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Microwave Interactions in Semiconductor
Multiple-Quantum-Well Heterostructures
Utilizing a Coplanar-Strip Geometry Device

Steven W. Kirchoefer, Member, IEEE

Abstract—A novel device design utilizing a multiple-quantum-
well heterostructure conduction channel with an oxide-isolated
overlying coplanar-strip transmission line has been constructed.
These devices exhibit negative differential conductance in their dc
characteristics for current transport in the plane of the quantum-
well layers, originating from the change in mobility of the heated
electrons within the quantum-well structure. This device design
has permitted the observation of nonlinear conduction properties
using these multiple-quantum-well heterostructures at microwave
frequencies.

I. INTRODUCTION

ONLINEAR conduction effects in quantum-well het-

erostructure devices have been widely investigated for
use in microwave applications. The microwave performance
of prototype multiple-quantum-well heterojunction devices is
typically limited to a few gigahertz by the parasitic effects
that are always present in discrete device designs [1], [2]. The
result is in an inability to characterize the frequency limita-
tions of the undetlying conduction processes in the pertinent
structures. This paper reports on the use of a coplanar-strip
fabrication technology to construct a novel coplanar stripline
device and observe microwave properties at higher frequencies
than can be accommodated with conventional nondistributed
device designs.

A. DC Cornduction in Multi-Level
Quantum-Well Heterostructures

The basic concept behind the negative-conductivity proper-
ties of multiple-level quantum-well heterostructures is analo-
gous to the concept underlying the Gunn effect. With the Gunn
effect, electrons at low applied electric fields reside in the
high-mebility low-energy I" -minimum of the conduction band.
When a sufficiently high electric field is applied, electrons
become heated, and can make transitions from the I'-minimum
to the X -minima. Electrons in the X-minima have relatively
low mobility and high energy compared to those in the IT" mini-
mum. It is the co-existence of these low-energy, high-mobility
states with high-energy, low-mobility states into which heated
electrons can scatter that form the conceptual basis for the
intervalley scattering model of the Gunn effect. Intervalley
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scattering is a k-space phenomena. Real-space analogs to
intervalley scattering have also been demonstrated [3]-[5].
These concepts involve the use of heterostructure-growth
technologies to realize materials that possess low-energy, high-
mobility and high-energy, low-mobility states originating from
real-space properties in these structures, rather than from
k-space properties. Because the transitions between states
occur in real space and not in k-space, one expects not
to observe the domain-formation consequences of intervalley
scattering. This lack of domain formation and the resulting
uniform electric field distribution with applied bias makes
these materials attractive for incorporation into distributed
devices which stand to benefit from the spatial independence of
the negative conductivity. A simple coplanar-strip transmission
line represents such a device application, since the bias-
dependent conductivity of the heterostructure appears to the
transmission line as a substrate of variable-conductivity. By
measuring the microwave properties of this transmission line
while applying a dc electric field to the heterojunction, the
microwave response of the quantum-well conduction as a
function of the dc bias can be observed.

The manner in which one incorporates the necessary energy-
state characteristics into a heterostructure design is straightfor-
ward. Many heterojunction materials have variable mobilities
and bandgaps within lattice-matched composition ranges, and
so offer the possibility of realizing a real-space device through
composition variations in bulk heterojunction layers [3], [4].
Another method to realize these structures involves the use
of quantum wells [5], [6]. Quantum wells are fabricated by
sandwiching a low-energy-gap layer between higher-energy-
gap materials, as in a standard double heterojunction, but with
the low-energy-gap layer thickness set below the deBroglie
wavelength of the electrons in the material. This results
in quantum confinement of the electrons in the direction
perpendicular to the growth plane, and in an elevation in
energy of the lowest available electron energy states above
the conduction band edge. The thinner the layer, the more
the ground-state energy is elevated. The spatial overlap of
the electron wavefunction into the high-energy barriers also
increases with thinner layers. If the barrier material is chosen to
have a lower mobility than the well material, then the mobility
for electrons in the thinner wells will be less. The necessary
configuration of low-energy high-mobility and high-energy
low-mobility states can be designed by placing quantum wells
of differing thicknesses in close proximity to one another. At
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low applied electric fields, electrons populate the ground state
energy levels of the widest quantum wells. As the applied
field is increased, electrons gain sufficient energy to scatter
into the higher states, thus populating the narrower wells of
higher energy and lower mobility. The negative differential
conductivity and nonlinear resistance associated with this
effect should exist to very high frequencies, since the transit
distances are very small and relaxation times involved are very
short.

B. Microwave Conduction Considerations

The principle objective of this work has been to measure
the microwave conduction properties of a specialized class of
semiconductor heterostructures. It is necessary to be able to
place the sample in interaction with a propagating microwave
signal while simultaneously applying a constant electric dec-
bias field to the sample. The special device geometry used to
accomplish this is shown in Fig. 1(a). The device footprint
covers a substrate area of 700 x 700 um. This contains a
200 x 700-pm central active region upon which the coplanar
stripline is fabricated. Two 300 x 300-um ohmic contact
regions are positioned on opposite sides of this central region
to permit the application of the dc bias. A cross section of
the device is shown in Fig. 1(b). The coplanar stripline is
electrically isolated from the multiple-quantum well region by
a 3000-A-thick oxide layer. The coplanar striplines are made
from an e-beam evaporator-deposited 1.5-um-thick Ag layer,
patterned in the lateral dimensions necessary to result in a 50-
ohm transmission-line characteristic impedance. The coplanar
stripline within the active region of the device consists of two
15-pm-wide strips separated by a 35-pm-wide gap. Outside
of the active region, the coplanar stripline flares to 30-um-
wide strips with a 70-um-wide separation. The flaring is
necessary to provide for contact pads that are compatible. with
the employed microwave probe. This design results in two
distinct interacting devices—the dc device consisting of the
ohmic contacts and of the heterolayers necessary for ohmic
contact formation and dc conduction, and the microwave
device consisting of the coplanar-strip transmission line and
the insulating and semiconducting layers that comprise its
substrate. The only coupling between these two devices is
through the interaction between fields associated with the
propagating microwave signal along the transmission line and
the heated electrons in the quantum wells. The steps required
to fabricate this geometry are described below.

II. DEVICE DESIGN AND FABRICATION
A. Heterostructure Design

The heterostructure types that are of interest for these mea-
surements are those which have been demonstrated to exhibit
nonlinear conduction and negative differential conductivity
at dc and low frequencies. A typical heterostructure of this
kind utilizes a multi-level superlattice—a superlattice that is
composed of repeated sequences of dissimilar quantum wells
[51, [6]. Such a structure is usually realized using molecular
beam epitaxy. One particular structure, which will be described
in detail here, is shown in Fig. 2 and was grown by the
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Fig. i. (a) Coplanar stripline device, with (b) cross-section at dotted line,
showing geometry of the device components.

following sequence as illustrated in Fig. 2(a): A 5000-A-
thick undoped GaAs layer is deposited initially on a semi-
insulating GaAs substrate, followed by 2-um-thick (10-period)
superlattice with a unit cell composed of a 450-A-thick GaAs
region, a sequence of 140 A, 70 A, 50 A, 70 A, and 140 A
GaAs wells separated from one another by 80 A Alg 3Gag 7As
barriers, followed by a second 450-A-thick GaAs layer. The
conduction-band edge as a function of thickness as well as
the relative positions of the ground state energies is shown in
Fig. 2(b). The entire 2-ym-thick multi-quantum-well region
is doped n-type with 10'® cm—2 Si. This level of doping
has been determined to be the minimum necessary for ohmic
conduction in the quantum well region. Ohmic conduction
is important, since the applied bias must result in a uniform
applied electric field in the quantum wells. Depletion effects
and charge accumulations will result if the electric field is
nonuniform, and will dominate the device conduction, Lower
doping levels decrease the threshold for applied-bias-induced
depletion pinch-off of the channel, and increase the effect of
space-charge-limited-injection accumulations at the contacts.
Higher doping levels result in addition power dissipation,
which heats the device and degrades the high-field conduction
nonlinearities. Degenerately-high doping levels can also result
in such large carrier populations that the quantum well band-
structure becomes swamped with electrons, and higher energy
empty states necessary for real-space transfer are occupied.
Thus, a doping level of about 10'® cm™2 Si is optimal for
the superlattice. On top of this superlattice a 2500-A-thick
GaAs layer doped n-type with 10'® cm —3 Si is grown to
permit easy formation of ohmic contacts. This device structure
was originally chosen for the purposes of investigating the
properties of the negative differential conductivity effect first
observed in quantum-well electron barrier diodes [7], when
similar multiple-quantum-well sequences are incorporated into
a channel conduction device design. At low bias, electrons
are present principally in the 450-A-thick GaAs layers. As
the electrons heat under high bias conditions, they scatter
into the higher energy states of the adjacent quantum wells,
where the combination of two-dimensional confinement and
wavefunction overlap with the Alg 3Gag7As barriers results
in reduced mobility. This real-space shift in the population
of electrons from high-mobility to low-mobility layers results
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Fig. 2. (a) Heterostructure layers and (b) multiple-quantum-well geometry.

in the observed negative differential conductivity as measured
from the dc device terminals.

B. Device Fabrication

The devices were fabricated from the superlattice mate-
rial using standard photolithographic techniques. Initially, the
highly-doped contact layer had to be removed from between
the ohmic contact regions to prevent the device from shorting
out through this layer. This was accomplished by opening
windows in Microposit 1350J photoresist, and then etching
the contact layer off with a HyOo-NH3OH selective etch.
A layer of insulating SiO; was then sputter-deposited over
the sample, and a second photoresist step was undertaken to
remove the oxide layer from the ohmic contact regions and to
pattern the Ni-Ge-Au ohmic contacts using photoresist liftoff.
Another photoresist patterning step was performed to fabricate
L.5-pm-thick Ag coplanar stripline on the device. The strip
metallization was deposited to a minimum thickness of 1.5
pm. A thickness on the order of a skin depth is necessary
to keep microwave losses within acceptable bounds. A final
photoresist step was used to cover the entire device structure
and isolate it from the rest of the sample with a 2-pm-high
mesa, etched with 5:1:1 HySO4:H2045:H30. The completed
devices were subsequently mounted on copper heat sinks for
testing.

III. CHARACTERIZATION AND MEASUREMENT
A. Low-Frequency Measurements

Dc characterization of the completed devices was performed
initially to determine the bias regimes of nonlinear conductiv-
ity and to test for basic device operation. The measurements
were made using a lock-in amplifier conductance measuring
technique [6], [8]. Dc probes were dropped on the ohmic
contacts to permit electrical connection to the device. The
device under test was connected in series with a 100-ohm
current-sensing resistor. A 2-mV ac signal was superim-
posed on the applied dc, and the ac and dc voltages were
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Fig. 3. Current (I) and conductance (G—measured at 1 KHz) as a function
of voltage, taken from the dc contacts of the device.

measured across the device and the current-sensing resistor.
Measurements were made from the dc-bias contacts and do
not involve the coplanar stripline. Thus, direct one-for-one
comparisons with the component values and equivalent circuit
models determined from the high frequency measurements
are not possible. The dc conductance measurements taken
at 1 KHz and the current and conductance versus voltage
characteristics for this heterostructure are shown in Fig. 3. This
device experienced negative differential conductivity above 35
V of dc bias, and was observed to be slightly photoconductive
due to the relatively low carrier concentrations present in
the wells. It is also apparent that the negative differential
conductivity observed under dc excitation does not manifest
itself as negative conductivity as measured from the dc contact
terminals at 1 KHz. This difference demonstrates that some
portion of the dc nonlinearities have very low frequency limits,
and emphasizes the importance of obtaining microwave data to
determine the frequency response of these conductivity effects.

Additional measurements have been made of the low-
frequency response using the same lock-in amplifier setup.
Data was taken at discrete bias points, while sweeping the
2-mV ac frequency from 100 Hz-50 KHz. The equivalent
circuit model which best matches to the low-frequency data
is shown in Fig. 4, along with a plot of the variation of
equivalent-circuit element values with bias. This equivalent
circuit represents the channel region between the dc contacts,
and the voltage dependence of the components represents
a linear fit to the changing conduction properties of the
channel as electrons scatter into higher energy states with
increasing voltage. The inclusion of capacitance in this circuit
is consistent with the energy storage effects observed in
carlier devices [8]. These values are consistent with the
dc current versus voltage characteristics of Fig. 3, although
direct measurement of negative differential conductivity is not
confirmed.

B. Microwave Measurements

Microwave characterization of these devices was conducted
using a Cascade Microtech microwave probe station connected
to an HP 8510 network analyzer. All microwave measurements
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Fig. 4. Equivalent-circuit component values derived from low-frequency
measurement (100 Hz-50 KHz) for the circuit shown in the inset.

were made using the coplanar strip contacts, designed with
the proper geometry to accommodate ground-signal probes.
Dc bias was provided with the same equipment used to
carry out the low-frequency measurements, and low-frequency
conductivity was measured concurrently with the microwave
conductjvity in order to monitor the bias state of the device
throughout the measurement cycle.

1) Open-circuit reflection measurements: Because of the
insulating SiO; layer underlying the stripline, it is expected
that a simple lumped element model of this device would be
dominated by a series capacitor. This leads to the conclusion
that any conductivity changes in the multiple quantum wells
will be most strongly observed in an open circuit reflection
measurement. Such measurements have been conducted in
the frequency range from 45 MHz-20 GHz. Fig. 5 shows the
reflection coefficient data (S11) for a frequency range from
45 MHz-10 GHz with low- and high-bias states plotted on a
Smith Chart. This verifies the large effect of device bias on
the observed impedance of the coplanar stripline. Calculated
curves are also shown in Fig. 5 for the equivalent circuit
shown in the inset of Fig. 6. This model fit is represented
by the smooth lines that overly the much less smooth data
lines of Fig. 5. At low frequencies, nearly all of the signal is
reflected, resulting in data points near the open circuit point
on the Smith Chart. This is expected, since the oxide layer is
capacitive in its effect and presents a high series impedance
which reduces the interaction with the quantum-well layers
at low frequencies. As the excitation frequency is increased,
the data points move toward the center of the chart. At no
frequency or dc bias does the data move outside the unit circle,
as might be expected in the presence of negative differential
conductivity. Fig. 6 summarizes the equivalent circuit element
values for the complete data set as a function of applied bias.
The fixed 3-pF capacitance is due to the insulating oxide
layer underlying the coplanar stripline. The 150-ohm fixed
resistor is a leakage path to ground. The variable resistor
and capacitor represent the quantum well region. The voltage
dependence of the variable resistance is consistent with the dc
and low frequency ac results. Direct observation of negative
differential conductivity appears to occur only in the dc regime
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Fig. 5. Reflection data with calculated equivalent- circuit response for low (0
V) and high (41 V) dc device biases, beginning near the open circuit point
for 50 MHz, and shifting toward the center of the chart as the frequency is
increased to 10 GHz.

120 1.1
g 100 { 09 ‘33
a
o J 2
32 3
s oy 2
- 80 - .
s
g J s
E ¢
O 60 405 8
40 & 0.3

50

Applied Voltage (V)

Fig. 6. Equivalent-circuit component values derived from reflection mea-
surements for the circuit shown in the inset.

for this particular device. The variable capacitance seen here
is consistent with low-frequency data observations, and is
expected to originate from interactions between the heated
electron populations in the adjacent quantum wells [8].

2) Transmission measurements: Interaction between the
substrate under bias and the overlying microwave coplanar
stripline has been observed in transmission measurements, as
well. Fig. 7(a) shows the transmission coefficient plotted for
the low-bias state and Fig. 7(b) shows the transmission data
for the high-bias state of this device. The smooth lines of
Fig. 7 represent calculated model fittings, based on a standard
model developed by EESof for use in transmission line design,
to the less-smooth experimental data. At low frequencies,
the transmission is near unity, resulting in data points near
the unity-transmission point on the transmission coefficient
plane. As the frequency is increased, coupling to the substrate
through the insulating oxide layer results in microwave loss,
causing the measured data to move toward the center of the
chart. The changes in transmission with applied dc bias are
relatively small. This is to be expected given the small degree
of field overlap with the superlattice layers. Yet, this data
clearly demonstrates bias-dependent interaction between the
multiple quantum wells and the microwave coplanar line. As
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Fig. 7. Transmission data with calculated equivalent-circuit response for (a)
low (0 V) and (b) high (46 V) dc device biases, beginning near the unity
transmission point for 50 MHz, and shifting toward the center of the chart as
the frequency is increased to 12 GHz.

bias is applied, the data shifts away from the center of the
chart. This means that the microwave losses present at low
dc bias are reduced at high dc bias, as would be expected as
the superlattice conductivity decreases with applied dc bias. A
standard numerical design model for coplanar lines has been
utilized to model this data. Appropriate physical dimensions
and substrate parameters corresponding to the actual device
design were used. In order to account for the coplanar line
flaring necessary for matching to the probe spacing, a serics
capacitor-resistor pair is added to both ports of the coplanar
stripline model. The bias dependence of the tuning capacitor
as well as the substrate loss tangent determined by fitting
to the measured data are shown in Fig. 8. A change in loss
tangent from 8 to 5 is observed over the dc-bias range of
the measurement. These numbers are only crudely applicable
to the actual geometry of this experiment, since the model
employed assumes a homogeneous substrate composition,
which is obviously not the case here. However, the trend in
the data is clearly observed, and the resulting reduction in loss
tangent is consistent with the measured conductivity changes
in the device at dc and low frequencies. These data are also
consistent with the reflection coefficient data measured over
the same frequency range in the open-circuit measurements
of Figs. 6 and 7.
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Fig. 8. Equivalent-circuit component values calculated from transmission
measurements for the circuit shown in the inset.

IV. CONCLUSION

A mnovel coplanar stripline device design as been used
to investigate microwave interactions in a multiple-quantum-
well GaAs-AlGaAs heterostructure under applied dc bias.
Correlation between the dc terminal characteristics of this
structure under bias and changes in the microwave proper-
ties of the overlying coupled transmission line have been
demonstrated. The microwave data correlates well with the
low-frequency characteristics of the device, showing that the
nonlinear conduction effects present at low frequencies extend
into the microwave range to at least 20 GHz. This new device
concept is attractive due to the high degree of flexibility in
both the heterostructure and microwave considerations of the
design. Variations of this device can be optimized for use as
microwave mixers, detectors, or other applications which can
exploit these nonlinear conduction effects.
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