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Abstract —We present dc, microwave, and millimeter-wave characteris-
tics of different quantum well injection transit time (QWITT) devices.
Small-signal and large-signal device models are used to provide physical
device design parameters to maximize the output power density at any
desired frequency of operation. A peak output power 'density of 3.5-5
kW /cm? in the frequency range of 5-8 GHz has been obtained from a
planar QWITT oscillator. This is the highest output power density ob-
tained from any quantum well oscillator at any frequency. This result also
represents the first planar circuit implementation of a quantum well
oscillator. Good qualitative agreement between dc and RF characteristics
of QWITT devices and theoretical predictions based on small-signal and
large-signal analyses has been achieved. We also present results on improv-
ing device efficiency by optimizing the design of the drift region in the
device through the use of a doping spike. By optimizing the doping
concentration of the spike, an increase in efficiency from 3 to 5 percent
has been obtained, without compromising the output power at X-band.
Self-oscillating QWITT diode mixers have also been demonstrated at
X-band in both waveguide and planar circuits. The self-oscillating mixer
exhibits a conversion gain of about 10 dB in a narrow bandwidth and a
conversion loss of about 5 dB if broad-band operation is desired. This is to
our knowledge the first report of conversion gain obtained from a self-
oscillating mixer using a quantum well device.

I. INTRODUCTION

UANTUM WELL oscillators have been shown to be

capable of generating power at high millimeter-wave
frequencies [1]-[5], and there is great expectation that
these devices will serve as useful local oscillators at fre-
quencies between 100 and 1000 GHz. However, the output
power obtained from these devices, thus far, has been
rather low. The physical device structures that must be
used to maximize the output power density obtained from
these devices remain to be explored fully.

We have proposed an improved quantum well oscillator,
the quantum well injection transit time (QWITT) diode [6],
consisting of a double barrier structure coupled with a
depletion region or drift region. Such a device, when
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Fig. 1. Predicted small-signal specific negative resistance as a function
of frequency for a QWITT diode and a resonant tunneling diode. Note
the broad-band nature of the specific negative resistance and the high
frequency £~ 2 roll-off.

biased in the negative differential resistance (NDR) regime
of its IV characteristic, has a broad-band negative resis-
tance which is essentially constant from dc to a character-
istic frequency w, = |o|/€, where ¢ is the slope of the dc
J—-E curve of the quantum well region about the dc bias
point [7]. For frequencies below «,, the presence of a
depletion region increases the voltage swing between peak
and valley, thus increasing the dc specific negative resis-
tance obtained from the device. Note that for frequencies
below w,, transit time effects are not important, although
depletion region transport can still lead to significant
increases in negative resistance. At low frequency the
optimum depletion region length is independent of fre-
quency, depending primarily on ¢ and the depletion region
saturation velocity [7]. For frequencies beyond w,, transit
time effects become important and the optimum drift
region length does depend on frequency. In addition, at
frequencies above w,, the specific negative resistance of a
device with optimum drift region length rolls off as the
square of the frequency. Fig. 1 shows a plot of small-signal
specific negative resistance as a function of frequency for
optimized QWITT devices [7]. It is important to note that
this broad-band negative resistance is very different from
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the narrow-band specific negative resistance commonly
seen for other transit time devices. This is due to the fact
that the injection region itself (i.e., the quantum well)
possesses negative differential resistance. Also shown is the
calculated specific negative resistance obtained from a
double barrier quantum well structure with no depletion
region on the anode side. We can clearly see that by an
appropriate choice of a depletion region on the anode side
of the device an increase in specific negative resistance,
and hence RF output power, can be obtained. We have
performed both small- and large-signal analyses [7]-[9] of
the QWITT diode in order to develop a model that relates
physical device and material parameters to the RF perfor-
mance of the device. These models can be used to design
an improved device structure for a given frequency of
operation.

There is also increasing interest in developing quantum
well (QW) devices for millimeter-wave technology beyond
source applications [10]. Since the QWITT diode is a
highly nonlinear negative resistance device, and due to the
fact that quantum mechanical tunneling is an intrinsically
low-noise phenomenon, self-oscillating QWITT diode mix-
ers could be expected to possess some conversion gain with
a low noise figure. Therefore, the QWITT diode has the
potential of being used as a self-oscillating mixer.

This paper presents dc and RF results for microwave
and millimeter-wave QWITT diode oscillators in both
planar and waveguide resonant circuits. Two different
types of QWITT structures are studied: (a) devices with a
uniformly doped drift region and (b) devices with a doping
spike at the beginning of the drift region. The dc and RF
characteristics are compared to predicted behavior based
on small-signal and large-signal models for the device.
Preliminary experimental results using the QWITT diode
as a waveguide self-oscillating harmonic mixer and also as
a planar self-oscillating mixer operating in the fundamen-
tal mode are also presented.

II. EXPERIMENT

The heterolayers used in this study were grown in a
Varian GEN II MBE system on n* (3-5x10'® ¢cm~3
Si-doped) (100) GaAs substrates. A schematic diagram of
the device structures used in this study is shown in Fig, 2.
Three QWITT device structures, A, B, and C, consisting of
identical quantum well regions but with three different n~
(5x10' cm ~? Si-doped) GaAs drift region lengths of 500,
1000, and 2000 A, respectively, were examined [11]. A
maximum depletion region length of 2000 A was chosen,
since that corresponds to the optimum length of the drift
region for 10 GHz operation based on the small-signal
model for the QWITT diode [7]. The quantum well regions
consisted of a 50 A GaAs layer sandwiched between two
AlAs layers 17 A thick. The AlAs barrier layers were kept
thin to increase the current density through the device, and
to also promote I'(GaAs)-I'(AlAs) tunneling [12]. Due to
the large I'(GaAs)-I'(AlAs) conduction band discontinu-
ity of 1.1 eV in this material system, increased
T'(GaAs)-T(AlAs) tunneling, as seen in thin AlAs barriers,
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0.5 um n* GaAs
100 A 1x10"" cm™? GaAs
100 A 1x10*% cm™® GaAs

50 A undoped GaAs
17 A AlAs barrier
50 A GaAs well
17 A AlAs barrier
50 A undoped GaAs
5x10'8 cm'sdoped GaAs
n+ GaAs buffer

n+ GaAs substrate

500A, 1000A,
and 2000A

Fig. 2. A schematic cross section of the QWITT diode structures, A
through D, examined in this study.

has been shown to produce improved peak-to-valley cur-
rent ratios from GaAs—AlAs resonant tunneling diodes
(13} A 250-A-thick GaAs spacer region consisting of a 100
A n-type (1x 10" cm ™ Si-doped) layer, followed by a 100
A n-type (1x10' cm~? Si-doped) layer with a 50 A
unintentionally doped p-type ( ~1x 10" cm™3) layer, was
used on the cathode side of the devices (Fig. 2). In addi-
tion, a baseline resonant tunneling diode structure, D, with
the same quantum well layers and with the same 250 A
GaAs spacer layer on either side of the device was grown.
Device mesas were defined using conventional pho-
tolithography and wet etching techniques. Device diame-
ters were typically 4-8 pm, corresponding to a device area
of 1.25-5x10"7 cm®. Continuous and pulsed (50 percent
duty cycle) dc current—voltage characteristics at room tem-
perature were measured.

For QWITT devices containing a uniformly doped de-
pletion region, our self-consistent large-signal model [9]
indicates that the electric field in this region is of the order
of 100 kV/cm. For GaAs, electric fields around 3-10
kV/cm are sufficient to have carrier velocities around 107
cm/s. Hence, a doping spike at the beginning of the drift
region could be introduced, much like that in a lo—hi-lo
IMPATT structure [14], so that the electric field in the
GaAs drift region is reduced, and yet the entire drift
region is fully depleted. This should result in a reduction in
the dc bias across the device and hence improve the
dc-to-RF conversion efficiency. Since the entire drift re-
gion is still depleted, the voltage swing between peak and
valley would remain the same, and thus the RF output
power would not be reduced compared to the uniformly
doped drift region device. Fig. 3 shows the schematic of
the device structures, E through H, examined in this study.
Device E corresponds to the limiting case where the dop-
ing concentration in the spike equals the background dop-
ing of 5x 10 cm ™3 in the drift region. Devices F through
H contain a 100 A GaAs doping spike of varying Si
doping coneentration from 8 X 10 cm =3 to 5x 10" cm 3
at the beginning of the drift region followed by a 1800 A
n-type GaAs layer (5 X 10'® cm ™3 Si-doped). Note that the
total thickness of the GaAs layers following the quantum
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0.5 um n* GaAs
100 A 1x10 7 em™® GaAs
100 A 1x10 '®cm™® GaAs

50 A undoped GaAs
17 _A_AlAs barrier
" 50 A GaAs well

17_A _AlAs barrier
150 A undoped GaAs
100A GaAs spike

1800A
5x10"® cm’ > doped GaAs

n+ GaAs buffer
n+ GaAs substrate

l@— Doping spike

Fig. 3. A schematic cross section of the QWITT diode structures with a
doping spike, E through H, examined in this study; the Si doping in the
spike was varied between 5 X 1016 and 5X 10" cm ™3,
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Fig. 4. Block diagram of the waveguide circuit used at microwave and
millimeter-wave frequencies.

well region on the anode side is constant at 2000 A for
devices C and E through H (Figs. 2 and 3). Device struc-
tures A through H all have identical quantum Well regions
and cathode spacer levels.

Microwave and millimeter-wave waveguide oscillators
were implemented using the QWITT devices described
above. The devices were mounted in WR-90 (8-12 GHz)
and WR-22 (33-50 GHz) waveguides using a micrometer-
controlled post and whisker-contacted for microwave and
millimeter-wave measurements. A block diagram of the

waveguide oscillator measurement setup is shown in Fig. 4.
~ On one end of the waveguide a sliding short is used to
modulate the impedance of the waveguide circuit to obtain
the highest output power. On the other end the waveguide
is coupled to a spectrum analyzer or power meter. The dc
bias to the diode is provided through a bias tee to obtain
dc and RF isolation. It is important to avoid low-frequency
oscillations in the dc bias circuit due to the intrinsic
broad-band negative resistance characteristics of a QWITT
diode. In addition a planar microstrip oscillator circuit was
designed using a standard microwave CAD package,
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Fig. 5. (a) Photograph of a planar microstrip QWITT diode oscillator
at X-band. (b) Schematic layout of the circuit shown in (a).

“output

Touchstone [15], to match the QWITT diode impedance as
predicted by the large-signal model [8]. Fig. 5 shows a
photograph of the 10 GHz planar microstrip oscillator
used. A lo~hi~lo impedance transformer was used to bias
the diode and obtain dc and RF isolation at the bias point.
Chip capacitors were used to block the dc signal at the RF
output. Contact to one device is achieved using a small
whisker, whose inductive contribution was included in the
planar circuit design. This circuit (Fig. 5(a) and (b)) repre-
sents the first planar implementation of a quantum well
oscillator. The output power measurements for the QWITT
oscillator were verified independently using a spectrum
analyzer and an RF power meter.

III. RESULTS AND DISCUSSION
A. DC Characteristics

Table I shows the room-temperature dc I~V characteris-
tics obtained from devices A through D. The QWITT bias
direction corresponds to electron injection from the top
contact. The -V characteristics in cither bias direction for
sample D are quite symmetric with a typical peak-to-valley
current ratio of 2-3:1 and a peak current density of
around 20 kA /cm?. Due to the asymmetric structure of the
QWITT diode (structures A through C), the dc I-V char-
acteristics for the two bias directions are very different. In
any negative resistance diode the voltage and current dif-

ferences between peak and valley, AV and AI,,, must be
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Fig. 6. Room-temperature dc IV curves for QWITT devices A and C

with 500 A and 2000 A depletion region lengths, respectively.

TABLE 1
DC CHARACTERISTICS FOR QWITT DEVICES WITH UNIFORMLY
DoPED DEPLETION REGIONS, A THROUGH D

peak Specific
Vp AV Jp A to Negative
Structure valley | Resistance
(V) (V) ikAem? | kajem? | ratio Q-cm?
A)
50A spacer 2.6
W = 500A 25 0.3 26 12 1.8 x
5x1016 105
8
50A spacer 3.9
wW=1000A | 4.6 0.5 30 13 1.8 x
5x1016 105
©
50A spacer 6.8
W=2000A | 5.1 1.0 28 14 2.0 x
5x1016 105
D)
3.1
symmetric | 0.88 0.34 20 11 2.3 X
RTD 10-5

W is the depletion layer thickness, ¥}, is the peak voltage, AV is the
peak-to-valley voltage difference, J, is the peak current density and AJ
is the peak-to-valley current density difference.

as large as possible to increase the device output power; in
a low frequency model (i.e., frequency below w,={0|/¢),
maximum output power should be proportional to AV,
AT, For the QWITT diode, AV, is increased through the
use of a drift region, but AJ,, should remain virtually the
same as in the intrinsic quantum well. This results in an
increase in the total output power that can be obtained
from the QWITT diode compared to a bare resonant
tunneling diode. For the QWITT bias mode (forward bias,
substrate positive), as the length of the drift region is
increased from 500 to 2000 A, the voltage corresponding to
the current peak, | increases from 2.5 to 5.1 V, and the
voltage difference between peak and valley currents, AV,
also increases from 0.3 to 1.0 V (Fig. 6 and Table I). We
can see that while the variation in peak-to-valley current
differences, AJP,,, and peak current density, JP, for the
three devices A, B, and C is quite small, large differences
in AV, are observed (Table I). Devices A and D have very
similar voltage swings, AV, , since the length of the deple-
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tion region in both these structures is almost the same. The
increase in AV, obtained through a proper choice of the
depletion region length also results in a corresponding
increase in the specific negative resistance (4V,,/AJ,,) of
the device. This suggests that the best oscillator perfor-
mance in terms of output power would be obtained from
device C. For this quantum well structure, when the deple-
tion region length is increased much beyond 2000 A, the
small-signal and large-signal analyses [7], [9] for the
QWITT diode show that the voltage swing between peak
and valley, AV, actually decreases due to the increased
positive resistance in the device arising from both the
space charge resistance and the undepleted portion of the
drift region. This would then result in a degradation in the
RF performance of the diode. For each device structure,
when electrons are injected from the substrate to the top
(reverse bias, substrate negative) AV, is smaller than
when electrons are injected from the top to the substrate
(forward bias). This is because in reverse bias the n~
GaAs drift region is under accumulation, and can add only
positive series resistance to the device, thus reducing AV;,U.
This is in contrast to the QWITT mode, where this region
actually contributes to the negative resistance of the de-
vice.

A systematic study of the variations in peak voltage and
peak current due to both processing conditions and repro-
ducibility of the device structure by MBE was undertaken.
We found a 10 percent variation in peak voltage from
process-induced changes, arising primarily from variations
in the quality of the ohmic contacts, caused by small
changes in the AuGe/Ni metallization scheme. InGaAs-
based ohmic contacts [16] should significantly improve the
ohmic contact reproducibility. Changes in nominally the
same device structure from one MBE growth run to an-
other were found to be within the 10 percent change in
voltage due to processing variations. We have also found a
20 percent variation in the peak current density arising
primary due to inaccuracy in the estimate of the device
area.

In devices E through H a doping spike was introduced
at the beginning of the drift region to reduce the electric
field and thus decrease the dc bias, but yet fully deplete
the entire drift region. Table II shows the room-tempera-
ture dc -V characteristics obtained from devices E
through H. By changing the doping concentration in the
spike from 5x 10 cm ™2 to 510" cm 3 the peak voltage
is reduced from 3.5 V in device E to 0.64 V in device H.
However, the voltage swing, Ame 1s also reduced from 1.1
to 0.34 V, suggesting that the lightly doped GaAs drift
region is not fully depleted. By reducing the spike doping
concentration to 1x10Y cm™? in device G the voltage
swing, AV,,, improves to 0.64 V but this value is still lower
than that seen in the uniformly doped device E. A further
reduction in the spike doping concentration to 8X10%6
em™? in device F causes AV to recover to 1.2 V. Note
that the peak voltage in device F is about 30 percent lower
than in device E, but the voltage swing, AV, , and the

. X pve, .
current swing, AJI,,,, for the two devices are similar. This
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TABLE 1I
DC CHARACTERISTICS FOR QWITT DEVICES WITH A DOPING
Spikg, E THROUGH H
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TABLE III
MICROWAVE AND MILLIMETER-WAVE PERFORMANCE OF
QWITT D1oDE OSCILLATORS, A THROUGH D,

4.0
Voltage (V)

Fig. 7. Room-temperature de I-V curves for QWITT devices E and F
with a Si doping spike of 5 X 10" cm =3 and 1 X 10*” cm ™3, respectively.

6.0

suggests that the oscillator output power obtained from
devices E and F should be the same, with device F having
a higher efficiency due to the lower dc bias obtained
through the introduction of a doping spike. The room-tem-
perature dc IV curves for devices E and F are shown in
Fig. 7. As seen before in devices A through C, in the

opposite bias direction when the drift region is under

accumulation the increased series resistance in the device
causes a reduction in the voltage swing, AV,

In conclusion, dc characteristics of different QWITT
devices with both uniformly doped drift regions and with
drift regions containing a doping spike have been pre-
sented. In order to obtain the best RF oscillation perfor-
mance the importance of choosing a device structure that
maximizes the AV, -Al,, product, is emphasized. As will
be seen in the next section when characterizing QWITT
diode oscillators at frequencies below the characteristic
frequency, |o|/27e (this frequency is typically around 40
GHz for |o|= 0.3 mho/cm), the dc characteristics are a
good measure of RF oscillator performance. This is consis-
tent with the small-signal analysis for the QWITT diode
[7], where we found that the specific negative resistance for

IN BoTH WAVEGUIDE AND PLANAR CIRCUITS;
peak Specific MEASURED NEGATIVE RESISTANCE AND THAT
Vp av Jp A to Negative PREDICTED BY THE SMALL-SIGNAL
Structure valley | Resistance MobEL [7] ARE ALSO GIVEN
M V) |kavem? |kaiem? | ratio | 0-om? '
Drift Region $pecific Negative Output Oscillation
1°0£ P'ke 5.8 Length Resistance Power Freguency
5x10 35 | 1.1 31 19 | 25 x (105 Q-cm?) W (GH)
W = 1800A 10-5 Measured Simuiation
500 A (A) 2.6 2.4 3 8-12
1001{ spike 7.0 240 {planan) &8
8x1016 2.6 1.2 28 17 2.6 X 275 (planar) 68
W = 1800A 10-5 1000 A (B) 39 3.7 10 8-12
2000 A (C) 6.8 5.9 30 8-12
1001 s?tke 5.3 30 28-31
1x10 0.9 0.64 23 12 2.1 x 910 {planan 58
W = 1800A 10-5 Symmetric 3.1 2.7 1 8-12
RTD (D)
100£ er 2.8
5x1017 0.64 0.34 21 12 2.3
W = 1800A 105 TABLE 1V
MICROWAVE AND MILLIMETER-WAVE PERFORMANCE OF
QWITT D10opE OSCILLATORS, E THROUGH H,
IN PLANAR MICROSTRIP CIRCUITS
E
Doping Output Efficioncy Oscillation
;E y Spike Power (uW) Frequency (GHz)
E "\,..‘.; uniform 850 3.5% 5-8
= / : ; 5x1016 (E)
] / 8x10'8 () 1000 5.0% 5-8
= .
8 1x1017 (G) 350 4.3% 5-8
5x1017 (H) 100 3% 5-8

a QWITT diode is essentially constant from dc up to
frequencies around |o|/27e.

B. Microwave and Millimeter-Wave Oscillator

The microwave and millimeter-wave performances of
different QWITT device structures, A through H, are
summarized in Tables III and IV. For each device in the
waveguide circuit the output power was a strong function
of the position of the sliding short, while the oscillation
frequency was only weakly dependent on it. The oscilla-
tion frequency was governed by the impedance of the
diode and the dc bias point. We can see from Table 11
that, for devices with the same quantum well structure, as
the length of the drift region is increased from 500 to 2000
A, the output power at X-band in the waveguide circuit
increases from 3 to 30 uW. The devices were also mounted
in the planar microstrip circuit shown in Fig. 5. With this
microstrip circuit oscillations in the frequency range of
6-8 GHz were detected, with a peak output power of ~1
mW from device C. This corresponds to an output power
density of 3.5-5.0 kW /cm? for a device area of 2-3.5 X107
cm? (5-6 pm in diameter). This result is the highest output
power obtained from any quanturn well oscillator at any
frequency and shows approximately five times higher power
and two to three times higher output power density than
reported in the literature [17] for a comparable frequency.
This result also represents the first planar circuit imple-
mentation of a quantum well oscillator. The impedance of
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Fig. 8. Spectrum of a QWITT diode (device F) oscillating at 31 GHz in
a waveguide circuit.

the planar oscillator circuit is much lower than the full-
height waveguide circuit, and the improvement in output
power seen in the planar circuit as compared to the wave-
guide circuit (see Table III) is probably due to a better
match to the low impedance of the device. For the differ-
ent devices, as the length of the drift region is increased
from 500 to 2000 A, the output power increases dramati-
cally in both waveguide and planar oscillator circuits (Ta-
ble III). The output power at 10 GHz is lower than
estimates based on large-signal models for the QWITT
diode [8], [18], [19]. This is primarily because the device
areas used in this study were not optimized to obtain the
highest output power [8] to avoid excessive heating and
consequent heat sinking problems. The peak current den-
sity in these devices (Table III) is around 25 kA /cm?. By
appropriately choosing the thickness of the quantum well
layers the current density can be increased further [20],
thus improving the device output power. However, the
dramatic increase in output power obtained in devices B
and C clearly suggests that, as predicted by the small-sig-
nal analysis, the intrinsic device specific negative resistance
has been increased through an appropriate choice of drift
region length. Further, Table III also shows that at 10
GHz the improvement in RF output power tracks the dc
specific negative resistance of the device. This is in keeping
with predicted models for the QWITT diode [7], which
indicate that the dc I-V curve for the device is a good
measure of RF performance at frequencies below |o|/2re
(typically around 40 GHz). Millimeter-wave oscillations in
the frequency range 28-31 GHz were obtained in a full-
.height waveguide circuit from device C with 30 uW output
power. Fig. 8 shows a spectrum of a QWITT diode oscillat-
ing at 31 GHz in a waveguide resonant circuit. Note that
the output power in the WR-22 waveguide circuit at these
frequencies ( Ka-band) is the same as that obtained from
the device in the WR-90 waveguide circuit at X-band. This
indicates that the specific negative resistance of the device
has not dramatically changed between 10 and 30 GHz.
This is in keeping with the small-signal analysis, which
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predicts a flat response in specific negative resistance at
frequencies below |6|/2e, beyond which the specific neg-
ative resistance rolls off as the quantum well capacitance
starts to dominate current injection into the drift region.

In order to calculate the specific negative resistance for
these devices, the intrinsic injection conductance (o =
dJ/dE) of the quantum well is determined from the
experimental dc IV characteristics by accounting for the
voltage drops in the GaAs spacer regions using a drift /dif-
fusion formalism [9]. For the samples A, B, C, and D, the
injection conductance is found to be —0.24, -0.28, —0.20,
and —0.15 mho/cm respectively. This value for o is then
used to predict the specific negative resistance for the three
devices [7] by assuming a constant carrier velocity in the
drift region of 2107 cm/s (Table III). We can see from
Table III that the measured specific negative resistance
(AV/AJ) obtained from the dc characteristics of the diode
compares well with the predicted values [7].

In devices E through H (see Fig. 3) a doping spike was
introduced at the beginning of the drift region to reduce
the electric field and thus decrease the dc bias, but yet
fully deplete the entire drift region. We can see that in
devices G and H the doping concentration in the spike is
so high that a large fraction of the drift region is not
depleted, causing a reduction in the voltage swing, AV,
This directly translates into lower RF output power for
devices G and H, as seen in Table IV. Device E, which is
the limiting case of the spike (i.e., a uniformly doped drift
region) produces an output power of 850 uW at 3.5 percent
efficiency (Table I). Device F is clearly the optimum device
since by introducing a 8x10' ¢m~3 doping spike the
device efficiency is increased by almost 50 percent com-
pared to device E, with marginally higher output power
(1 mW). The RF results obtained from devices C, E, and F
represent significant improvement in output power density
over previous reports in the literature {17]. Millimeter-wave
oscillations in the frequency range 28-31 GHz were also
obtained in a full-height waveguide circuit from both de-
vices E and F with 30 pW output power. As before, the
output power in the waveguide circuit compared to the
microstrip circuit is low due to the poor impedance match
between the diode and full-height waveguide.

In summary, microwave and millimeter-wave character-
istics of QWITT diode oscillators have been presented. A
peak output power of 1 mW, corresponding to an output
power density of 3.5-5 kW /cm?, in the frequency range of
5-8 GHz has been obtained from a planar QWITT oscilla-
tor. Millimeter-wave oscillations at 2831 GHz in a wave-
guide circuit with an output power of 30 uW have been
obtained. In addition, good qualitative agreement between
dc and RF characteristics of QWITT devices and theoreti-
cal predictions based on small-signal and large-signal anal-
yses has been obtained. We have also presented results in
improving device efficiency by optimizing the design of the
drift region in the device through the use of a doping
spike. By optimizing the doping concentration of the dop-
ing spike, an increase in efficiency of from 3 to 5 percent
has been obtained, without compromising the output power
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at X-band. It is clear that there is considerable room for
optimization of both the resonant cavity and physical
device parameters, including device areas, to maximize RF
output power. Nonetheless, the performance achieved here
suggests that through further improvements in device and
circuit design higher power output may be possible.

C. Self-Oscillating Mixer

We have recently evaluated the potential of a QWITT
diode as a self-oscillating mixer [21]. We have realized
self-oscillating mixers at X-band in waveguide and planar
circuits. In the waveguide circuit the QWITT diode is
mounted on a micrometer-controlled post which is in
electrical contact with the waveguide walls. The dc bias
and intermediate frequency connections are provided using
a whisker on a metallic post inside the waveguide (see Fig.
4). An E and H tuner is used to minimize RF reflection
and improve the conversion efficiency. The sliding short in
the waveguide can also be adjusted to minimize conversion
loss. An RF input frequency of 9.3 GHz was chosen in
these experiments. A maximum conversion gain of 10 dB
was obtained over a narrow bandwidth of 10-20 MHz.
The center frequency of the IF signal which results in
conversion gain could be varied from the MHz range to
about 1 GHz. Broad-band operation (around 100 MHz)
was achieved with an average conversion loss of about 5
dB.

The planar self-oscillating mixer uses a microstrip reso-
nant circuit and operates in the fundamental conversion
mode. The oscillation frequency of the mixer in this circuit
was about 10 GHz. We were able to obtain conversion
gains of about 4 dB over a narrow bandwidth of 10-20
MHz. At larger bandwidths (40-200 MHz) conversion
losses of about 10 dB with 1.5 dB fluctuations over the
entire band were measured.

In summary, self-oscillating QWITT diode mixers have
the ability to produce conversion gain at X-band. To the
best of our knowledge [10] this is the first report of
conversion gain obtained from a self-oscillating mixer us-
ing a quantum well device.

IV. CoNCLUSION

We have presented dc, microwave, and millimeter-wave
characteristics of a QWITT diode oscillator. A peak output
power of 1 mW, corresponding to an output power density
of 3.5-5 kW /cm?, in the frequency range of 5-8 GHz has
been obtained from a planar QWITT oscillator. This is the
highest output power obtained from any quantum well
oscillator at any frequency and provides approximately
five times higher power and two to three times higher
output power density than reported in the literature [17]
for a comparable frequency. This result also represents the
first planar circuit implementation of a quantum well
oscillator. In addition, we have presented results on im-
proving device efficiency by optimizing the design of the
drift region in the device through the use of a doping
spike. By optimizing the doping concentration of the spike,
an increase in efficiency of from 3 to 5 percent is obtained,
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without compromising output power at X-band. Good

" qualitative agreement between dc and RF characteristics

of QWITT devices and theoretical predictions based on
small-signal and large-signal analyses is obtained. Millime-
ter-wave oscillations at 28-31 GHz in a full-height wave-
guide circuit with an output power of 30 gW have been
obtained. We have also demonstrated self-oscillating
QWITT diode mixers which have the ability to produce
conversion gain at X-band. This is to our knowledge the
first report of conversion gain obtained from a self-oscillat-
ing mixer using a quantum well device.

There is considerable room for optimization of both the
resonant cavity and physical device parameters to maxi-
mize the oscillator output power. By choosing a
InGaAs/InAlAs QWITT structure with high current den-
sities and large peak-to-valley current ratios, even higher
output power densities should be realizable. By appropri-
ately choosing the thickness of the quantum well layers the
peak current density can be increased further [20], thus
improving the device output power. Proper device area
optimization [8] will also further enhance the RF output
power. It may also be possible to power combine these
devices in parallel by periodically loading a parallel-plate
waveguide [22], [19]. Nonetheless, the performance achieved
here is promising and through further improvements in
device and circuit design higher power output may be
possible. It seems clear that the actual power limitations of
quantum well oscillators have not yet been determined,
and that through.the use of QWITT design principles
useful power levels may be achieved at millimeter-wave
frequencies.
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