.1). Its evolution towards
the receiving contact~until it disappears! is captured by
snapshots at times~2! to ~4! in Fig. 11~a!. Let j (t) be the
instantaneous position of the domain wall defined as the
his
cy
-
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,
-
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r
r
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period for whichni is a local maximum. Except for the tim
intervals, in which two domain walls are present simul
neously, the constant voltage condition implies that

El~ t !5Eh~ t !2
N

j ~ t !
@Eh~ t !2f#, ~9!

whereEl andEh are the values of the field in the low- an
high-field domains, respectively. Within the low-field do
main there is a tiny inhomogeneity~contact layer! close to
the injecting contact, which is due to the bounda
condition.15 As long as the low-field domain is in the regio
of positive differential velocity (El,1), the field profile is
stable and the contact layer follows adiabatically the curre
The positionj (t) of the domain wall moves to the right with
a certain velocityvmon/n, wherevmon is always significantly
less than 1~the peak velocity in dimensionless units!. Equa-
tion ~9! implies thatEl , Eh , andI must increase with time in
order to fulfill the fixed voltage condition. WhenEl sur-
passes 1, a small charge accumulation is injected ati51,
which moves to the right and grows until it becomes a we
formed charge monopole. See the snapshots at times~3! and
~4! in Fig. 11~a!. The process is repeated in time after the o
monopole has disappeared and the new one is well es
lished. Note that two different monopoles are present sim
taneously during a certain part of the oscillation period. Fo
long SL the displacement current is quite small during m
of each oscillation period, and we have thatEl'E(1)(I ) and
Eh'E(3)(I ) @E(1)(I ),E(2)(I ),E(3)(I ) are the three solu-
tions of the equationv(E)5I for I,1]. Note that the solu-
tions E(1) and E(2) disappear forI.1. See Fig. 12 for a
200-period SL. Notice that now the domains are we
established at times for which the values of the current
different from those depicted in Fig. 11~a!. Even for a
smaller SL as the one in Fig. 11, the displacement curren
small, when the current is near its maximum value for ea
period @see the time intervals between~1! and ~2! in Fig.
11~b! and between~2! and~3! in Fig. 12~b!#. Notice that the
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FIG. 12. Same as in Fig. 11 forN5200.
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field value on the low-field domain is near the peak of t
v(E) curve during these time intervals. This will be useful
what follows.

A. Dependence of the oscillation frequency with voltage

It is important to understand the bias dependence of
frequency which could be used to tune the frequency of
eventual device in agreement with the experimental obse
tions of Sec. II. The frequency might increase or decre
with bias depending on the sample parametersN and n, as
shown in Figs. 10~b, d, f!. Let us start at the timet5t0 when
E1511cn @then v(E0)51.v(E1), El'1#, the contact
layer loses its stability, and a charge accumulation is injec
at i51 (t0'129 in Fig. 12!. One period of durationTp is
completed att5t01Tp when the next charge accumulatio
is injected. At this instant, the position of the charge mon
pole is given by Eq.~9! with El51 andEh'E(3)(1) which
yields

M :5 j ~ t01Tp!5
E~3!~1!2f

E~3!~1!21
N. ~10!

Thus, the charge accumulation has to travel a distanceM in
the time Tp . During the monopole formation timeTf ,
El'1, and the mean velocity of the charge accumulation
n21. On the other hand, the same charge accumula
moves at a smaller mean velocity equal tovmon/n ~with
vmon,1) for the rest of the period,Tp2Tf , once it has
become a charge monopole. We therefore have

M5
1

n
Tf1

vmon
n

~Tp2Tf !. ~11!

This gives

Tp5
nM

vmon
2Tf S 1

vmon
21D . ~12!
e
n
a-
e

d

-

is
n

We now estimate the monopole formation timeTf . The new
charge accumulationdn travels with a velocity of the orde
of v(El)/n'1/n and is amplified in time via

ddn~ t !

dt
52v8~El !dn~ t !, ~13!

with an initial value dn(t0);c. At time ~3! of Fig. 12,
t01Tf , dn is so large that it separates two different we
formed field domains. Then we may consider that a n
charge monopole has been born. This charge monopole
els at the velocityvmon/n mentioned above and it sharpen
as it moves; see the point marked by~4! in the Fig. 12~a!.
This stage lasts until the fields before and after the monop
reach the valuesE5E(1)(I ) and E5E(3)(I ), respectively,
and we are back to situation~1! having completed one pe
riod. Mathematically, this behavior can be well described
an asymptotic analysis in the continuum limit (n→0,
Nn5const).35

In order to estimateTf , we note that it is determined b
the condition dn(t01Tf)/dn(t0)5a where a;1/c. Then
Eq. ~13! yields

ln~a!52E
t0

t01Tf
v8„El~ t !…dt. ~14!

Now we obtain El(t) from Eq. ~9! with Eh'E(3)(1),
j (t)5M1vmon(t2t0)/n. Up to the first order in (t2t0), this
yields

El~ t !511
Nvmon@E

~3!~1!2f#

nM2 ~ t2t0!. ~15!

Linearizingv8(El)'2uv9(1)u(El21), we obtain

Tf5AnMA 2M ln~a!

Nvmonuv9~1!u@E~3!~1!21#
. ~16!
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Now M decreases asf increases, which can be seen from
Eq. ~10!. As vmon,1, Eq. ~12! indicates that there are two
competing mechanisms influencing the dependence ofTp
with f. In general the monopole formation timeTf is negli-
gible compared toTp(f) in the following cases:~i! for long
SL’s @M in Eq. ~12! is then large#, ~ii ! when the values of
c are large~i.e., a small!, ~iii ! for large dopingn. In these
cases,Tp(f) should be a decreasing function. We find tha
the frequency increases withf for large values of the quan-
titiesN, n, andc, while it decreases otherwise. These beha

FIG. 13. ~a! Frequency vs bias diagrams for different values o
the dimensionless dopingn and c50.001. ~b! Frequency vs bias
diagrams for different values ofc keepingn50.1 andN550 fixed.
t

-

iors are illustrated in Figs. 10 and 13.
We can now interpret the experimental observations

cording to our theoretical results.
~i! Sample 9.0/4.0 has narrow peaks, high doping w

respect to the others, and is short (N540). Therefore, the
second oscillation mode dominates for most biases wit
short stage of monopole formation@ uv9(1)u is quite large#.
During most of each oscillation period, the electric-field
the low-field domain takes on values close to that of
resonant peak. This makes it possible to distinguish t
peaks in the PL data.12,30,36The frequency is practically in-
dependent on the bias.12 This sample is modeled by the ve
locity curve shown in the inset of Fig. 14~a!. The results of
the numerical simulation for current oscillations and fie
profiles are also shown in Fig. 14~a!.

~ii ! Sample 13.3/2.7 has wide peaks, low doping, and
also short (N550). We would expect the first mode of os
cillation to dominate, which agrees with the experimen
observation that the frequency is a decreasing function of
bias. In this mode the high-field domain is never well esta
lished, and the low-field domain is off resonance during m
parts of each oscillation period@cf. Fig. 14~b!#. This explains
that no Stark splitting of the PL signal is observed in t
experiments for this sample.

~iii ! Sample 9.0/1.5 is similar to sample 13.3/2.7, exc
that its doping is 2.5 times larger and the SL is shor
(N540). The velocity curve used in the simulations for th
sample is shown in the inset of Fig. 10~d!. For this sample,
Fig. 7 seems to indicate that the first two oscillation mod
are important: for low bias the first mode dominates, wher
for larger bias the second mode does. Figure 7 also sh
that the frequency increases with bias abruptly after reach
its minimum value. Numerical calculations suggest that t
could correspond to having a larger excess charge in the
SL period than in the case of sample 9.0/4.0. This could
expected for a SL with narrower barriers~cf. Fig. 13!.

B. Self-sustained oscillations for SL with depletion contact
layers

Until now we have studied Eqs.~3!–~5! with the bound-
ary condition of Eq.~6! and c being positive. Now we are

f

FIG. 14. Current oscillations~left! and field
profiles~right! simulating samples 9.0/4.0~a! and
13.3/2.7~b!.
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FIG. 15. ~a! Current density versus time whe
c520.01. Electron density~b! and electric field
~c! profiles during one period of the current osc
lation. The numbers in~b! and ~c! correspond to
the times marked in~a!. Parameter values ar
f51.25,n50.35, andN5200.
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going to describe what happens if21,c,0, i.e., there are
less electrons in the first well than the doping dens
(n1215c,0; cf. Fig. 15!.

As in the case of positivec, the oscillations are due to th
generation, motion, and annihilation of domain walls co
necting domains@which are regions of almost uniform elec
tric field approximately given by the zeros ofI2v(E)#. The
difference is that now the electric-field profile is a monoto
decreasing function of the QW index: the high-field doma
is close to the beginning of the SL and the low-field dom
extends to the end of the SL. The domain walls are n
charge-depletion layers, having less electrons than the
ing density. Let us describe one period of the current os
lations for a long SL as the one in Fig. 15 withN5200. We
will assume that initially@point marked with 1 in Fig. 15~a!#
the field profile has two domains connected by a domain w
@E5E(3)(I 0) to the left of the domain wall andE
5E(1)(I 0) to the right of the domain wall with an initia
value of the currentI 0P(vm,1)#. The domain wall is ap-
proximately centered at j /N5Y5@f2E(1)(I 0)#/
@E(3)(I 0)2E(1)(I 0)# so that the voltage bias condition of E
~5! holds. The domain wall then moves towards the end
the superlattice with a speed close to the instantaneous v
of the current. The current decreases until a certain minim
value slightly smaller thanvm is reached. Then a new high
field domain is created~close to the beginning of the SL! and
the current rises sharply as the two-domain walls move
wards the end of the SL. When the current is near its ma
mum value, the old domain wall disappears as the value
the field in the intermediate and rightmost domains coale
Then one period of the oscillation is completed. All the
features can be understood by means of an asymptotic a
sis to be reported elsewhere.37 Some of the basic ideas wer
sketched in Ref. 31.
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IV. THE SUPERLATTICE OSCILLATOR AS A TUNABLE
HIGH-FREQUENCY GENERATOR

Clearly, a superlattice oscillator based on the above
scribed types of oscillations may be exploited in a devi
e.g., by operating the superlattice as a frequency gener
In order to establish the use of the newly found oscillatio
it is important to know what maximum frequency can
achieved. While experimental investigations in this directi
are still missing, it is clear that the ultimate frequency lim
will be connected with the maximum drift velocity, whic
can be achieved without destroying the shape of thev(F)
curve.

To the first order we assume that the oscillation freque
is determinedonly by the transition time of the carrier
through the sample. This approach neglects a possible o
lation of the domain boundary over a few periods only, b
allows us to give an estimate for the oscillation frequenc
from the current densityj , the 3D doping densityND , and
the lengthL5Nd of the sample using

f5
j

eLND
. ~17!

In Fig. 16 the measured oscillation frequencies are plot
versus the frequencies calculated using Eq.~17!. For each
plateau in the 9.0/4.0 sample only one measured frequen
shown, while for the 13.3/2.7 and 9.0/1.5 samples the m
sured minimum and maximum frequencies are plotted. T
figure shows a strong correlation between drift velocity a
oscillation frequency over several orders of magnitude. T
highest observedminibanddrift velocities are on the order o
107 cm/s which, as Sibilleet al.38 pointed out, for a super-
lattice of 500 nm length translates into a fundamental f
quency of 200 GHz. However, the electric fields in the
ported case cannot be increased arbitrarily without break
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55 2487ELECTRICALLY TUNABLE GHz OSCILLATIONS IN . . .
up the miniband, while for the subband field oscillator thi
limitation does not apply. Accordingly, the observed fre
quencies become larger for higher subband resonanc
which for sufficiently thin barriers will push the drift veloci-
ties and the frequencies to new limits. Looking at the osc
lation frequency as a function of barrier width, we note tha
a change of a factor of 2.67 in barrier width leads to a chan
in the oscillation frequency in the first plateau of a factor o
about 4000. Projecting this behavior for other material sy
tems to feasible barrier widths, we conclude that the freque
cies could reach the 100 GHz range.

Hence, in contrast to Gunn-effect devices, the oscillatio
frequency of the superlattice oscillator is not only defined b
the length of the sample, but also by the parameters of t
heterostructure. In this respect the superlattice oscillat
leaves much more room for optimization. Additionally, a
frequency generator based on a superlattice oscillator w
several plateaus may cover several orders of magnitude w
one device. In particular, the tunabilitywithin the plateausat
high frequencies allows us to envision a tunable frequen
generator based on resonant carrier transport covering
whole GHz regime, which to our knowledge no other devic
is capable of.

V. SUMMARY AND CONCLUSIONS

We have demonstrated that doped, weakly coupled sem
conductor superlattices exhibit current self-oscillations wit

FIG. 16. Calculated vs measured frequencies for the differe
plateaus in the doped samples. 1p, 2p, and 3p denote the first,
second, and third plateau, respectively. For the 13.3/2.7 and 9.0/
samples the minimum and maximum frequencies for each plate
are shown.
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GHz frequencies, which can be tuned by simply chang
the applied voltage. The oscillations, which are observed
GaAs-AlAs superlattices, are not limited to low tempe
tures, but in one case have been observed at room tem
ture. They occur due to an unstable electric-field dom
formation. A theoretical modeling, both analytical and n
merical, demonstrates that three different oscillatory mo
can occur, which depend on the detailed shape of the
velocity curve, the doping density, the boundary conditi
and the length of the superlattice. In contrast to the Blo
oscillator proposed by Esaki and Tsu,8 the self-oscillations of
the field distribution are in most cases due to a formati
motion, and recycling of a charge accumulation layer ins
the superlattice. In some cases the domain boundary is lo
ized over a few quantum wells, while the field strengths
the low- and high-field domain oscillate. We would like
stress that the observed oscillations are also different f
the damped miniband oscillations observed by Le Per
et al. ,10 because they occur only at field strengths, where
miniband is already destroyed by Wannier-Stark localizati

Considered from a macroscopic point of view in the se
that a traveling charge accumulation layer generates the
cillation in the current, the oscillations in doped superlattic
are similar to the moving field domains in Gunn diodes.
both cases the nonlinearity, which is responsible for the
stability, is generated by negative differential velocity. T
microscopic origin, however, is entirely different with im
portant consequences for the frequency limit and the tuna
ity.

In conclusion, the subband superlattice oscillator ha
great potential for applications as a tunable GHz oscilla
In order to achieve such a device, it is necessary to f
understand the origin of the oscillations and determine
possible oscillation modes. Furthermore, other material
tems such as InxGa12xAs/InxAl12xAs should be investigated
in order to generate even higher GHz oscillations at ro
temperature.
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