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Millimeter Wave Heterojunction MITATT Diodes *
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ABSTRACT

This paper presents a design theory, fabrication procedure and
experimental results for heterojunction millimeter wave transit time
devices operating in the IMPATT, MITATT or TUNNETT mode.
The results show that significant improvements in the efficiency can
be achieved by heterojunction structures. The diodes were operated
as oscillators between 65 and 93 GHz. A pulsed power output of

50mw and RF conversion efficiency of 2.4 percent was achieved at 72

GHz.

I. INTRODUCTION

There has been rapid progress in the two terminal transit time
device field since negative resistance structures were first proposed.
The progress achieved to date is due to improvements in material
preparation such as molecular beam epitaxy, circuit design, improved
packaging and heat sink technology, and the development of excel-
lent theoretical models. However, the high frequency performance of
GaAs IMPATT mode devices is limited. Several reasons have been
given for these high frequency limitations. Skin effect loss, series re-
sistance, package effects, circuit matching problems, injected pulse
spreading and the saturation of the ionization rates at high electric
fields are all important. GaAs IMPATT mode devices have been built

at 60 GHz with good efficiencies [1]. Above 60 GHz, the performance
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of GaAs IMPATT diodes deteriorates rapidly.

Two potential improvements are tunneling injection and veloc-
ity modulation. Tunneling current can be incorporated into the
avalanche breakdown to reduce the inherently high noise level and to
improve the high-frequency performance of GaAs diodes. Nishizawa
et al [2], obtained oscillations in the 100 to 248 GHz frequency range
from pTntnnt GaAs diodes with strong tunneling reverse-bias char-
acteristics. Elta et al. [3] reported oscillations from MITATT GaAs
diodes at 150 GHz with 3 mw output power. Velocity modulation
can be used to modify the induced current in transit-time devices.
Adlerstein et al [4] proposed the DOVETT (double- velocity transit-
time structure. The DOVETT has two materials with different
saturation velocities in the device drift region. The performance of
MITATT and TUNNETT diodes can be improved significantly by
using double-velocity characteristics.

The remaining sections of this paper will describe the analysis,
fabrication and experimental evaluation of homojunction and hetero-
junction transit time devices. An approximate large-signal analysis
of the structures is given in section II. A device fabrication sequence
is described in section III. The characteristics of the devices and their
RF results are presented in section IV. The overall results are sum-

marized in section V.

II. Approximate Large-Signal Analysis

An approximate large-signal analysis for heterostructure transit-
time devices will be presented in this section. The voltage and current

waveforms are idealized by assuming saturated velocities and neglect-
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ing diffusion to obtain analytic expressions for the power and effi-

ciency. The model can be used to optimize the dimensions and mate-

In the second set of date, the injection angles and pulse widths are

taken from Elta et al [5]. The numerical results presented in Table 1

rial parameters for a variety of homojunction, single heterojunction(GaAlAs- can be used as a guideline for the design of heterojunction devices.

GaAs) and double heterojunction (GaAlAs-GaAs-GaAlAs) structures.
The results of the power and efficiency analysis are presented for sin-

gle and double heterojunction structures.

Figures 1 and 2 show the structure, terminal voltage, injected
current and induced current waveforms for double and single het-
erojunction transit time diodes. The angles 6, and 6, depend on
the injection mechanism. @, is approximately 90 degrees for a tun-
nel injection process and approximately 180 degrees for an avalanche
process. The injection process in turn depends on the properties of
the generation region and on the operating conditions. 4 is the total
drift transit angle. Since the induced current is directly proportional
to the saturated velocities of the carriers in the drift regions. the
current ratio in two different regions can be expressed as
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(1)
where I; and 95,4 are the current and saturated velocity of carriers

in Region 2 (GaAs) and I;, and 9,4 are the current and saturated

velocity of carriers in Region 1 (GaAlAs). The RF power is

2m

La(wt)d(wt) (2)

I =

o

The device efficiency is the ratio of the RF and the DC power.
It depends on the RF voltage, and DC voltage and the shape of the
induced current waveform.

A computer program to calculate the optimum angles and the
corresponding maximum efficiency was written. Since the injection
angle 8, and pulse width 6,, are constant for a given device and oper-
ating condition, the device structure variables 0y, f5z and 4 can be
chose to maximize the efficiency. Table 1 gives the numerical results
for TUNNETT, MITATT and IMPATT heterojunction diodes. The
results show that the efficiency for MITATT and TUNNETT diodes
can be improved significantly if heterojunction diodes are used. The

first set of data in Table 1 is for the idealized case where 8, is zero.
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II1. DEVICE FABRICATION

A wafer thinning and fabrication process for small GaAs struc-
tures is shown in figure 3. The MBE grown wafers are first lapped
and polished to remove indium from the back side. Most of the
remaining GaAs is then removed by chemical bubble etching. The
apparatus used for the bubble etching of GaAs is shown in Fig. 4. A
series of etching and metallization steps are then used to define the
final diode structure. The fabrication sequence is: (a) mesa etching,
(2) rim etching, {c) ohmic or Schottky contact metallization, (d) heat
sink plating, (e) back side etching, (f) ohmic contact metallization
and (g) final mesa etching. The final active device contact will be on
the top side of the wafer as shown in figure 3. Steps a and b form
depth stops on the epitaxial side of the semiconductor wafer which

are used in step e as a thickness gauge. Figure 5 shows a scanning

electron microscope photograph of a fabricated GaAs diode

IV. DEVICE CHARACTERIZATION AND RF RESULTS

A range of device operation from avalanche to tunnel injection is
possible in transit time devices. A series of measurements was made
on an MBE grown test wafer. The injection region of the diode was
etched to different thicknesses. Diodes from these different regions
were probed and electrical characteristics from near avalanche to tun-
neling were obtained. Using the information obtained from the test
sample, diodes were fabricated from a p* — nt wafer the doping pro-
file shown in Fig. 6. These diodes had a typical operating voltage of
13 volts at 200 mA bias current. The diodes were bonded with quartz
standoffs. Fig. 7 shows a scanning electron microscope photograph
of the double-quartz-standoff package. The V-band oscillator circuit
in unassembled form is shown in figure 8. The RF performance is

shown in figure 9.



VII. CONCLUSIONS

This paper describes an approximate large-signal design theory,
fabrication techniques and experimental results for millimeter wave
transit time devices. The approximate large-signal analysis was used
to investigate the power and efficiency of heterojunction transit-time
devices. The analysis results show that significant improvement can
be achieved for MITATT and TUNNETT devices by using heterostruc-
tures for velocity modulation. A device fabrication process which
employs a novel wafer thinning technique was presented in detail.
This technique allowed the fabrication of millimeter-wave diodes with
GaAs thickness of 1.5 microns with excellent yield. The resulting de-
vices produced approximately 50 mw and operated between 60 and
90 GHz. The results presented here are preliminary. With better
circuit design and doping profile optimization much better RF per-
formance is expected.
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Nunerical Results for WNNETT, MITATT and IMPATT Heterojunction Diodes
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Homojunet Lon

Formalized
Efticiency

Hormalized
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a=1
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Drift
Angle Oy

Pulse
Width 8
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Srequency Dlode Angle
enz)

Mode (Degrees) {Degrees) (Degrees) (Deprees ) ) (Fercent]
@sl  Tdeal  TMPATT 180,00 ° 1335626 - . - 0,7246 15
a@3  1desl  IMPATT  180.00 0 123.2198  236.7503 ~ 0.8386 -
@l ldeal  TUMETT  90.00 o 2574526 - - - 0.2172 138
w=1  Taeal  TUMNERT  90.00 o 238.8700  211.1002 - o.5170 -
axl  Ideal  NITATT  135.00 o 197453 - - - 0.u625 16
a3 rdeal  MITATT  135.00 o 282.4843 22214858 - 0.6758 -
am1 10 DPATT*  160.00 T5.0 1335626 - - - 0,670 15
a3 10 meearr 180.00 75.0 123.2198  199.2790 - 07781 -
axl 100 TUNNETT™® 110.1509  75.0 2311745 - - - 0.2918 8
e=3 100 TUNNETI* 110.1509 75,0  214,0361 1763098 - o.skk2 -
Gl 100 MITATTY 164.8M53  93.0023 155.4120 - - - 0,572 25
@=3 100 MITATT* 1648453 93.0023 1h3.h365  185.2138 - 0.7016 -
=1 100 AT 180.00 1360116 ~ - - o.ug82 35
a3 100 THPATT*  180.00 103.2965  222.1783 - 0.67T1k -

*Datn taken from Eite.ll

Table 1. Numerical Results
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Figure 1. Double Heterojunction Diode Structure and Waveforms
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Figure 2. Single Heterojunction Diode Structure and Waveforms
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Figure 3. Diode Fabrication Sequence
Figure 6. Diode Structure
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Figure 9. RF Performance
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