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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.
[S0163-18207)07704-1

I. INTRODUCTION the NDV (cf. Fig. 1). The frequency of the oscillations also
depends on the number of moving charges in the superlat-
Since the observation and explanation of the Gunn effectice, which may be controlled by varying the doping in the
it has been known that traveling field inhomogeneities arequantum wells.

generated by negative differential velociDV).!? The Currently, three different types of superlattice oscillations
properties of these traveling Gunn domains have been studlue to NDV have to be distinguished:
ied extensively theoretically and experimentafiyeading to (i) The most prominent type of oscillations is found, when

several proposals for applications. The most important appliearriers within the miniband are accelerated beyond the Bril-
cation is probably the frequency generator. Although oscilHouin zone boundary, where their drift velocity becomes
lator devices based on the Gunn effect operating in the rangeegative. In the absence of scattering, the electron wave
of 100 GHz have been reportédzunn oscillators have not packet then oscillates with the Bloch frequency
led to the expected breakthrough in technology. This isfz=eFd/h, whered and h denote the superlattice period
largely due to the difficulties in tuning the oscillation fre- and Planck’s constant, respectivéi{These so-called Bloch
qguency. Furthermore, it is impossible to vary the drift veloc-oscillations were predicted for superlattices by Esaki and
ity vs field characteristicé (F) curve except by using dif- Tsu® Inspired by the prospect of THz frequency generators
ferent bulk material¢e.g., GaAs, IgGa, _,As, or InP. based on superlattice Bloch oscillators, a long series of in-
These problems may be overcome by using an entirelyestigations targeting the miniband regime followed leading
different class of NDV exhibiting materials formed by semi- to the observation of damped Bloch oscillations in experi-
conductor superlattices. In an applied electric-field perpenments with pulsed optical excitation a few years ago.
dicular to the two-dimensional layers, several different trans- (ii) A different type of oscillations occurs in the miniband
port mechanisms such as miniband transport, resonamégime, when the scattering times are shorter than the tun-
tunneling, and real-space transfer from wells to barriersieling times. In this case transient charge accumulations
(I'—=X transpor} give rise to complexv(F) curves with  traveling through the superlattice may lead to oscillations in
several regions of NDV as shown in Fig. 1. In contrast to thethe current. Experiments using pulsed optical excitation of
above mentioned materials, the tunability of the barrier andtarriers in superlattices with wide minibands showed
well thickness as well as the control over the barrier height irdamped oscillations with frequencies up to 20 GPixlore
the superlattice can be used to tailor the drift velocity vs fieldrecently, reflection gain up to 60 GHz in doped superlattices
v(F) characteristics. By proper engineering, samples withwith miniband widths of up to 80 meV was demonstratéd.
several NDV regions can be manufactured with control over (i) Very recently a third type of oscillations has been
previously inaccessible features such as the actual shape sffiown to exist in weakly coupled superlattices in field re-
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(a) 1T nnnr the 3D SL doping, andF, is the field at the resonance we
considey lies between two valuesv{ /N, v,) which can be
calculated numerically from the local(F) characteristics
(N is the number of SL periogisif several tunneling reso-
nances exisfcf. Figs. Xa) and (b)] the frequency of the
- oscillations increases with increasing index of the subband
2 involved in the tunneling resonance. This observation is at-
- - tributed to the larger drift velocities associated with the reso-
KRN nances involving higher subbands. Furthermore, several os-
' 11l cillatory modes without the typically well-defined domains
F=F(C~C) RN are shown to exist. These oscillatory modes can be tuned in
frequency simply by changing the applied voltage. Because
the oscillations are observable even at room temperature, we
suggest to use superlattice oscillators based on resonant tun-
neling into higher subbands as a tunable source for high
frequencies.
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1. EXPERIMENTAL RESULTS

Drift Velocity

C>C,_ Four GaAs/AlAs superlattice structures, grown by mo-
! : > lecular beam epitaxy, are discussed in this paper. The
F. F, Electric Field samples are hereafter referred to as 9.0(ddped and un-
doped, 9.0/1.5, and 13.3/2.7, where the first number refers
FIG. 1. (a) Conduction band profile of a superlattice with three to the GaAs well width and the second to the AlAs barrier
subbands in an applied electric fielth) Drift velocity vs field  thickness in nnicf. Table ). The superlattices are embedded
characteristics of this superlattice consisting of the nonresonarltetween two highly doped AlkGay sAs contact layers with
background, the low-field maximumCg—C;), and the first two  a doping densit\Np=2% 10*® cm~3 (Si for n*- and Be for
resonant tunneling maxima. The dotted line indicates a possiblg*-type doping forming n™-n-n* andp™-i-n*diodes. Af-
shape of the)(F) curve in the case of &— X resonance located ter evaporating AuGe/Ni contacts onto the top and substrate
between theC;—C, and C;—Cj3 resonances. The dashed line is side and alloying them for Ohmic connections, the samples
explained in the text. are wet-etched into mesas of 120n diameter. The circular
top contacts of 7Qum diameter leave a large part of the
gions where tunneling into higher subbands takes pl&cé. mesas uncovered to allow for optical access. All experiments
As a consequence of domain formation, this type of oscillagre performed a5 K in a He-flow cryostat using high-
tions may also be observed in field regions where the elegrequency coaxial cables with a bandwidth of 20 GHz. The
trons tunnel between the lowest subbands. While the firsime-averaged current-voltage data are recorded with a Keith-
two oscillation types have never been observed under coney SMU236. The time-resolved current is detected with a

stant bias conditions, this type is shown to operate over Fektronix sampling oscilloscope CSA 803 using the GHz
broad frequency range practically independent of the extersampling head SD-32.

nal circuit and without any external triggering.

In this paper we investigate experimentally and theoreti-
cally the third type of oscillations in lightly and moderately
doped superlattice§SL). This type of oscillations may be Figure 2 shows the current-voltagé-Y) characteristics
generally observable in the NDV regime of théF) char-  of the doped 9.0/4.0 sample in forward bias. Clearly visible
acteristics of such superlattices. In a companion p&pee  are two plateau regions with almost constant current between
have shown that self-sustained oscillations may exist if th®.5 and 4 V and 6.5 and 8.5 V. To prove that these plateaus
dimensionless doping parameter=eNyd/(eFy) (Np is  are related to the subband resonances, time-of-flight mea-

<
L

A. Current-voltage characteristics

TABLE I. Parameters of the four investigated sampNsdenotes the number of periods aNdy the
two-dimensional carrier density introduced by dopi@g.andX; indicate the energy positions of the lowest
I'-subbands in the wells and the loweétsubbands in the barriers, respectively. The width of the lowest
conduction miniband is given b¥,. The energies of the subbands measured from the bottom of the GaAs
conduction band have been obtained by conventional envelope function calculations.

dgans/daias N Type N2p C, C, Cs X1 Ay

(nm/nm) (cm™?) (meV)  (me (meV) (meV)  (meV)

13.3/2.7 50 n*-n-n* 1x 10 23 94 212 159 0.13

9.0/4.0 40 nt-n-nt 1.5x 101 44 180 410 146 <0.1

9.0/4.0 40 pt-i-nT 44 180 410 146 <0.1
+ +

9.0/1.5 40 n*-n-n 2.5x 10t 44 180 411 199 3.7
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[T ' ' ' T T T T g periods ance to the electron charge. In the caselot X
g T=5K L resonances, however, the distance between the levels is re-
i 18 MHz Cl_’c_s_;" o2 & duced to half the superlattice period. Therefore, an additional
. 100F : factor of 2 has to be included, i.e.,
O - :
ZE eoum . : Ured C _>x<)=2—N(x"_Cl) )
qE L___/___/ Y Joa § res. ~1 i e )
5 102 X, _f"‘j’ = . .
= : C—cC P g where X; denotes the energy of the receiving state in the
v? e barrier. The voltages for th& resonancesC;—C, and
. et 040 o C,—C; are calculated using E@l) resulting in 5.4 and 14.6
o 2 4 6 8 10 12 14 16 V for the 9.0/4.0 sample, respectively. Using Eg), we
Applied Voltage (V) obtain a resonance voltage of 8.2 V for thig—X; reso-

nance in this sample. All values agree well with the observed
FIG. 2. Current-voltage characteristics of the doped 9.0/4.0values. Note that all observed resonances appear at slightly
sample and peak photocurrent vs applied voltage obtained by timdtigher voltages due to field inhomogeneities and screening
of-flight experiments in the undoped 9.0/4 reference sample. Theffects.
dashed line indicates the condition of current conservation for the To investigate the electric field inside the superlattice,
second plateau assuming a low-field domain with a field strengtiphotoluminescence (PL) measurements have been
corresponding to th€,— C, resonance. performed:>*8Due to the quantum-confined Stark effect, the
PL from regions with strong electric fields is redshifted with
surements were performed on an undoped 9.0/4.0 referengespect to the PL from low-field regions. The experiments
sample p*-i-n* diode.™® The peak photocurrent is thereby reveal that in both plateau regions of this sample the PL
taken as a measure for the inverse transport time, which ajonsists of two peaks with their respective intensity depend-
low excitation densities is directly proportional to the drift ing on the applied bias voltage. This Stark splitting of the PL
velocity for homogeneous fields. Note that for the presentasignal is taken as direct evidence for the existence of two
tion in Fig. 2 the built-in voltage (1.5 Vof the p*-i-n* distinct electric-field domains, which are formed because of
diode has been subtracted from the reverse bias voltage aRDV and current conservation. For the first plateau the con-
plied to thep™-i-n™ diode and the sign has been inverted.sequence of this conservation law is depicted by the dashed
The resonances for tunneling from the first into the secondine in Fig. 1(b). Clearly, the electric field of the low-field
(C1—C,) as well as into the third§;—C3) conduction domain () corresponds to th€,— C, resonance peak,
subband are clearly observed at 6 and 15 V, respectivelywhile the field strength of the high-field domaiR ) lies on
The low-field transmission maximunCg—C;), which in  the next rising branch of the(F) characteristics slightly
the case of a strongly coupled superlattice corresponds teelow theC,— C, resonancé®?° Applied to the second pla-
miniband conduction, is not resolved in this sample, becausgau, the current conservation laashed lines in Fig. )2
the transport time is too long in this field range to be re-shows that the high-field domain in this voltage region forms
solved with this method. However, it has been shown previas a consequence of resonant transport througlXtHevel
ously that even weakly coupled superlattices exhibit a negan the barriers C;— X, transport. In contrast to previous
tive differential drift velocity in this regimé’ In addition to  work 2! where this new formation mechanism was consid-
the C,— C; resonances due 10 subbands in the GaAs wells ered, these measurements provide the first direct evidence
and the exponential nonresonant background, a pronouncegiating X levels in the barriers to domain formation. How-
steplike increase of the peak photocurrent is observed &ver, it should be mentioned that it is not very surprising to
about 10 V, which is assigned to enhanced transport througbbserve domain formation due to transport through Xhe
the lowestX level in the AlAs barriers. The lowest states  |evel. For domain formation to occur, onlynainimum of the
of the AlAs barriers are energetically located in such a way, (F) curveis required in conjunction with a sufficiently high
that transport through thes¢ states becomes possible at carrier density? In that sense the subject of domain forma-
voltages between th€;—C, and C;— C3 resonances. In tion and conditions for oscillations can be discussed simply
the drift velocity vs field characteristics, thiS—X reso- by looking at thev(F) curve as discussed in a companion
nance leads to a steplike increase of the drift velocity apaper®
indicated by the dotted line in Fig.(l). In the 13.3/2.7 sample the calculatéd— X, resonance
The voltages of the observed resonances can be comparet3.7 V) is located between thé,;— C5; and C;— C, reso-
to the calculated energy levels listed in Table I. For examplepances, which are calculated to be at 9.5 and 17.9 V, respec-
the bias voltages) ;s for I'—1T" resonances are calculated tively. Consequently, thé-V characteristic exhibits three
using plateaus as can be seen in Fig. 3. The thin dashed line has
been added to indicate the positions of the transport maxima
N(C;—-Cy) for homogeneous fields. Unlike in the 9.0/4.0 sample, the PL
UedC1—Cj)= e @ in the plateau regions shows no Stark splitting indicating that
the field distribution inside the SL is less sharply defined. A
whereC, denotes the energy of the injecting conduction subpossible explanation of this behavior is the existence of
band andC; the energy of the conduction subband, in whichrather broad resonances in this weakly doped superlattice.
the carriers are tunneling intd\ refers to the number of However, thel-V characteristics show some clear signs of
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FIG. 3. Current-voltage characteristics at 4 and 295 K for the . B
13.3/2.7 sample. The dashed line shows schematically the expected sk 3
drift velocity vs field characteristic of this sample for a homoge- F 0.0/4.0 ] Lo
neous field. (Y] 2 S T S T
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ences between the electric-field values of these domains
seem to be rather small. Since the QCSE is quadratic in the
electric field, the peaks of the two domains cannot be re;
solved in the PL experiments. Because stable electric-fiel

domains have been investigated intensively over the pagf
years, we will not discuss the stationary regime any further.

We will rather focus on the nonstationary behavior instead. _ . .
towards the anode and dissolves, while a new monopole is

formed?®® This type of oscillation is denoted the first oscilla-
B. Oscillations in different plateaus tion mode.

The absence of a regular pattern of current branches in the It i interesting to note that the displayed trace also con-
plateaus is a first hint that the field distribution inside the SLtains a number of small current spikes. Supported by simu-
may not always be stable. Indeed, the current, e.g., in thitions, voltage turn-on measurements have shown that these
lower plateau of the 9.0/4.0 samjtfig. 4), shows a strongly ~Small spikes are due to well-to-well hopping of the domain
time-dependent component, which has been attributed to dfundary moving through the superlatticeThus, the num-
oscillatory instability of the field distribution inside the ber of current spikes indicates how many superlattice periods
pole forms near the cathode, drifts through the superlatticéis leads to a number close to thirty, which allows to specu-

late that for this particular voltage the domain boundary
crosses about three quarters of the superlattice during one
T T T cycle of the oscillation.
| T=5K ] To analyze the oscillations in more detail, we have mea-
- 078V ] sured the voltage dependence of the oscillation frequency
i 1 within the plateaus. The Fourier transfdfmexhibits a series
30} ] of frequency maxima, of which we take the fundamental

I frequency as the oscillation frequency of the field distribu-

tion.

FIG. 5. Voltage dependence of the oscillation frequency within
e first(a) and secondb) plateau of the doped 9.0/4.0 sample at
K. The frequencies are indicated as open circles. For comparison
e time-averagetl-V characteristics are included labeled by dots.

35

25 .
i 1. Voltage-independent frequency

Current (uA)

] The voltage dependence of the oscillation frequency in
] the two plateaus of the 9.0/4.0 sample is plotted in Fig. 5
showing that the observed frequencies in the first plateau are
T — weakly voltage dependent, while in the second plateau there
2 4 6 8 . ) .
is no dependence on the applied voltage at all. The notice-
able increase of the frequency with voltage at the end of the
first plateau is due to the charge monopole having less room
FIG. 4. Current self oscillations at 0.78 V in the first plateau of to travel from the beginning of the superlattice to the posi-
the doped 9.0/4.0 sample at 4 K. tion of the high-field domain. In both plateaus there are re-

201 9.0/4.0 ]

Time (us)
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FIG. 7. Voltage dependence of the oscillation frequency in the
9.0/1.5 sample at 4 K. The frequencies are indicated as open circles.

FIG. 6. Oscillation frequency vs applied voltage in the third For comparison the time-averagéeV characteristic is included
plateau of the 13.3/2.7 sample for three different temperatures. |abeled by dots.

gions, where sinusoidal oscillations could not be observedcrease in current at about 8 V. Time-resolved PL spectra on
In these regions the current contains a time-dependent com-120um mesa do not show two well-separated lines. How-
ponent, which is not periodic and therefore difficult to mea-ever, intensity oscillations with the same frequencies are
sure. In particular the discontinuities in the frequency at theclearly observed. Current oscillations on these large mesas
beginning of the first plateau suggest that the oscillationsire also measured using pulsed electric fields to avoid the
may become chaotic, when the charge monopole oscillatdeating of the sample.

near the contacts. While chaotic behavior has been shown to
exist theoretically in the case of an external driving
frequency?*?° the boundary regions of the plateaus are still _. -
under investigation in this respect. Very recently driven and Figure 3 shows the current-voltage characteristic of thg
undriven chaos have been observed in this sy&feNote 13.3/2.7 sample at room temperature. From the fact that it
that chaotic behavior has also been observed at the onset _%tf” shows the plateaulike features .related to resonant tunnel-
trap-dominated Gunn oscillations in ultrapuyeGe?’ This "9 One can speculate that the oscillations may also be found
behavior is due to intermittent switching between small andt higher temperatures. In Fig. 6 the oscillations in the third

large amplitude current oscillatioR§although its theoretical platgaq are 'observed_up to 200 K, Wh'le. in Fig. 8 tunable
interpretation remains uncertzid. oscillations indeed exist even at 295 K in the case of the

second plateau. These results are very encouraging, because
they prove that a device such as a frequency generator based
on the recently found tunable oscillatory mode can, in prin-

In contrast to the 9.0/4.0 sample, the frequencies of theiple, be manufactured. However, in order to obtain well-
oscillations in the 13.3/2.7 sample exhibit a pronounced volt-
age dependence as shown in Fig. 6 for three different tem- S — ——
peratures in the third plateau. The oscillations begin to ap- F. ] — 150

i 550 o S o— frequency

pear close to the resonance maximum and decrease \ \/' —a— amplitude
monotonically with increasing voltage. Furthermore, in this /
sample oscillations are only detected near the beginning of 2
the plateaus in the region of NDV. This observation not only
applies to the third plateau, but also to the first and second
plateaus. Thus, there is a clear difference between the oscil-
lations observed in these two samples. Unlike in the 9.0/4.0
sample, the time-resolved PL does not show an oscillating
two-domain solutiort? but merely an intensity modulated
broad line. These two differences are taken as a signature for
the existence of a different oscillatory mode in this sample, o0
which is not related to well-defined electric-field domains. 30T 1 _ 905K 00

In Fig. 7 the experimental results on the 9.0/1.5 sample e 1 P PP T
are shown. In this case we used a2/ mesa in order to 4.3 4.4 4.5 4.6
keep the current at a reasonable level. Due to the stronger Applied Voltage (V)
coupling, GHz oscillations are already observed in the lowest
plateau. In addition to a strong voltage dependence of the FIG. 8. Oscillation frequencyopen circles and amplitude
frequency, there is also an abrupt jump to lower values(squaresvs applied voltage in the 13.3/2.7 sample at room tem-
Higher plateaus could not be measured due to the large irperature in the second plateau.

C. Temperature dependence

2. Voltage-dependent frequency
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defined resonances even at room temperature, one probaldg given in Eq(1), which are always separated by a region
has to switch to another material system with stronger conef NDV. The experimentally observed voltage dependence
finement. For example, superlattices based orof the frequency in samples 9.0/4.0 and 13.3/2f7 Figs. 5
In,Ga, _,As/In,Al; _,As material system exhibit pronounced and § can be explained in terms of the actual shape of the
plateaus even at room temperatiteTherefore, it is ex- o (F) curve, the doping density in the wells and the charge
pected that with properly chosen parameters oscillators basestcumulation within the first period. The crucial features in
on InGa, _,As/In,Al,_,As superlattices can be operated atthev(F) curve are the separation between the peaks as well

room temperature. as their width. The position of the peaks can be approxi-
mated by Eq(1). The width of the peaks and the values of
Ill. THEORETICAL INTERPRETATION: the minima ofv(F) depend on the particular scattering

THREE OSCILLATORY MODES mechanisms, which are present in the samples. However, it

) ) is reasonable to assume that the peaks ob{® curve for
In order to explain why the frequency depends in one casghe 13.3/2.7 sample are wider than those of the 9.0/4.0

on the applied voltage, while it is voltage independent in thesample, since the narrower the barriers, the wider the energy
other case, the condition for the two oscillatory modes has tehtervals for resonant tunnelirig. Therefore, we will com-
be investigated in more detail. Numerical calculations on the)are simulations of the same model using two different
following discrete drift model have been performed for thef(F) curves and different doping densities. We shall use
electric fieldF; and three-dimension&BD) electron density cyrves 7(F) with only one peak, corresponding to a
n; of theith SL period as well as for the total current density ¢, . c. resonance, with=1,2, . . . . Thus we are only deal-
J using the following equation§:*3*%%! ing with the self-sustained oscillations occurring in the pla-
teau after the chosen resonance. Adding more peaks does not
Fi_Fi—lzij(ﬁi_ND)v 3) appreciably change the self-sustained oscillations on each
€ different plateau, although different features may appear for
highly doped SL'’s. In fact, there are stationary nonuniform

daFy solution branches with electric-field profiles presenting si-
éTjT+ev(Fi)ni:‘]’ @) multaneous coexistence of three or more domainsuit@)
curve with several peaks is consideréd®
1 N ® To compare experimental results belonging to three dif-
N izl Fi:N_d' (5)  ferent samples to our data, it is convenient to render the Egs.

(3)-(6) dimensionless. Suppose we want to analyze time-
Herei=1,... N is the period indexNp the 3D doping den- periodic current oscillations at a certain plateau of the
sity, d thé SL,period e the average permittivity, an® the current-voltage characteristic. We adopt as the units of elec-
app’lied voltage between the two SL ends. Equ’at((&)ls(S) tric field and velocity the corresponding values at the peak of
have to be supplemented using the appropriate initial condi"€ Vvelocity curvev(F) prior to the plateauFy anduy,

tions for the field profileF; as well as with a boundary con- "€SPectively. Thus, we have to scale the magnitudes in the
dition for Fo, which we take as figures by a different factor for each sample and plateau. The

time scale factorss,, for the 9.0/4.0(second plateau, after

No the C;—C, resonancg 13.3/2.7(second plateau, after the
(6) C;—C, resonance and 9.0/1.5(first plateau, after the

C,—C, peak, samples are 3.57, 0.98, and 0.30 ns, respec-
where c>0 denotes a dimensionless charge accumulatiotively. The electric-field scale factorsg, are on the same
within the first SL period due to the excess doping outsideorder of magnitude, 0 4.4x 10%, and 2.4 10* V/cm. We
the SL (0*-n-n" structuré. We expect that the narrower the set®
barriers are, the largez>0 is, since the overlap between .
wave functions of adjacent quantum wells is larger for nar- F; n; J
rower barriers. To find a precise relation between the struc- Ei—ﬁ’ ”i:N_D’ I= o
ture of then™ region before the SL ancl, microscopic mod-
eling of the fulln*-n-n* structure(characterized in Ref. 20
is needed. This is outside the scope of the present work.
However, we can estimate the values mfby comparing
experimental and calculated frequency versus voltage bias
curves. Thus comparing Figs. 5, 6, and 7 with Figlll3we  where the dimensionless parameteis defined as
obtain thatc should be very smalld<<0.001) for samples
9.0/4.0 and 13.3/2.7, whereasshould be from 10 to 100 _eNpd ®)
times larger for sample 9.0/1(See the discussion below - eFy -

Thev(F) function is a phenomenological electron veloc-

ity, which is proportional to the tunneling probability. The A typical self-sustained current oscillatigfar from the
main transport mechanism in weakly coupled superlattices igoltage bias corresponding to the onset or the end of the
sequential resonant tunneling. ThizF) has peaks at the instability) is caused by the generation, motion, and annihi-
applied voltages or electric-field strengths corresponding téation of domain walls, which are charge monopaotesve
the alignment of the energy levels of adjacent quantum wellgvant to estimate the dependence of the oscillation frequency

ed
Fi(t)—Fo(t)=c

1
€

da ' PTNFa @)
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New monopoles are formed when the current is close to its

10 A p% o0 maximum value (~1, or J~eNpvy, in dimensional units
@ 5 o ) and the monopole formation time is small compared to the
5os N /. period of the oscillation. The bias interval, over which the

,,,,,, @ —-@ L 1o

—— stationary state

second oscillatory mode exists, can be shown to increase
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 electric-
field domaing Fig. 9(c)]. This mode is sometimes present in
weakly doped samples, which oscillate for larger biases. It
then occurs near the end of the oscillatory branch. In this
third mode of oscillation, a domain wall remains pinned at a
given location and the field values at the low- and high-field
domains oscillate in antiphase. The shape of the current os-

(&)
1.04

T
g
=3

@, )

®)

Current

0.8

5
(SN "quE) PRI AT

m

1.0

(©)

Current

3)

@ ¢\ i | cillation is almost sinusoidal and the maximum current is
O : —— clearly below 1(where the accumulation layers were injected
60 80 100 0 10 20 30 40 50 .. . .
Time Well Number from the injecting contact for the mode discussed begfake

similar oscillation mode has been found in simulations of

FIG. 9. Current oscillationgleft) and field profiles(right) for  imperfect superlattice¥.
v=0.1,¢=10* N=50, and different values ap=1.10(a), 1.25 Next we report the results of numerical simulations of the
(b) and 1.61(c). Note that near the extrema of the current oscilla- self-sustained oscillations of the current in the discrete model
tions, the field distribution is close to the one of the stationary statefor different values of the dimensionless parameters. The
simulations yield self-sustained current oscillations when the

or periodT, on the biasp. There exist three different oscil- doping v is such that the corresponding stationary field pro-

lation modes depending on the value of the bias: file is clearly inhomogeneous, e.g., as in Fig. 10. The current
(i) First mode: Oscillation of the electric-field profile on the middle branch of stationary so_lutions is signifi_ca_ntly
around an almost uniform stationary stffég. 9a)]. It oc-  larger thamw (). In these cases the bias has to be within a

curs when the bias is just above the onset of the instability. Ieertain interval ¢,,¢,) [¢,>1 is on the NDV branch of
can be shown that the oscillation frequency decreases as th¢E), and ¢, may or may not be larger than the minimum
bias increases by numerically solving the problem of lineafE,] to generate self-sustained current oscillations. Both
stability of the stationary electric-field profile as discussed in¢,>1 and ¢, are increasing functions af. In Fig. 10a),

a companion papér. the oscillatory behavior begins &t= ¢,~1.100 via a super-
(i) Second modeMonopole recycling Fig. Ab)], which  critical Hopf bifurcation. The amplitude of the oscillation
typically occurs when the bias is larger. In this mode ofincreases with bias following a square-root law and the fre-

oscillation, the period is the sum of the formation time of aquency is almost constant. A= ¢,~1.617 the branch of
monopole(the time it takes each new charge accumulationoscillatory solutions disappears via a second Hopf bifurca-
injected at the first SL period to form a monoppjgus the tion. For longer SL’'s witiN= 200 and the same doping, Fig.
time elapsed until another charge accumulation is injectedlO(e), or for a 50-well SL with larger doping, 16), the end

FIG. 10. (a Stationary
current-voltage characteristi€ull
line) with maximum and mini-
mum of the oscillating current
(dotted lines N=50. The oscilla-
tory branch begins at,~1.100
and ends atp,~1.617; the inter-
val of bistability begins at
¢5~1.487. (b) Fundamental fre-
quency of the current vs the aver-

: age electric field (biag for
0.15 ] i ] N=50. (c,d Same as(a,b but
now v=0.15; ¢,~1.052, ¢,
0.10 b 1 1 . ~1.556,¢,~1.797.(e,f) Same as
(a,b but N=200; ¢,~1.02,

$s~1622, ¢,~1.868. In al
0.05 | T 77\_/_j 7 Cases::lo*‘l.

1.0 1.2 14 1.6 1.8 1.0 1.2 1.4 1.6 1.8 1.0 1.2 14 1.6 1.8 2.0
Bias Bias Bias

Frequency




55 ELECTRICALLY TUNABLE GHz OSCILLATIONS IN ... 2483
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= ol ., FIG. 11. (a) Electric-field profiles at different
’ o 1 times during one period of the current oscillation
(a) depicted in the insettb) Time evolution of the
0.5 electric-field values in the left, middléwvhen it
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// "\0.// sented with dashed lines. Parameter values are
E ya / $=1.25,c=10"%, v=0.1, andN=50.
/ £ / )
- S NG
, E ®)
5
130 135 140
Time

of the oscillatory branch is different: a limit cycle collides period for whichn; is a local maximum. Except for the time
with the unstable fixed point from the middle branch of theintervals, in which two domain walls are present simulta-
Z-shaped current-voltage characteristics and disappears. Thigously, the constant voltage condition implies that
bifurcation scenario results in a decrease of the frequency
down to zero, when the collision takes place, while the am- N
plitude is unchanged to lowest order. The bias interval where E/()=En(t)~ j(_t)[Eh(t) — ¢l ©
the oscillatory branch existsé(,,¢,), shrinks asv de-
creases, and for<w, (vo~0.073 for N=50, c=10%), WwhereE, andE, are the values of the field in the low- and
there is no oscillatory solution. Close to the Hopf bifurca- high-field domains, respectively. Within the low-field do-
tions the first and third modes of oscillation are found. Wemain there is a tiny inhomogeneitgontact layey close to
no longer see recycling and motion of domain walls. Instead{he injecting contact, which is due to the boundary
in all these examples, there is an interval of bistability be-condition® As long as the low-field domain is in the region
tween the self-sustained oscillations and the stable stationagf positive differential velocity E;<1), the field profile is
lower branch of theZ-shaped characteristic whegp stable and the contact layer follows adiabatically the current.
e (¢z.,). The bistability may be hard to observe experi- The positionj (t) of the domain wall moves to the right with
mentally because the basin of attraction of the self-sustaine@ certain velocity non/ v, Wherev o, is always significantly
current oscillations is very small and most initial field pro- less than Xthe peak velocity in dimensionless unitEqua-
files evolve to stationary situations. A similar type of bista-tion (9) implies thatE, , E,, andl must increase with time in
bility can be found wher(i) wiggles in the static current- order to fulfill the fixed voltage condition. Wheg, sur-
voltage characteristid*(¢) appear, and(ii) the upper passes 1, a small charge accumulation is injected-dt,
branch of a wiggle is unstable against oscillatory behaviomwhich moves to the right and grows until it becomes a well-
while the lower branch is stable. See Fig. 1 of Ref. 15 forformed charge monopole. See the snapshots at tiB)emnd
v=0.3. Figure 10 shows the variation in magnitude and fre{4) in Fig. 11(a). The process is repeated in time after the old
quency of the current oscillations as a function of the bias formonopole has disappeared and the new one is well estab-
different doping values and number of SL periods. lished. Note that two different monopoles are present simul-
To clarify the nature of the oscillations let us describe thetaneously during a certain part of the oscillation period. For a
second modef oscillations, which occurs for most biases. long SL the displacement current is quite small during most
Figure 11a) shows the field profiles at different times of a of each oscillation period, and we have tEat=E™)(1) and
given period of the current oscillations for a 50-well SL. We E,~E®(1) [EM(1)<E®)(1)<E®)(I) are the three solu-
can identify a field profile consisting of two well-formed tions of the equatiom (E)=1 for | <1]. Note that the solu-
field domains at timé1). We define the field of the domain tions E®Y) and E(® disappear for >1. See Fig. 12 for a
to be the electric fieldE; at the position where; has a local 200-period SL. Notice that now the domains are well-
minimum, i.e., the variation in the field is minimal. The do- established at times for which the values of the current are
main wall between two domains is a charge monopole condifferent from those depicted in Fig. (&@. Even for a
taining an excess of electrons;&1). Its evolution towards smaller SL as the one in Fig. 11, the displacement current is
the receiving contactuntil it disappears is captured by small, when the current is near its maximum value for each
snapshots at time&) to (4) in Fig. 11(a). Let j(t) be the period [see the time intervals betwedfh) and (2) in Fig.
instantaneous position of the domain wall defined as the SlL1(b) and betweeri2) and(3) in Fig. 12b)]. Notice that the
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field value on the low-field domain is near the peak of theWe now estimate the monopole formation tifie The new

v(E) curve during these time intervals. This will be useful in
what follows.

A. Dependence of the oscillation frequency with voltage

It is important to understand the bias dependence of the
frequency which could be used to tune the frequency of a

eventual device in agreement with the experimental observ

with bias depending on the sample parameiérand v, as
shown in Figs. 1(b, d, f). Let us start at the time=ty when
E;=1+cv [then v(Ep)=1>v(E;), E/~1], the contact

layer loses its stability, and a charge accumulation is injecte

ati=1 (ty~129 in Fig. 12. One period of duratiol, is
completed at=ty+ T, when the next charge accumulation
is injected. At this instant, the position of the charge mono
pole is given by Eq(9) with E;=1 andE,~E®)(1) which
yields

E®(1)-¢

M: E®(1)—1

=j(tet+Tp) = N. (10)

Thus, the charge accumulation has to travel a distdhda
the time T,. During the monopole formation timéy,

E;~1, and the mean velocity of the charge accumulation is
. On the other hand, the same charge accumulation

V_l

moves at a smaller mean velocity equal ug,/v (with
Umon<1) for the rest of the period],—T;, once it has
become a charge monopole. We therefore have

1 Umon
M VTf » (Tp Ts) (11
This gives
vM 1
Tp= —T; —-1]. (12
Umon Umon

charge accumulatiodn travels with a velocity of the order
of v(E))/v=1/v and is amplified in time via

don(t)
dt

(13

—v'(Epon(t),

With an initial value on(tg)~c. At time (3) of Fig. 12,

tions of Sec. Il. The frequency might increase or decreasq T, on is so large that it separates two different wel

ormed field domains. Then we may consider that a new
charge monopole has been born. This charge monopole trav-
els at the velocity o,/ ¥ mentioned above and it sharpens
s it moves; see the point marked @) in the Fig. 1Za).

his stage lasts until the fields before and after the monopole
reach the valueE=E®(1) and E=E®)(I), respectively,
and we are back to situatiofl) having completed one pe-
riod. Mathematically, this behavior can be well described by
an asymptotic analysis in the continuum limitvv-G0,
Nv=const)®

In order to estimatd;, we note that it is determined by

the condition én(ty+T¢)/6n(ty) =a where a~1/c. Then
Eq. (13) yields

In(a)= — ftt0+va’(E|(t))dt. (14)

Now we obtain E\(t) from Eq. (9) with E,~E®)(1),
j(1)=M+vot—to)/v. Up to the first order int(—t,), this
yields

Nvmor{E<3)(1) —¢]

E(t)=1+ M2 (t=to). (15
Linearizingv'(E;)~ —|v"(1)|(E,— 1), we obtain
2MIn(a)
Tf:W\/Nvmoriv"<1)l[E<3>(1>—1]' 1o
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iors are illustrated in Figs. 10 and 13.

We can now interpret the experimental observations ac-
cording to our theoretical results.

(i) Sample 9.0/4.0 has narrow peaks, high doping with
respect to the others, and is shok=40). Therefore, the
second oscillation mode dominates for most biases with a
short stage of monopole formatigfw”(1)| is quite large.
During most of each oscillation period, the electric-field on
the low-field domain takes on values close to that of the
resonant peak. This makes it possible to distinguish two
peaks in the PL dat®:3>3®The frequency is practically in-
dependent on the bidé.This sample is modeled by the ve-
locity curve shown in the inset of Fig. (&. The results of
the numerical simulation for current oscillations and field
profiles are also shown in Fig. (&}

(i) Sample 13.3/2.7 has wide peaks, low doping, and is
also short N=50). We would expect the first mode of os-
cillation to dominate, which agrees with the experimental
observation that the frequency is a decreasing function of the
bias. In this mode the high-field domain is never well estab-
lished, and the low-field domain is off resonance during most
parts of each oscillation periddf. Fig. 14b)]. This explains
that no Stark splitting of the PL signal is observed in the
experiments for this sample.

(iii) Sample 9.0/1.5 is similar to sample 13.3/2.7, except
that its doping is 2.5 times larger and the SL is shorter
(N=40). The velocity curve used in the simulations for this

FIG. 13. () Frequency vs bias diagrams for different values of Sample is shown in the inset of Fig. (. For this sample,
the dimensionless doping and c=0.001. (b) Frequency vs bias
diagrams for different values afkeepingv=0.1 andN=>50 fixed.

Fig. 7 seems to indicate that the first two oscillation modes
are important: for low bias the first mode dominates, whereas
for larger bias the second mode does. Figure 7 also shows

Now M decreases ag increases, which can be seen from that the frequency increases with bias abruptly after reaching
Eq. (10). AS v o<1, Eg.(12) indicates that there are two
competing mechanisms influencing the dependencd of
with ¢. In general the monopole formation tirfie is negli-
gible compared td ,(¢) in the following casesi) for long
SL's [M in Eq. (12) is then largé (ii) when the values of
c are large(i.e., a small, (iii) for large dopingv. In these

cases,T(¢#) should be a decreasing function. We find that

the frequency increases with for large values of the quan-
tities N, v, andc, while it decreases otherwise. These behav-ary condition of Eq.(6) andc being positive. Now we are

(€]

(b)

Current

Current

its minimum value. Numerical calculations suggest that this

could correspond to having a larger excess charge in the first
SL period than in the case of sample 9.0/4.0. This could be
expected for a SL with narrower barriefef. Fig. 13.

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

Until now we have studied Eq$3)—(5) with the bound-
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07 FIG. 14. Current oscillationgleft) and field
profiles(right) simulating samples 9.0/4(@) and
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going to describe what happens-ifl<c<O0, i.e., there are  IV. THE SUPERLATTICE OSCILLATOR AS A TUNABLE
less electrons in the first well than the doping density HIGH-FREQUENCY GENERATOR

(n1—1.=c<0; cf. Fig. 15 o Clearly, a superlattice oscillator based on the above de-
As in the case of positive, the oscillations are due to the g¢riheq types of oscillations may be exploited in a device,
generation, motion, and annihilation of domain walls con-g g by operating the superlattice as a frequency generator.
necting domaingwhich are regions of almost uniform elec- | order to establish the use of the newly found oscillations,

tric field approximately given by the zeros bf-v(E)]. The it is important to know what maximum frequency can be
difference is that now the electric-field profile is a monotoneachieved. While experimental investigations in this direction
decreasing function of the QW index: the high-field domainare still missing, it is clear that the ultimate frequency limit
is close to the beginning of the SL and the low-field domainwill be connected with the maximum drift velocity, which
extends to the end of the SL. The domain walls are nowcan be achieved without destroying the shape ofutie)
charge-depletion layers, having less electrons than the dogurve.

ing density. Let us describe one period of the current oscil- To the first order we assume that the oscillation frequency
lations for a long SL as the one in Fig. 15 with=200. We is determinedonly by the transition time of the carriers
will assume that initiallypoint marked with 1 in Fig. 1&)]  through the sample. This approach neglects a possible oscil-
the field profile has two domains connected by a domain wallation of the domain boundary over a few periods only, but
[E=E®)(l,) to the left of the domain wall andE allows us to give an e_s_tlmate for the_oscnlatlo_n frequencies
=EM(1,) to the right of the domain wall with an initial from the current density, the 3D doping densitip, and
value of the currentye (v,,1)]. The domain wall is ap- (he lengthb=Nd of the sample using

proximately ~ centered at j/IN=Y=[¢—EN(Io)]/ .
[E®)(1) —E®(1,)] so that the voltage bias condition of Eq. P (17)
(5) holds. The domain wall then moves towards the end of eLNp

the superlattice with a speed close to the instantaneous valyg Fig. 16 the measured oscillation frequencies are plotted
of the current. The current decreases until a certain miniMuM}egs the frequencies calculated using Ed). For each
value slightly smaller tham, is reached. Then a new high- pjateau in the 9.0/4.0 sample only one measured frequency is
field domain is createttlose to the beginning of the $and  shown, while for the 13.3/2.7 and 9.0/1.5 samples the mea-
the current rises sharply as the two-domain walls move togyred minimum and maximum frequencies are plotted. The
wards the end of the SL. When the current is near its maxifigure shows a strong correlation between drift velocity and
mum value, the old domain wall disappears as the values afscillation frequency over several orders of magnitude. The
the field in the intermediate and rightmost domains coalescéighest observethinibanddrift velocities are on the order of
Then one period of the oscillation is completed. All these10” cm/s which, as Sibilleet al*® pointed out, for a super-
features can be understood by means of an asymptotic anallattice of 500 nm length translates into a fundamental fre-
sis to be reported elsewheteSome of the basic ideas were quency of 200 GHz. However, the electric fields in the re-
sketched in Ref. 31. ported case cannot be increased arbitrarily without breaking




ELECTRICALLY TUNABLE GHz OSCILLATIONS IN ... 2487

|U‘I
)]

104 =TT GHz frequencies, which can be tuned by simply changing
[| ® 133227 min v 1 the applied voltage. The oscillations, which are observed in
5 0 ¢ 13.32.7 max A & ] GaAs-AlAs superlattices, are not limited to low tempera-
; 10° Z z'gj‘l"gmm o tures, but in one case have been observed at room tempera-
< [ o 0.0/1.5 max ] ture. They occur du_e to an u_nstable electrlc—.ﬂeld domain
@ 102f| — ¢ ¢ pe . formation. A theoretical modeling, both analytical and nu-
g [ cale. obs. ] merical, demonstrates that three different oscillatory modes
g I ¢ can occur, which depend on the detailed shape of the drift
£ 1E lp A2p ] velocity curve, the doping density, the boundary condition,
.- I i ] and the length of the superlattice. In contrast to the Bloch-
E 100 b . oscillator proposed by Esaki and T$the self-oscillations of
2 [ Ip ] the field distribution are in most cases due to a formation,
=) - L] motion, and recycling of a charge accumulation layer inside
0 100 101 102 109 10+ the superlattice. In some cases the domain boundary is local-
Calculated Frequency (MHz) ized over a few quantum wells, while the field strengths of

the low- and high-field domain oscillate. We would like to
FIG. 16. Calculated vs measured frequencies for the differengtress that the observed oscillations are also different from
plateaus in the doped samples,12p, and 3 denote the first, the damped miniband oscillations observed by Le Person
second, and third plateau, respectively. For the 13.3/2.7 and 9.0/1& g]. ,10 because they occur only at field strengths, where the
samples the minimum and maximum frequencies for each plateaghiniband is already destroyed by Wannier-Stark localization.
are shown. Considered from a macroscopic point of view in the sense
. , i ) . that a traveling charge accumulation layer generates the os-
up the miniband, while for the subband field oscillator this jjjation in the current, the oscillations in doped superlattices
limitation does not apply. Accordingly, the observed fre- e similar to the moving field domains in Gunn diodes. In
quencies become larger for higher subband resonancegyth cases the nonlinearity, which is responsible for the in-
which for sufficiently thin barriers will push the drift veloci- stability, is generated by negative differential velocity. The
ties and the frequencies to new limits. Looking at the OSC"'microscopic origin, however, is entirely different with im-

lation frequency as a function of barrier width, we note thatyqrtant consequences for the frequency limit and the tunabil-
a change of a factor of 2.67 in barrier width leads to a chang

in the oscillation frequency in the first plateau of a factor of

O ) ) ) In conclusion, the subband superlattice oscillator has a
about 4000. Projecting this behavior for other material SySyraat potential for applications as a tunable GHz oscillator.

tems to feasible barrier widths, we conclude that the frequeny, order to achieve such a device. it is necessary to fully
cies could reach the 100 GHz range. understand the origin of the oscillations and determine all

Hence, in contrast to Gunn-effect devices, the oscillation,sgjhle oscillation modes. Furthermore, other material sys-
frequency of the superlattice oscillator is not only defined bY;ams such as IGa, _ As/InAl,_ As should be investigated

the length of the sample, but also by the parameters of thg o ger to generate even higher GHz oscillations at room
heterostructure. In this respect the superlattice OSC'"atofemperature.

leaves much more room for optimization. Additionally, a
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