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Abstract—The current—voltage (I1-V) characteristics were measured and the current-pul se oscilloscope pat-
terns were obtained for multilayer n-InGaAs/GaAs quantum-well heterostructures and n-GaAs epitaxial layers
with various doping levels. It is shown that the I-V characteristics flatten at low doping levelsin fields of 300—
400 V/cm. In more heavily doped samples, current oscillations are initiated with a period corresponding to a
drift velocity of (3-3.5) x 10° cm/sat E ||[110] and are approximately larger at E ||[100] by afactor of 1.5. The
results obtained are attributed to the formation of, respectively, stationary and moving acoustoel ectric domains
in the structures. In fields above 1.5 kV/cm, high-frequency Gunn oscillations corresponding to a drift velocity
of 1.5 x 10 cm/s were observed. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The phenomenon of spatial transport of carriersin
semiconductor heterostructures with selectively doped
barriers (in particular, 3-doped) in a strong lateral (i.e.,
directed in the well plane) electric field was actively
studied inthe 1980s (seg, e.g., review [1]). Dueto heat-
ing of carriers by the electric field, they can be carried
away from quantum wellsinto doped barrier layers. As
aresult, the carrier mobility decreases due to the onset
of the mechanism of scattering at ionized impurities,
which can cause adecreasein the current, i.e., theforma
tion of N-type negative differential conductivity (NDC),
asisthe casein the Gunn effect in GaAs-type semicon-
ductors (see, e.g., [2]). The N-type NDC formation can
give rise to electronic instability, in particular, the for-
mation of stationary or mobile domains of strong field.
The spatial transport of hot carriersfrom quantum wells
(QWSs), where their mobility and effective temperature
arerather high, into higher-lying energy stateswith low
mobility, where the effective temperature decreases,
can cause population inversion [3-8].

This paper isdevoted to the experimenta study of elec-
tric trangport of hot carriersin n-InGaAs/GaAs QW het-
erogtructures in strong lateral eectric fields. Previoudy
[9-11], flattening of the current-voltage (I-V) characteris-
ticsand theinitiation of current oscillationswas observed
in such structures at liquid-helium and liquid-nitrogen
temperaturesin fields of 3001000 V/cm. This behavior
was related to spatial transport of hot carriers and the N-
NDC arising under these conditions. In this study, we
compared the |-V characteristics and current-pul se oscil-
loscope patterns measured in N-INGaAs/GaAs QW het-
erostructures and n-GaAs epitaxial films with the pub-
lished data on GaAs/AlGaAs heterostructures. Based

on this comparison, we concluded that the observed
oscillations are associated with the development of
acoustoelectronic instability in the samples.

Since GaAs is a piezoelectric, a strain caused by a
transverse acoustic wave propagating in the [110]
direction induces a macroscopic electric field. This
resultsin the intense interaction of electrons moving in
the same direction with lattice vibrations. Therefore, as
the electron velocity exceeds the propagation velocity
of the acoustic wave, electrons begin to actively emit
phonons (an anal ogue of Cherenkov radiation) [12-14].

As an electric field stronger than a certain critical
value is turned on along the [110] direction, acoustic
waves propagating from the cathode to the anode are
amplified in the crystal. As a result, the flux envelope
exponentially increasesto the anode. Since the acoustic
wave causes acoustoelectric current directed opposite
to the drift motion of electrons, the voltage drop in the
near-anode region increases to retain the total current,
and the field decreases in other sampleregions. In turn,
as the electric field strengthens, the acoustic wave gain
increases significantly in this region. Such positive
feedback causes the formation of a stationary near-
anode el ectroacoustic domain with strong acoustic and
electric fields[12-14], aswell asflattening of -V char-
acteristicsin strong fields. The pattern of acousticinsta-
bility development radically changes under conditions
of significant amplification (more than 100 dB/cm). In
this mode, the acoustic streaming very rapidly reaches
alevel of nonlinearity, which resultsin the formation of
a mobile acoustoel ectric domain. The latter represents
ashort (~100 um) packet of acoustic oscillations mov-
ing over the sample with avelocity closeto the velocity
of sound. If the field was applied in other directions,

1063-7826/05/3901-0044$26.00 © 2005 Pleiades Publishing, Inc.



CURRENT OSCILLATIONS UNDER LATERAL TRANSPORT 45

Parameters of the studied n-1n,Ga, _,/GaAs samples with single and double quantum wells and n-GaAs epitaxial layers (the

concentration values correspond to room temperature)

Structure « Ao A A A Number Structure | ng, 101 cm2 | Ng, 102 cm?
index 1Qw QW of periods | thickness, um| (per period) (total)
2987 0.08 200 100 20 2.3 11 2.2
3490 0.08 200 100 20 2.3 3.0 6.0
3517 0.08 200 — 20 25 3.9 7.8
3518 - - - - 25 - 7.0
3628 - - - - 24 - 48
3629 — - — — 24 — 185
3630 - - - - 24 - 7.0
3631 - - - - 24 - 34
3732 0.1 200 — 20 25 0.3 0.6
3734 0.1 200 — 20 25 24 4.8
3735 0.1 200 100 20 2.6 2.0 4.0
4079 0.06 200 — 20 2.6 14 2.9
4081 0.06 200 100 20 2.6 25 4.9

oblique waves propagating at an angleto thefield direc-
tion were amplified. Oscillations caused by acousto-
gectric domains in GaAgAlIGaAs QW heterostruc-
tureswere studied in detail in[15]. Asthefield (applied
in the [110] direction) exceeds a critical value, strong
current oscillations were observed. The electron drift
velocity at the threshold field was 10°-107 cn/s. In lay-
ers with nondegenerate carriers, damping oscillations
with a frequency corresponding to the drift velocity
~3.5 x 10° cm/s were observed; thisvelocity isidentical
to that of acoustic phonons. Oscillationswere most pro-
nounced at liquid-nitrogen temperature. As the temper-
ature increased, the oscillation amplitude decreased
and ultimately disappeared at T =200 K. In layers with
high electron density, current oscillations were not
damped, and their frequency was significantly higher.

2. EXPERIMENTAL

The electric transport of hot carriers was studied in
pulsed electric fields. The pulse duration T of the elec-
tric voltage up to 1000V applied to sampleswas several
microseconds. To prevent the sample from overheating,
alow pulse repetition frequency (30-10 Hz) was used.
Theleading-edge duration of the high-voltage pulse did
not exceed 30 ns. The voltage-pul se amplitude could be
slowly (for afew minutes) varied from zero to the high-
est value. The pulse shape and amplitude of the voltage
and current through the sample were monitored by
observing the signal on the screen of a Tektronix
TDS3034B digital oscilloscope with a passband of
350 MHz, used aso to store signals in a computer’'s
memory. The measurements were carried out at both
room and low temperatures (T = 77 and 4.2 K). In the
latter cases, a sample holder was mounted in transport-
able Dewar flasks with liquid nitrogen or helium,
respectively.
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The samples under study were grown using gas-
transport epitaxy on semi-insulating GaAs (001) sub-
strates. The sample parameters are listed in the table.
Multilayer n-In,Ga, _,A9GaAs heterostructures with
single and double QWs were studied, as well as thin
n-GaAs epitaxia layers. The heterostructures contained
20 pairs of QWs 200 and 100 A wide, separated by a
GaAs barrier 50 A thick (or 20 separate QWs 200 A
wide) spaced by 800-900 A. Narrow wells in samples
2987, 4079, and 4081 were d-doped with silicon; all the
other samples were homogeneously doped. The room-
temperature electron mobility depended on the doping
level only dlightly and was ~4500 cm?/(V s). Rectangu-
lar samples 5 x 5 mm in size were cut from the struc-
ture. Strip ohmic contacts were deposited and fired in
on the sample surface, spaced ~3 mm apart.

3. RESULTS AND DISCUSSION

Typical oscilloscope patterns of current pulses in
heterostructureswith single and double QWsare shown
in Figs. 1 and 2. Beginning with a certain threshold
value of the applied voltage (U/l = 300 V/cm), oscilla-
tions arise on the current pulse. Theinitiation of current
instability was observed at T = 4 and 77 K; however,
oscillations did not arise at room temperature. As the
spacing between the contacts was decreased threefold
(to I = 1 mm), the oscillation frequency increased
approximately three times. At the same time, the oscil-
lation frequency and the current oscilloscope pattern
remained almost unchanged as the sample width
decreased. This observation suggests that the oscilla-
tion frequency is independent of the sample resistivity
(hence, it isrelated to the sample length, rather than to
the external electric circuit). The structures with double
QWs and selective doping (2987 and 4081) were
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Fig. 1. Current-pul se oscilloscope patterns for sample 3734,

measured at (a) E || [110] and (b) E || [100]; T = 4.2 K,
| =3 mm.

“designed” with the purpose to study spatial transport
of carriersin strong lateral electric fields. In such het-
erostructures, the lower level in the narrow (&-doped)
QW is higher by approximately 10 meV than in the
wide well, while the Fermi energy is severa millielec-
tronvolts.

Thus, most carriersare concentrated in widewells at
low temperatures. As carriers are heated in the electric
field, the spatial transport from a wider QW to the
higher-lying level in anarrow well (due to scattering at
optical phonons) should cause a decrease in the mobil-
ity (due to strong impurity scattering in narrow doped
QWSs) and electron thermalization in narrow wells.
A reverse transition appears to be complicated; as a
result, the current can decrease and electric instability
can develop, which qualitatively agrees with the
observed pattern.
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Fig. 2. Thesame asin Fig.1, but for sample 3735.

Further studies showed that current oscillations are
also observed in uniformly doped samples with double
QWs (3490, 3735). It was assumed that instabilities
under conditions of the gpatial transport from wide
QWsinto narrow QWsare caused by scattering at inter-
face roughness, which should play alarger role in nar-
rower QWs. It is reasonable to assume that the oscilla-
tion period is controlled by the time of passage of the
domain of the strong electric field through the sample,
asintheordinary Gunn effect, where the domain veloc-
ity isequal to the carrier drift velacity. A similar result
was also obtained for domain instability in selectively
doped GaAg/AlGaA s heterostructures under conditions
of spatial transport [1]. In the case under consideration,
adrift velocity of about 3 x 10° cm/s corresponds to the
instant of instability onset. At the same time, the
domain velocity can readily be estimated from the
oscillation period, which is approximately 1 us for a
sample 3 mm long. This velocity is as low as 3 x
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10° cm/s, i.e., ten times|lower than the carrier drift veloc-
ity. A similar disagreement also took place for current
oscillations observed in p-InGaAs/GaAs heterostruc-
tures [16], which was inconsistent with the proposed
ODP mechanism associated with spatial transport.

In order to gain insight into the conditions of the ini-
tiation of the observed current instability, the reference
samples that contained separate QWs and uniformly
doped n-GaAs films (see table) were grown and stud-
ied. The |-V characteristics and current-pulse oscillo-
scope patterns of samples with double and single QWs
are similar to each other (cf. Figs. 1 and 2). The thresh-
old values of the applied electric field, the current den-
sities corresponding to oscillation onset, and the oscil-
lation periods agree with good accuracy. Thus, the mea-
surements carried out showed that double QWs in the
heterostructure has aimost no effect on the observed
current instability; hence, this instability is not related
to gpatial transport from wide QWSs into narrow QWSs.
It is noteworthy that current oscillations in multilayer
INg16GayssAS/GaAs heterostructures with individual
deeper QWs were previously observed in [17].

Sample 3518 is a uniformly doped n-GaAs film
2.5 um thick, which corresponds to the thickness of
heterostructures 3490 and 3518 with total carrier con-
centrations close to that in sample 3490 (see table). In
this sample, the current-oscillation dynamics was
appreciably different from that in heterostructures. The
threshold value of the applied electric field somewhat
increased to =450 V/cm in comparison with 300 V/em;
however, the threshold current density (hence, the drift
velocity) decreased to 1.5 A/cm in comparison with
3-4 Alcm. The oscillation shape significantly changed
aswell. Instead of weakly damping sinusoidal or spiky
oscillations, sample 3518 exhibited a significant
“gpike” at the leading edge of the current pulse fol-
lowed by fast-damping oscillations, which is character-
istic of the establishment of stationary domain condi-
tions in the ordinary Gunn effect. It follows from the
oscilloscope patterns that a pronounced current satura-
tion takes place in strong electric fields, which is aso
characteristic of static domain conditions. At the same
time, the oscillation period remained almost the same
asin heterostructures. Sincethereisno spatial transport
in a rather thick epitaxia film, it is clear that current
oscillations observed have aradically different origin.

These studies were complemented with electric-
transport measurements in a series of epitaxial n-GaAs
films with various doping levels (sequentially grown
samples 3628-3631). As the carrier concentration
increased, the static domain conditions in “lightly
doped” samples 3631 and 3630 were replaced by con-
ditions of weakly damping oscillationsin samples 3629
and 3628.

Apparently, the observed current instabilities can be
attributed to the formation of acoustoelectric domains
in the samples under study in strong electric fields. As
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mentioned above, GaAs is a piezoelectric material;
hence, theintense interaction of electronswith acoustic
phonons takes place. An oscillation period of 1 usinthe
samples under study correspondsto atransport velocity
of 3.6 x 10° cm/s, whichis closeto the velocity of prop-
agation of transverse acoustic phonons in the [110]
direction. The efficient interaction of electrons with an
acoustic wave can take place if thiswaveinducesalon-
gitudinal electric field, i.e., a field directed along the
wave propagation. There are only two waves of this
type in GaAs and other semiconductors with identical
crystal structures. atransverse wave polarized along the
[001] crystallographic direction and propagating in the
[110] direction and a longitudinal acoustic wave prop-
agating in the [111] direction [17]. In GaAs, the propa-
gation velocity of the above-mentioned TA and LA
waves is 3.35 x 10° and 5.4 x 10° cm/s, respectively
[18]. In most cases, the TA waveisexcited, which inter-
acts more actively with carriers due to alower velocity.
In [15], the initiation of current instabilities in
GaAgAlGaAs heterostructures was observed when the
carrier drift velocity was 10107 cm/s, i.e., it exceeded
by almost ten times the TA wave velocity in the case
under consideration.

Thus, by analogy with current instabilities observed
in[15], it is reasonable to associate current oscillations
we observed in n-InGaAs/GaAs QW heterostructures
and n-GaAs epitaxial films with acoustoelectronic
instability. In all the above-described samples, the elec-
tric field was applied exactly in the [110] direction,
along which GaAs can be easily cleaved, which neces-
sarily prescribed the configuration of samples and strip
contacts. To verify the hypotheses of *acoustoelec-
tronic origin” of oscillations, rectangular sampleswere
cleaved in the [110] and [100] directions from hetero-
structures with single (3732, 3734) and double (3735)
QWs (see table). In sample 3732 with a low doping
level (ng = 3 x 10'° cm? per QW), oscillations were
amost not observed. At liquid-helium and liquid-nitro-
gen temperatures, pronounced flattening in the |-V char-
acteristic was observed in this sample, which can be
attributed to the formation of a stationary near-anode
acoustoelectric domain. As can be seen from Figs. 1
and 2, current oscillations with a period of about 1 s,
corresponding to a transport velocity of 3.5 x 10° cm/s
close to the TA wave propagation velocity, were
observed in heavier doped heterostructures 3734 and
3735 astheelectric field was applied inthe [110] direc-
tion. However, in the samples cleaved from the same
structures in the [100] direction, the oscillation period
increased approximately by afactor of 1.5. It isreason-
able to explain this increase by the fact that acoustic
waves propagating in the [110] direction at an angle of
45° to the electron drift direction are still excited in the
crystal at E || [100], which decelerates the domain

velocity by afactor of /2 [19, 20].
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Fig. 3. High- and low-frequency current oscillations mea-
suredin sample408lat T=4.2K and | =1 mm.

Apparently, the strong electric field induced in
acoustoelectric domains gives rise to surface break-
down of the samples, which does not allow application
of afield of several kilovolts per centimeter, which is
necessary to implement various mechanisms for gener-
ating the inverse distributions of carriers. To diminish
the probability of breakdown, we used shorter samples
with contacts spaced at 1 mm; the measurements were
carried out with shorter pulses with a duration of sev-
eral tenths of a microsecond. In sample 4081 a T =
4.2 K, we observed for thefirst time current oscillations
of two types [21]: low-frequency oscillations associ-
ated with the formation of acoustoelectric domains
moving in the structure were initiated as usual in fields
of about 300 V/cm; in fields of 1.5 kV/cm, high-fre-
guency (~150 MHz) Gunn-type oscillations arose and
corresponded to an electron transport velocity of 1.5 x
107 cm/s (Fig. 3). High-frequency oscillations were
“modulated” by acoustoelectric oscillations. Simulta-
neously with the initiation of high-frequency oscilla-
tions, intense long-wavelength IR radiation was
detected in the structures. At room temperature, acous-
toelectric oscillations were not initiated, and only high-
frequency oscillations were observed. In sample 4079
with a lower level of doping, mobile acoustoelectric
domains were not formed and high-frequency oscilla-
tions were observed in strong fields. Rather low values
of the applied electric voltage (~1.5 kV/cm a T =
4.2 K), at which Gunn oscillations were initiated, can
be explained by a nonuniform field distribution in the
samplein the presence of a mobile or stationary acous-
toelectric domain.

4. CONCLUSIONS

Thus, 1-V characteristics and current pulse oscillo-
scope patterns of multilayer n-InGaAs/GaAs quantum
well heterostructures and n-GaAs epitaxia films with
various doping level swere measured. It was shown that
the I-V characteristics flatten at low doping levels (N, =
6 x 10 cm? for heterostructures and Ny = 3 x 10'2 cm?
for GaAsfilms) at T=4.2 and 77 K in thefields of 300—
400 V/cm. In more heavily doped samples under the
same conditions, current oscillations are initiated with
a period that corresponds to the transport velocity of
(3-3.5) x 10° cm/s at E || [110] and a period by afactor
of ~1.5 longer at E || [100]. The results obtained are
explained by the formation of, respectively, stationary
and mobile acoustoel ectric domains due to the fact that
TA waves propagating along the [110] crystallographic
direction are excited by hot electrons. At applied volt-
ages above 1.5 kV/cm, high-frequency oscillations cor-
responding to an electron transport velocity of 1.5 x
107 cm/s develop in the structures, which is related to
the formation of the Gunn domains.
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