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A molecular beam epitaxial grown GaAs three-terminal device with a delta-doped barrier and
GalnAs quantum well exhibiting controllable S-shaped negative differential resistance and
switching voltages has been fabricated and tested. The device has a large potential barrier
between the anode and cathode regions which can be modulated via a third terminal. The
modulation of the potential barrier has a substantial effect on the switching behavior of the
device. For the devices having a cathode contact area of 50 ym”, a spectrum analyzer reveals
unstable oscillation up to the system measurement Himit of 21 GHz. The output power signal
for the best device is greater than — 10 dBm which is 20 ¢B above the noise ficor at 20.8 GHz.
The results show this device to be a potentially useful and promising high-frequency oscillator.

Over the last two decades a variety of devices has dis-
played either N-shaped or S-shaped negative differential re-
sistance {INDR). Devices possessing NDR have long been
sought after as high-speed switches and as high-frequency
oscillators because of their potential for power generation in
the microwave and millimeter wave region. All of the S-
shaped NDR devices having high-speed potential including
the metal-insulator-semiconductor,' p-n junction,” superlat-
tice,>* and heterojunction™® devices are two-terminal de-
vices, and few have demonstrated microwave oscillation.*”
While there are some S-shaped three-terminal devices hav-
ing a NDR region, specifically triacs, there are no three-
terminal S-shaped NDR devices capable of microwave fre-
guency oscillation. In this letter, we report a new
three-terminal delta-doped barrier switching device with
controlable S-shaped NDR. Stable operation regions within
the NDR region were also observed. The operation principle
of the devices and their high-frequency performance are dis-
cussed.

The structures were grown in a Perkin—Elmer 43CP mo-
lecular beam epitaxy system at a substrate temperature of
580 °C. The basic device structure, as shown in Fig. i, con-
sisted of 2 1 um Si-doped GaAs (n = 3X 16" cm™?) buffer
layer, followed by a 3000 A undoped GaAs (2X 10" cm ™7},
100 A Be-doped GaAs (p = 8X 10" cm?), 20 A undoped
GaAs spacer layer, 150 A undoped Ga,_ ,In As (x <(0.2)
guantum well, 20 A undoped GaAs spacer layer, 100 A Be-
doped GaAs (p = 8X 10" cm ™), 3000 A undoped GaAs,
and a 3000 A Si-doped GaAs (7 = 3 10" cm ™} cap layer.

After growth, 55 gem X 100 gm mesas were patterned on
the surface of the wafer using conventional photolithogra-
phy and a wet chemical etch. Ohmic contacts having 50 um”
areas were then formed to the cathode and anode regions by
deposition of 350 A Ge/150 A Ni/1200 A Au on the top and
bottom n'* layers, respectively, and alloyed at 400 °C for 15
s. The cap layer was then removed and photclithographical-
ly patterned grooves were then etched through the p™ lavers
and into the bottom undoped GaAs layer using a wet chemi-
cal etch (1 H,S0,:8 H,0,:200 H,O, 0°C). Nonalloyed ch-
mic contacts of 350 A Crand 1200 A Au were then deposited
over these grooves 1o facilitate the gate contact. After pro-
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cessing, the current-voltage ({-¥) characteristics for the de-
vices were measured using both a Tektronix 370 program-
mable curve tracer and a HP 4145A semiconductor
parameter analyzer. Microwave oscillation spectra were ob-
served using a Cascade Microtech probe, Tektronix 2755P
spectrum analyzer, and a Tekironix 177 curve tracer that
served as the bias supply.

The switching behavicr of a typical device having three
terminals is shown in Fig. 2 for three different bias condi-
tions. it shows S-shaped -V characteristics with 2 NDR
region between the initial off-state voltage and the on-state
voltage V,,. The application of either a positive or negative
bias voltage at the third terminal controls the switching vol-
tage across the cathode and anode regions. This bias voltage
Ve, measured relative to the cathode, raises and [owers the
barrier height formed by the depleted p regions and quantum
well as shown in Fig. 3(a). The GalnAs quantum well was
included to enhance the localized confinement of the holes,
particularly under bias. Since the devices were constructed
symmetrically about the quantum well, the /-¥ characteris-
tics were symmetric with bias. We note that switching has
been observed in similar structures that do not contain a
GalnAs guantum well, but the initial switching voltage was
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FIG. 1. Schematic cross section of the three-terminal delta-doped barrier S-
shaped NDR device. V-, ¥, and ¥ are the cathode, ancde, and gate vol-
tages, respectively.
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FIG. 2. Measured cathode to anode current-voltage characteristics
{(Zea -Ven ) for three different gate to cathode bias voltage ¥,.: (a) — 2V,
{b) 2V, and {c) 6 V. Notice the operating voltage of the stable region,
which is characterized by a positive resistance, increases with increasing
Fi;.. The on-state voltage ¥, isabout 5 V.

iower and the on-state voltage ¥V, higher. The voltage V.
for onset of NDR can then be varied by application of a
suitable bias voltage V.. Typical switch back voltage for
zero gate bias voltage V. were between 9 and 14 V. It is
important to note that the third terminal is not acting as a
hole injecter, but as a bias route to vary the barrier height.
Gate bias dependence gives a family of NDR curves and load
lines, though the final on-state voliage appears to be inde-
peadent of the bias. These devices also exhibited multiple
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FIG. 3. Schemutic of the energy-hand structure for (a) gate bias vnltage
Ve =0V (solid line) and ¥, > 0V {dashed line) with cathode to anode
voltage V., = 0V, (b) off-state cathode 10 anode voltage V., with ¥, .
== 0V just prior to switching, {c) on-state cathode to anode voltage ¥, just
after switching.
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bias dependent stable operating regions characterized by the
positive {- ¥ slope between the initial switching voltage and
the final on-state voltage ¥, within the NDR region. The
operating voitage ¥, of the stable region increases as the
bias voliage V5. becomes increasingly positive. Reproduc-
ible J-¥ characteristics exhibiting as many as four separate
stable operating regions have been observed in some devices
under a constant gate bias.

The switching mechanism responsible for NDR in these
devices is attributed primarily to impact ionization. With the
application of 2 cathode to anode voltage V., , the injected
electrons from the cathode region cannot be thermionically
emitted over the large energy barrier formed by the heavily
doped p~ regions as shown in Fig. 3(b). With increasing
Vea, relatively few carriers are able to tunnel through the
energy barrier due to its thickness. As the applied voltage
Ve increases further, the injected electrons gain enough
energy to overcome the barrier and initiate impact ionization
in the intrinsic layer nearest the anode end. The process of
impact ionization creates holes which become trapped in the
valence band of the quantum well. As the holes accumulate
in the quantom well, the energy barrier is lowered and the
electron flow rapidly increases as they are now easify emitted
over the lower barrier, hence, the onset of NDR [ Fig. 3{c}].
At some bias voltage V-, the hole accumulation in the va-
fence band along with the applied electric field between cath-
ode and anode regions lowers the barrier to a point where the
holes spill out of the well toward the cathode. This process of
emptying the holes from the well raises the energy barrier
and drives the device into a positive resistance stable operat-
ing region as seen in curves (b) and (¢) of Fig. 2. As the
applied voltage increases further, the process of impact ioni-
zation is reinitiated, hence, the onset of the second NDR
region. The presence of impact ionization has been con-
firmed by the observation of infrared light emission in the
NDR region. Since there are no holes injected by the third
terminal, the light emission from the electron-hole recombi-
nation can only be attributed to holes created through im-
pact ionization. A similar effect has been observed by Schu-
bert,” in heavily doped n-p-n-p superlattices.

The oscillation spectrum of a typical device under zero
gate bias conditions is displayed in Fig. 4. For the devices

FIG. 4. Typical free-running microwave oscillation spectrum of a device
operating in the NDR region between 15 and 21 GHz. Vertical scaleis — 10
dBm/div (top line = ¢ dBm); horizontal scale is 600 MEz/div. The output
power signal is 15.5 dB above the noise floor at 20.8 GHz.
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tested without the aid of a resonant cavity, the spectrum
analyzer indicates microwave oscillation with output power
up to 21 GHz, the limit of the measurement system. This
particular device, at 20.8 GHz, had an output power of
— 14.4 dBm which is 15.5 dB above the noise floor. The best
measured device at 20.8 GHz had an output power of — 8.6
d¢Bm which was 20.4 dB above the noise floor. The effect of
bias voltage on the microwave performance is under investi-
gation and will be published elsewhere.

The maxzimum frequency of oscillation of this device is
essentially determined by the speed in which the holes are
swept out of the guantum well and across the intrinsic layer
nearest the cathode. If] to first-order approximation, the on-
state potential drop ¥, across the device is distributed pro-
portional to the layer thickness,® then the hole velocity is
conservatively 4 X 10° em/s. Using a transit time caloula-
tion, the hole velocity limits the upper oscillation frequency
to approximately 130 GHz for this particular device. By
shortening the intrinsic layers, the maximum osciliation fre-
quency should significantly increase and the onset of NDR
will occur at a lower applied voltage.

In summary, we have fabricated and tested a three-ter-
minal device exhibiting controliable S-shaped NDR. This
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device was found to oscillate at microwave frequencies with
significant output power and signal to noise ratic. Approxi-
mate theoretical calculations show this device to be poten-
tially useful as an oscillator beyond 100 GHz.
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