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Millimeter-Wave Heterojunction
MITATT Diodes

NUMAN S. DOGAN. MEMBER, IEEE, JACK R. EAST, MEMBER, IEEE, MICHAEL E. ELTA,

MEMBER, IEEE, AND GEORGE I. HADDAD, FELLOW, IEEE

.&fract — A design theory, a fabrication procedure, and experimental

results for heterojunction millimeter-wave transit-time devices operating in

the IMPATT (impact ionization avalanche @ansit-time), MITA’fT (mixed

pnel-yalanche fransit-~ime), or TUNNETT (tnnnel @ansit-!ime)fiode

are presented. An approximate large-signal analysis is developed to in-
vestigate the power and efficiency of heterojunction transit-time devices.

The results show that significant improvements in efficiency can be

achieved by heterojunction structures. The f ahrication process developed

for the hetrojunction diodes and the milfimeter-wave oscillator circuits

used in thh work are presented. The &lodes were operated as oscillators

between 65 aud 93 GHz, A typical power output of 45 mW at 72 GHz for a

1-percent duty cycle. 1-MS pulse width operation was obtained.

I. INTRODUCTION

T HE USE OF transit-time effects to obtain negative

resistance was first proposed by Shockley [1] in 1954.

Read [2], in 1958, proposed a diode structure in which the

negative resistance is caused by a combination of impact

avalanche ionization and transit-time effects. The Read

diode was successfully fabricated by Lee et al. [3] in 1965.
At about the same time, a Si p-n junction diode, fabricated

by Johnston et al. [4], produced microwave oscillations.

There has been rapid progress in the two-terminal transit-

time device field. The progress achieved to date is due to

improvements in material preparation such as molecular

beam epitaxy, cicuit design, improved packaging, and heat

sink technology and to the development of excellent theo-

retical models.

Many reasons have been given for the high-frequency

limitations of IMPATT mode devices. Skin effect, series

resistance, and package effects [5] become very important

at high frequencies. The match between the device and

circuit impedances becomes increasingly difficult. Dif-

fusion-aided spreading of the injected current pulse [6] and

the saturation of the ionization rates at high electric fields

[7] will cause a decrease in the device efficiency. Elta and

Haddad [8] investigated the frequency limitations of
IMPATT, MITATT, and TUNNETT devices and the ef-

fects of mixed avalanche and tunneling currents. GaAs

lMPATT mode devices were built at 60 GHz with good
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efficiencies [9]. Above 60 GHz, the performance of GaAs

IMPATT diodes has not been investigated in detail. Si

IMPATT mode devices have achieved oscillation in a

harmonic mode up to 423 GHZ [10]. Although Si IMPATT

diodes outperform GaAs IMPATT diodes at high

frequencies, they are inherently noisier than GaAs devices.

Incorporating tunneling current into the avalanche

breakdown (mixed tunneling and avalanche breakdown)

reduces the inherently high noise level in IMPATT diodes.

GaAs MITATT diodes also work at higher frequency than

GaAs IMPATT diodes. Nishizawa et al. [11] obtained

oscillations in the 1OO–248-GHZ frequency range from

p+ n+,nn+ GaAs diodes with strong tunneling reverse bias

characteristics. Elta et al. [12] reported oscillations from

MITATT GaAs diodes at 150 GHz with 3 mW output

power. Work on MITATT and TUNNETT diodes is limi-

ted by difficulties in the design and fabrication of these

devices. MITATT and TUNNETT diodes are inherently

low-negative-resistance diodes, and series resistance further

reduces the available negative resistance. Device circuit

impedance matching is complicated and difficult to achieve.

Another approach to improving transit-time device

operation is velocity modulation. Adlerstein and Chu [9]

proposed the DOVETT (double-velocity Iransit-!ime) diode

to modify the induced ~rrent ‘waveform in transit-time

devices. The DOVETT has two materials with different

saturation velocities in the device drift region. A typical

combination would be layers of GaAs and AIGaAs.

Depending on the carrier generation mechanism, the

DOVETT structures can operate in the IMPATT,

MITATT, or TUNNETT mode. An approximate large-

signal analysis presented in the following section shows

that the dc to RF conversion efficiency of an IMPATT

diode cannot be improved very much with velocity modu-

lation since this mode of operation is already inherently

efficient. However, 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 heterojunction transit-time devices. An

approximate large-signal analysis of the structures is given

in Section H. A device fabrication sequence is described in

Section 111. In Section IV, dc characterization of the

devices is described. The millimeter-wave package and test

circuit are described in Section V. The RF results are
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presented in Section VI, and the overall results are sum- (a)
marized in Section VII.

II. APPROXIMATE ANALYSIS

A complete description of transit-time device operatiort

requires a detailed computer simulation of the carrier

dynamics and space charge effects. A summary of millime-

ter IMPATT device properties is given by Mains and

Haddad [13]. An approximate large-signal analysis for
(b)

heterostructure transit-time devices is presented in this

section. In the model, the voltage and current waveforms

are idealized by assuming saturated velocities and neglect-

ing diffusion to obtain analytic expressions for the

power and efficiency. The model can be used to opti-

mize the dimensions and material parameters for a variety

of homojunction, single-heterojunction (IGaAIAs-IGaAs),

and double-heterojunction (GaAIAs–GaAs-GaAIAs)

structures. The results of the power and efficiency analysis

are presented for single- and double-heterojunction struc-

tures.

Fig. 1 shows the structure, terminal voltage, injected

current, and induced current waveforms for a clouble-

heterojunction transit-time diode. The angles dti and O@ Fig
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depend on the injection mechanism. The angle d~ is ap- hl transit-time device. (b) Terminal voltage, injected current, and

proximately 90° for a tunnel injection process and ap- i nduccd current for the device,

proximately 180° for an avalanche proce;s. The injection

process, in turn, depends on the properties of the generation and

region and on the operating conditions. The total drift

transit angle is denoted by dd. Since the induced current is where d{,,
directly proportional to the saturated velocities {of the resPecti\,el~~i~/~

carriers in the drift regions, the current ratio in two

different regions can be expressed as

(1) and

where Iz and 82 sat are the current and saturated velocity

in region 2 (GaAs) and 11 and @l ,at are the current and

saturated velocity of carriers in region 1 (GaAIAs). The dc
where J71 and l?~ are the lengths of the GaAIAs (region 1)

current is
and the GaAs (region 2) layers, respectively. The efficiency

is given by

8h2= oh, + (JTh2

are the transit times

by

WI
r3h,‘ ~

1 sat

w*
S?h,= ~

2 sat

(5)

in regions 1 and 2,

(6)

(7)

1~~= J2”Ii*~(@t)d(tit) (2) - “ P VRFRF
~p=z=

-p

(8)

where lin~( at ) is the current induced in the external circuit.

Evaluating (2) for the waveforms in Fig. 1 gives where PI(F is the RF power, Pdc is the dc power, and q. is

[

the normalized efficiency. PRF and ~,jC are given by

IdC=& :+ I~(eh,-eh,)1, (3)
a ‘RF= ~~2m]nd(o~)vRFsin( @1)d(0~) (9)

where Ohl and 0k2 are the injection angles for the first and
and

second heterojunction interfaces, respectively. These

junction injection angles are given by P*c = V&c . (lo)

(?h,= $m– : + LtJfrhl (4)
Evaluating (9) for the waveforms given in Fig. 1 and

substituting (3) and (10) into (8) gives

[1
0.

()sin — : [coSon* -Cos(e.r + O*)] +
21-Y

+[COS(%,+:)-COS(%2+;)]

~,1 = ~ Od
—+ ~(oh, -o,,)

? a! a

(11)
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where (3J is the drift transit angle given by

cd=-+ [Wl+cx(w, + w,)]. (12)
1 sat

For a homojunction diode, a is 1 and the familiar

equation for a homojunction transit-time device is

obtained:

8W

( )[sin —
2 Cosdm –Cos(ed+ 8*)

~.= @
ed I (13)

-.!!
2

The voltage and current waveforms for the single-

heterojunction diode are given in Fig. 2. The normalized

efficiency can be obtained from the previous results by

substituting Oh, and 9~z as

and

eh,=ed+em–;.

(14)

(15)

The normalized efficiency of a single-heterojunction diode

is obtained by substituting (14) and (15) into (11):

a—l e.
: Cosen, –Cos(dd+ !9.,)+ —

()
Cos efi + —

lx

l–a

–( )

2 (16)

@h+:–6’. +fld
ty

where

and

(17)

(18)

A computer program to calculate ‘the optimum angles and

the corresponding maximum efficiency was written. Since

the injection ahgle 13~and the pulse width O@are constant

for a given device and operating condition, the device

structure variables Oh,, Oh,, and Od can be chosen to

maximize the efficiency. The computer program calculates

the optimum angles and the corresponding maximum ef-

ficiency using the conjugate gradient method developed by

Fletcher and R~eves [14]. Table I gives the numerical

results for TUNNETT, MITATT, an IMPATT hetero-

junction diodes obtained from the computer program. The

results show that the efficiency for MITATT and TUN-

NETT diodes can be improved significantly if hetero-

junction diodes are used. The first set of data in Table I is

(a) ~ DRIFT REGION -—=

o
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Fig 2. (a) ChAIAs–GaAs heterojtrnction two-terminal transit-time de-
vice. (b) Terminal voltage, injection current, and induced current for
the device in (a), respectively (a= 3).

for the idealized case where flu, the pulse width, is assumed

to be zero. In the second set of data, the injection angles

and pulse widths are taken from Elta and Haddad [8]. The

relative efficiency improvement is calculated as

T hetero – ~ horn.

‘u ,.1 = (19)
q horn.

where q ~~terOan d ‘??hOmOare the normalized efficiencies of

the heterojunction and homojunction transit-time devices,

respectively. A heterojunction TUNNETT operating at

100 GHz would have a relative efficiency improvement of

83 percent. The efficiency is almost doubled for a =3. The

difference between the maximum power efficiencies of

single- and double-heterojunction TUNNETT’S is small,

which suggests that there would not be much improvement

in efficiency by using double-heterojunction over single-

heterojunction devices. The numerical results presented in

Table I can be used as a guideline for the design of

heterojunction devices.

III. DEVICE FABRICATION

Most of the problems associated with the fabrication of

high-frequency IMPATT diodes are related to their small

size. The active layer thicknesses are reduced for millime-

ter-wave diodes due to the short transit time at these

frequencies. The diode area is also reduced to maintain

reasonable impedance levels. Due to the skin effect and

parasitic resistance limitations, the required GaAs layer

thickness for millimeter-wave IMPATT diodes is typically
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TABLE I
NUMERICAL RES[JLTS FOR TUNNETT, MITATT, AND IMPATT

HETEROJUNCTION DIODES

Normal i zed Normalized
Efficiency Efficiency

a.

~lt?teroju~ction ) (Hom~j;~tign )

. . - 0.72t16

Relative

Efficiency

Jinproveinen t Over

flomoJunction

(Percent )

15

InJect ion

Angle em

(Ilemees )

180.00

Pulse

Width 6

(Degree:)

o

Drift

Anql.e 8D

(Degrees )

133.5626

Junction

Angle eh

(Dewees )

--

Freq!uency Diode

(Gllz) MOd e

Ideal IMTATTa=l

~=3

~=1

a= 3

~=1

~=3

Ideal IMPATT 180.00 123.2198

257. b526

238.8700

0

0

236.7503 - 0.8366 .-

Ideal TUNNETT 90.00 -- - 0.2172 138--

211.1002

-.

222.4858

Ideal TVNNI!IT

Ideal MITATT

Ideal MITATT

90.00 0 - 0.5170 --

135.00

135.00

180.00

180.00

0 197. L531 -- - 0. L625

- 0.6758 .-182:48h30

~=1

~=3

=.l

La=3

a=l

a=3

a=l

~=3

10 INPA’lT* 75.0

75.0

75.0

75.0

93.0023

133.5626 -- - o.67bo 15

10 lNPATT* 123.2198

231.1745

21h .0381

199.2790 - 0.7781. --

100 TUHNETT* 110.1509 -- - 0.2978 83--

178.3098100 TUNNE’M’* 110.1509 - 0.544? --

100 MITATT”

100 }UTATT*

100 IMPATT*

100 IMPATT*

164.8453

164.8453

180.00

180.00

155. b120 -- - 0.5714

- 0.7016 --

-- - 0. b982

25.-

185.2138143. L38593.0023

13h .0114 --

222.1783

35

103,2965 - 0.671b --

“Data taken from Elta [8].

TEFLON most of these problems is described in the remaining

portion of this section.

The wafer thinning and fabrication process has three

main steps. Since most MBE-grown GaAs wafers are

mounted with iridium during epitaxial growth, their back

sides are covered by iridium. The first step is to remove the

iridium in HCL. However, the iridium reacts with GaAs

and remains on some portions of the surface. Complete

removal of the iridium was not possible by chemical etching.

Therefore, the remaining iridium was removed by lapping

the baclc surface briefly. The damage caused during lap-

ping was removed by polishing the surface on a polishing

wheel using 5 percent chlorine bleach and 95 percent DI

water. After chemical mechanical polishing, the GaAs

surface is shiny and mirror smooth. Brief lapping and

chemica l–mechanical polishing of the back surface remo-

ves only 50 to 75 pm of GaAs.

The second step is to remove most of the remaining

GaAs by chemical bubble etching. A cross-sectional

drawing of this apparatus is given in Fig. 3. In this process,

COZ gas is bubbled up through the etching solution

providing random agitation of the solution. The wafer to

be thinned is mounted on a Teflon cup using paraffin wax.

The Teflon cup moves randomly during etching, floating

in the solution, and the rising bubbles impinge upon the

wafer surface. A solution of H ~S04: H ~02: H20 (1:8:1

volume ratio) was used as an etchant. This provided a fast

etch rate (25 p m/min), uniform wafer thinning, and excel-

lent surface quality. The etch rate and surface quality do

not depend on the doping concentration or dopant. Both

CO*

— SUPPLY

Cross-sectional drawing of the apparatus used for GaAsFig. 3, etching.

2 to 7 pm. The GaAs wafer must be thinned from 300 to

400 pm. Mdst common methods for thinning GaAs wafers

reported in the literature use mechanical a,brasion. In this

method, wafers are mounted on a lapping fixture and

lapped with a compound (commercial microgrit). This

lapping and mounting process is repeated and wafer

thickness uniformity is checked each time. To obtain better

uniformity, as many as five to ten lapping, and dismount-

ing steps are needed. This method has several disadvanta-

ges. The lapping and dismounting is tedious. The GaAs

wafer develops cracks and surface damage that are detri-

mental to the following processing steps and result in poor

electrical characteristics. Due to these limitations, wafer

thinning by lapping is limited to diodes where the GaAs

layer thickness is greater than 7 to 10 pm. A wafer

thinning and device fabrication process that eliminates
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Fig, 4. Two-terminal heterojunction device fabrication process. (a) Mesa
etch. (b) Border (rim) etch. (c) Schottky contact metallization. (d) Gold
heat sink plating. (e) Slow back side etch until metallization is seen, (f)
Ohmic contact. (g) Diode is complete after mesa etch.

Fig, 5. Border (rim) etch. Border etch is 8 pm and mesa is 5 pm (50X
magnification).

n+ and semi-insulating wafers were etched and no dif-

ferences in the etching characteristics were observed.

The third step is to use a series of etching and metalliza-

tion steps to define the final diode structure. The fabrica-

tion sequence is: (a) mesa etching, (b) rim etching, (c)

Schottky contact metallization, (d) heat sink plating, (e)

back side etching, (f) ohmic contact metallization, and (g)

final mesa etching. Fig. 4 shows these processing steps.

The final Schottky barrier device contacts will be on the

top side of the wafer as shown in Fig. 4(a). Steps (a) and

(b) form mesas and a rim on the epitaxial side of the

semiconductor wafer. These two depth stops will be used

in step (e) as a thickness gauge and etch stop when the

final device thickness is obtained. The wafer is mounted on

a glass slide that protects the substrate side of the wafer.

Using photoresist as a mask, mesas are etched on the

epitaxial side of the wafer. The mesa height is the desired

final device thickness, and the mesa diameter is approxi-

mately 150 pm. A second photoresist step and etch are

used to define a rim or border around the wafer. The rim

Fig. 6. Heterojunction GaAs/Ga0,6 A10,4AS millimeter-wave diode,
Diameter is 0.0015 inch.

etch is approximately 3 pm deep. Both etches use

HC1:HZ02:H20 (80:4:1). Fig. 5 shows a photograph of the

wafer after steps (a) and (b).

Steps (c) and (d) are the Schottky barrier and heat sink

formation. The photoresist is removed and the wafer is

cleaned. Ti and Au are evaporated over the entire surface

except the rim area, and the heat sink metal is electropla-

ted. Two plated heat sink techniques were used. The first

technique used electroplated gold approximately 50 pm

thick over the entire wafer. The individual diodes were

separated by dicing or chemical etching after the final

diode fabrication. The second method used selective heat

sink plating. Gold and silver were plated through a

photoresist mask to form the final heat sink pattern. This

second technique is more complex but allows an easier

final diode separation.

Steps (e), (f), and (g) are used to form the final diode

structure. The wafer is removed from its supporting glass

carrier and remounted with the substrate side of the wafer

exposed. The wafer is etched using the bubbler and solution

described previously until the rim formed in step (b) is

exposed. The rim is used to gauge the remaining thickness

of the GaAs wafer. Etching is continued in a solution of

H2SOA: H202:H20 (5:1:1 volume ratio) that has a slow

etch rate. As the GaAs mesa pockets are exposed, they are

protected with wax. This wax cover and etch process is

repeated until all the GaAs pockets are exposed. The final

device thickness is the same as the mesa height formed in

step (a). After the wafer thinning, AuGe–Ni–Au ohmic

contacts are formed and a final mesa etching or proton

isolation is performed to define the final device size., Fig. 6

shows a scanning electron microscope photograph of a

fabricated GaAs diode. A series of these devices was

fabricated and evaluated for their RF performance.

IV. DC DEVICE CHARACTERISTICS

A range of device operation from avalanche to tunnel

injection is possible in transit-time devices. The injection

conditions depend on the properties of the carrier
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TABLE II
IiwlrlA1. DOPING AND MATERIAL PROFILE

L.%Ez Material ( CNt- 3 )Thickness _ Dopw? _

1 GAs 1500 x 1 x 1018

2 GaO ~AIO ~As 825 ~ 4X1016
. .

3 GaAs 2500 ~ 4X10]6

h GaPs 5000x 1 x 1018 (buffer)

Ve *V

Fig. 7. Device current–voltage charac teristics.

generation region of the device. These properties, in turn,

depend on the structure, temperature, and bias conditions

in the device. Prior to the fabrication c~f the devices, a

series of measurements were made on an MBE-grown test

wafer with the structure and doping profile shown in Table

II. Using PA1l (NH40H: H202:H20) as an etchant, layer

1 in Table II was etched on different portions of th~ wafer

to a final thickness ranging from 200 to 1100 ,4. The

etched layer thicknesses were found by measuring the etch’

steps with a Dektek. In some portions clf the wafer, the

first GaAs layer was removed completely, and a small

portion of the AlGaAs was removed. Diodes from these

different regions were probed and the electrical (charac-

teristics were obtained. The information gained from these

diode characteristics was used in the design of the hetero-

junction MITAT”T diodes that worked successfully.

Fig. 7 shows the reverse bias 1–V characteris~ics of

devices with layer 1 thicknesses of 1100 and 850 A. The
applied voltage required to extend the depletion layer to

the interface between the GRAS and the .AIGaAs is 14 V

for the 1100-A-thick layer and 10 V for the 1000-A-thick

layer. Since the voltages in Fig. 7 are lower, the devices are

breaking down before punching through to the drift region.

.-
03-6912 15 18

1313

I
VR,V

Fig. 8 Device current-voltage charactermtic with thinner AlGaAs layer.
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Fig. 9. Diode structure.

Fig. 8 shows the reverse bias 1-V characteristics of the

heterojunction diodes from other regions of the test wafer.

For low to moderate reverse bias voltages, the reverse bias

current is due to tunneling. For large reverse bias voltages,

the reverse bias current is due to avalanche breakdown.

The breakdown voltage increases gradually as the n+

region thickness decreases for a fixed reverse bias current.

It is clear from these results that the thickness of the n+

GaAs layer mulst be chosen carefully for the design of

mixed tunnel-avalanche transit-time devices. Using the

information obtained from the test sample, a p + n+ het-

erojunction diode with the doping profile shown in Fig.

9(a) was designed, and the structure was grown on an n+

GaAs substrate by molecular beam epitaxy. The punch-

through voltage for this structure is 8.5 V. The typical

operating voltage for the diode is approximately 13 V at

200 mA bias current. The electric field profiles for the
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Fig. 10. Scanning electron microscope (SEM) photograph of double-
quartz-standoff IMPATT diode for 60-GHz operation. Gold bonding
wire is 0.0007 inch in diameter (140X magnification).

punch-through and operating voltages are shown in Fig.

9(b). The zero position of Fig. 9(b) is at the p+ n+ inter-

face in Fig. 9(a). The maximum electric fields on the p + n+

junction interface are 1,24 X 106 V/cm and 1.36 x

10 GV/cm for VPt = 8.5 V and I&=13 V, respectively.

V. PACKAGING, OSCILLATOR CIRCUIT DESIGN, AND

RF RESULTS

The device package and the oscillator circuit play a

critical part in the device performance. Since the package

acts as part of the oscillator circuit in millimeter-wave

operation, it is important to have low parasitic package

elements for better impedance matching between the circuit

and the diode. initially, ceramic commercial packages were

used for the device packaging. Difficulties in working with

this package and large lead inductances and package

parasitic capacitances yielded poor RF performance.

Quartz standoffs were then fabricated and used for

packaging of millimeter-wave diodes. The RF results

reported in this work were obtained with double-quartz

standoffs. The standoffs were mounted on both sides of

the diode chip and a 0.0007-inch-diameter wire was bonded

to the quartz standoffs and the diode. Fig. 10 shows a

scanning electron microscope photograph of the double-

quartz standoff package.

A top hat resonator waveguide circuit was used for the

RF measurements. The circuit utilizes a radial choke in the

dc bias port for an RF termination. To obtain better

mechanical performance and flexibility, the circuit em-

ploys a precision bellows to minimize the force on the

Fig. 11. The V-band oscillator circuit. The OSM connector, disk reso-
nators, bias post, diode mounting piece, and back short are shown in
the photograph.

5or 72.5

DISK DIAMETER =0.08 INCH

DIOOE OIAMETER =30 pm
40 — — 72.0

POWER

: so — — 715

:
~

L 20 — — 710

10 — — 70.5

I I 70.0

o 50 100 150 200 250 300

I o, BIAS CURRENT, mA

Fig. 12. Device performance.

quartz standoff. This allows the testing of these fragile

structures. The dimensions of the radial choke and the

quarter-wave section of the coaxial line were chosen for a

60-GHz operating frequency. The coaxial line above the

radial choke was terminated by a tapered lossy material.

Fig. 11 shows the V-band oscillator circuit in unassembled

form.
The MITATT devices were tested using 1 percent duty

cycle, l-ps pulsed operation. The RF performance of the

heterostructure MITATT devices is shown in Fig. 12. The

measurement system used in this work includes an E – H

tuner, a variable attenuator, a wavemeter, a power detec-

tor, and a power meter. The best performance was obtained

from a 35-pm-diameter diode tested with a O.l-inch-

diameter disk resonator.

VI. CONCLUSIONS

An approximate large-signal design theory, fabrication

techniques, and experimental results for millimeter-wave

transit-time devices were described. The approximate
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large-signal analysis was used to, investigate the power and

efficiency of heterojunction and transit-time devices. The

analysis. results show that significant improvement can be

achieved for MITATT and TUNNETT devices by tising

heterostructures for velocity modulation. A device fabrica-

tion process that employs a novel wafer-thinning technique

was presented in detail. This technique allowed the fabri-

cation of millimeter-wave diodes with CJaAs thickness of

1.5 p,m with excellent yield. Both double-drift GaA$

IMPATT and heterojunction MITATT diodes were fabri-

cated and their RF performances were presented. Com-

parable RF performances were obtained for MITATT and

double-drift IMPATT devices. The resulks presented here

are preliminary. With better circuit design and doping

profile optimization, much better RF performance is ex-

pected. However, this is the first time that significant

power outputs have been obtained from heterojunction

diodes and these results clearly indicate their potential.
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