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Abstract —To integrate key components of a millimeter-wave system

monolitfdcafly in the future a novel technology has been developed which

allows the integration of Sehottky diades and MESFET’S on one chip. The

fabricated Schottky diodes kave a cutoff frequency ~~ of 2300 GHz. A

monolithic 60 GHx mixer tip with these diodes shows a conversion loss of

6 dB and a noise figore (DSB) of 3.3 dB. The MESFET’S, have an ~m=

up to 70 GHz. A realized two-stage IF mnpfifier shows a gain of 20.6 dB

and a noise figore of 1.7 dB at 4 GHz.

I. INTRODUCTION

T HE LOW-COST, high-volume production of millime-

ter-wave systems relies on the availability of millimet-

er-wave MMIC’S. During the past few years great efforts

have been made to push the frequency limits of the neces-

sary key components to higher frequencies [1]–[3]. In

addition, technologies which allow the integration of dif-

ferent circuit functions in a monolithic way will be of great

advantage [4], [5]. On the basis of earlier results [6], [7], a

new technology has been developed which allows the inte-

gration of Schottky diodes (~~ = 2300 GHz), varactor

diodes, and MESFET’S (~~u = 70 GHz) on the same chip.

With this technology it is possible to integrate diode mix-

ers, IF amplifiers, and local oscillators— the key compo-

nents of a receiver front end—on one chip. This paper

describes the design and fabrication of a 60 GHz mixer

and a two-stage IF amplifier.

II. TECHNOLOGY

A novel technology for the monolithic integration of

both planar Schottky mixer diodes and GaAs MESFET’S

has been developed and used for the fabrication of these

circuits. The processing sequence is based on an earlier

technology which was applied to circuits operating at
lower signal frequencies and lower IF frequencies [6]. That

technology differed from most other MMIC technologies

in that it incorporated an n+ buried layer to reduce the
series resistance of the Schottky mixer diodes. For the
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Fig. 1. Processing sequence for millimeter-wave GaAs MMIC’S.

present work IF frequencies of up to 5 GHz were envis-

aged and the integration with further stages, such as the

local oscillator, should be possible. For this reason, re-

cessed gate MESFET’S with electron beam lithography of

the gate structures were included.

The processing sequence, requiring a total of ten masks,

is illustrated in Fig. 1. All the lithographic processes apart

from that for the gate metallization are carried out using

standard contact lithography. A schematic cross section of

the completed active devices is shown in Fig. 2.
The buried n+ zones were formed by selective implanta-

tion of Si + and Si + + “mto the semi-insulating substrate

using Si02 as a mask. A series of implantation energies of

up to 360 keV were used to obtain a flat profile for the

as-implanted ions. The sheet resistance of the n+ buried

layer is an important parameter limiting the series resis-

tance and hence the high-frequency properties of the

Schottky diodes. This sheet resistance was optimized by

varying the implantation parameters, the annealing proce-

dure, and the composition of the capping material used for
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Fig. 2. Aschematic cross section of the active devices.
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Fig. 3. Sheet resistance of the n + buried layer as a function of the
refractive index of the SiON capping layer.

the subsequent rapid thermal anneal (RTA) of the im-

planted substrate. The optimization of the annealing cycle

resulted in annealing parameters of 105O”C for 5 s [8] for

the annealing system which was used (AG Associates,

Heatpulse). During annealing the substrates were coated

on both sides of the wafer to prevent evaporation from the

GaAs surface.

The properties of the capping material strongly affect

the sheet resistance of the resulting n+ layer. Fig. 3 shows

measured sheet resistance as a function of the refractive

index of the SiON capping layer. The refractive index was

varied between 1.5, corresponding to Si02, and 1.67. For

refractive indexes higher than 1.67, corresponding to higher

N content, the annealing resulted in degradation of the

capping layer and the GaAs surface. The variation in sheet

resistance is more than a factor of 2. Best results were

approximately 17 fi/sq., and values lower than 20 f2/sq.

could be routinely obtained. A depth profile measured
using an electrochemical profiler is shown in Fig., 4. The

high levels of activation leading to maximum carrier con-

centration of 5 X 1018 cm-3 could only be obtained by

RTA. For furnace annealing a saturation of the maximum

carrier concentration at approximately 2 X 1018 cm-3 was

observed.
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Fig. 4. A measured carrier concentration profile of the implanted n+

zones after annealing.

After suitable surface preparation, the active n layer

(d= 0.2 pm, n = 3.5X 1017 cm-3) and a further n+ layer

(d= 0.1 pm, n =2X 1018 cm-3) were deposited by

MOCVD in a horizontal reactor operating at atmospheric

pressure. This active layer is used for both the MESFET

devices and the mixer diodes so that the carrier concentra-

tion of the material for the Schottky diodes is higher than

that usually used for this application. In the areas between

the active devices these epitaxial layers were subsequently

made highly resistive by selective boron implantation.

Apart from the gate recessing, the GaAs surface remains

completely planar. AuGe ohmic contacts were fabricated

using a suitable lift-off procedure and RTA alloying. Ohmic

contact resistances were typically 1 X 10- c f? cm– 2.

In the areas between the active devices these epitaxial

layers were subsequently made highly resistive by selective

boron ‘implantation. A multiple implantation with energies

between 30 and 120 keV and a total dose of 1.9x 1012

cm–2 were implemented. The doses and energies were

selected to give a flat profile with an implanted ion con-

centration of approximately 5 x 1016 cm-3 over the 0.3-

pm-thick epitaxial layers. After implantation and alloying

of AuGe ohmic contacts, the sheet resistance of the epitax-

ial layers was approximately 109 f?/sq., corresponding to a

specific resistivity of 3:X 104 !J” cm. This material provides

more than adequate isc)lation of the devices.

The Schottky contacts for the MESFET gates and the

Schottky diode fingers were defined by electron lithogra-

phy using Cambridge EBMF 10.5 equipment. A single

0.7-pm-thick layer PMMA resist process was applied [9].

The exposure conditions were optimized to give undercut

resist profiles suitable for lift-off processing. The g,ate

structures were alignecl to the source and drain contacts

using alignment marks fabricated with the AuGe metal-

lization.
An alignment accuracy of ~ 0.1 pm could be obtained.

After wet chemical recess etching, the contacts were formed

by evaporation of Ti Pt Au and lift-off. Both the M13S-

FET’s and the diodes are recessed simultaneously. A rnimi-

mum structure size of 0.3 pm for the 0.4-pm-thick gate

metallization was obtained. All the devices were passivated
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Fig. 5. Measured and calculated conversion loss of a Schottky mi

diode,

by a plasma-deposited SiqNq layer, avoiding surface dam-

age which could degrade the performance of the devices.

The Si3Nq was also used for the insulator in the MIM

overlay capacitors. The technology includes the fabrication

of both air bridges for low-capacitance crossovers and via

holes for low-inductance ground connection.

III. DIODES AND MESFET’S

A model of the Schottky diode has been developed. The

technological parameters and the diode structure are taken

into account for the determination of the series resistance

and the junction and parasitic capacitances.

The diode model is used in a CAD mixer analysis

program based on a harmonic balance technique [10], [11].

It is assumed that the RF excitation is negligibly small

compared to the LO so the large-signal analysis is per-

formed under LO excitation only. The time waveforms of

the junction capacitance and conductance of the diode are

deduced. The Fourier series coefficients are calculated for

the mixing frequencies, and the conversion matrix of the

mixer is derived.

Fig. 5 shows, for example, a comparison of measured

and calculated conversion loss of a single diode versus LO
power. This diode has three fingers, each 0.3 X 4 pmz, and

is shown in Fig. 6. The values of the junction capacitance

and the series resistance are respectively 11 fF and 6.1 0

and result in a cutoff frequency of 2370 GHz. For this

measurement the diode is mounted in a special test fixture

and the IF port is matched.

The fabricated MESFET’S have gate lengths between 0.3

and 1.0 pm and different gate widths in r and MultiFinder

configurations to satisfy the different requirements of the

different parts of the receiver circuit. The short-gate-length

transistors, for example Fig. 7, will be used for an inte-

grated LO, consisting of a 27.7 GHz FET oscillator and a

27.7 GHz amplifier. Together with the Schottky mixer

diodes, varactor diodes are with this technology under

development to realize a varactor diode doubler to obtain

55.4 GHz LO.

S-parameter measurements of the transistors showed an

extrapolated ~~u =70 GHz and a MAG= 7 dB at 30

GHz. The transistors with longer gate lengths (0.75 pm)

were used for the design of an integrated low-noise IF

amplifier with two stages for an IF bandwith from 4 to

5 GHz. Noise figures of 0.8 dB at 4.5 GHz with an

associated gain of 11 dB have been measured.

IV. 60 GHz MIXER

The mixer analysis is performed with the software de-

scribed in the previous section. To obtain good perfor-

mances the RF, LO, and image frequency impedances are

optimized. In the millimeter-wave range, it is particularly

important to minimize the demand for LO power.

The developed single balanced mixer chip is shown in

Fig. 8. The chip thickness was chosen to be 150 pm. To

avoid problems with coupling effects and microstrip (MSl,)

discontinuities and to get optimum design possibilities, an

impedance level of 70 Q was chosen. The in-house soft-

ware has been improved to calculate MSL discontinuities

and radial stubs for the millimeter-wave frequency range



ADELSECK et al.: MONOLTFI+IC 60 cmz DIODE krrxER AND rF AhiPLIFIER

25.

20.

15.

E

\ 10.

z
m
D

L 5.
z

+

“
.

0.

Fig. 8. 60 GH.z mixer chip.

50. 52. 5!. 5L. 5A. ho. L2. b!. Lb. L8. 70.

FREQUENCY / GHZ

Fig. 9. Measured characteristics of the branch-line coupler.

on the basis of the magnetic wall waveguide model [12].

With this model S parameters of these structures can be

calculated as a function of frequency and geometrical

dimensions. LO at 55.4 GHz and signal frequencies at 60

GHz are fed to the diodes through a branch-line coupler

which has been designed using this software taking into

account improved models of the MSL tee junction and

coupling between the lines of the coupler. An improved

bandwidth of 15 percent was achieved by adding four

open-ended stubs to the coupler [13].

Fig. 9 shows the characteristic of a separately fabricated

coupler measured in a V-band test fixture. The coupling is

approximately 4 dB in the frequency range of operation.

Two side-coupled dc stops allow dc bias of the diodes

through two band-stop filters for optimum performance.

For self-bias operation the two bias pads are grounded.

The measured transmission loss of the separately fabri-

cated dc stop is better than 0.6 dB between 50 and 60 GHz

compared to 0.5 dB for the calculated value.

A matching network is realized to obtain the optimum

performances of the mixer. The matching impedances are

optimized for the LO, RF, and image frequen~ies in order

to achieve a good conversion loss for a small LO power.

The LO and RF short between the diodes is realized by a

radial stub.

Because the coupler has a 90° phase difference between

its two output ports, a line length of a quarter wavelength
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Fig. 10. Conversion loss and noise figure of the mixer chip.

Fig. 11. IF amplifier chip.

was added to one port to obtain a phase difference of 180°

at the center frequent y of the mixer. Calculations show

that the phase error due to the MSL dispersion within the

band of operation is less than + 10°.

The IF output is also realized as a band-stop filter with

a radial stub to reject LO and RF signals. Fig. 10 shows

the measured conversion loss and DSB noise figure of the

mixer chip versus LO power in self-bias operation. A DSB

noise figure of N~ = 3.3 dB combined with a 6 dB conver-

sion loss was achieved. The LO power was PLO= 6.5 dlBm

at 55.4 GHz. The IF frequency was 4.1 GHz in this case.

V. IF AMPLIFIER

The IF amplifier was designed for subsequent integra-

tion with the mixer described above on a single chip. Fig.

11 shows a photomicrograph of the low-noise amplifier

with two stages and parallel resistive feedback at the first

stage.

The chip employs two MESFET’S with 0.75 pm gate

length. The device of the first stage has 12 gate fingers with

a total gate width of 600 pm to achieve a low gate

resistance and with it a low device noise figure. The device

of the second stage has eight gate fingers with a total gate

width of 400 pm. An equivalent circuit with 12 elements of

both devices is shown in Fig. 12. The element values were

derived from scattering parameter measurements with a

microstrip test fixture up to 6 GHz.

The resistive feedback at the first stage made it possible

to obtain unconditional stability and the desired band-

width of approximately 1 GHz. In order to meet these
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Fig. 12. Equivalent circuits of the MESFET’S in the IF amplifier.

conditions on the one hand, but also to retain a low noise

figure for the first stage on the other, a value of 20000 for

the feedback resistor was chosen [14]. The optimum reflec-

tion coefficient of the first stage for minimum noise figure

was determined from the measured noise parameters

(minimum noise figure, equivalent noise resistance, opti-

mum reflection coefficient) and scattering parameters of

the first MESFET device and the element values of the

feedback network [15].

For minimum noise figure a network consisting of a

series capacitance and a shunt inductance with a block

capacitance transformed the input impedance of 50 a into

the required optimum reflection coefficient. The matching

between the output impedance of the first stage and the

input impedance of the second-stage MESFET, and be-

tween the output impedance of the second-stage MESFET

and the 50 Q output impedance, respectively, was obtained

by a series inductance. The on-chip bias circuit consisted

of a 2000 fl series resistance for each gate and two series

inductances and a shunt capacitance for each drain.

Resistors, capacitors, and inductors were realized by

epitaxial layer resistors, MIM capacitors, and square spiral

inductors. The dimensions of the elements are determined

from equivalent circuits, which were derived from the

measured scattering parameters of various elements with

different dimensions. Since square spiral inductors have a

rather low resonance frequency, caused by the low sub-

strate thickness, two series inductors instead of one are

used in the drain bias networks.

Fig. 13 contains the measured results for the noise figure

and associated gain of the fabricated amplifier. The mini-
mum noise figure was 1.7 dB with an associated gain of

20.6 dB at 4 GHz.

VI. CONCLUSION

A GaAs technology using a combination of implanta-

tion and MOCVD has been developed which allows the

fabrication of Schottky mixer diodes and MESFET’S on a

single chip. A 60 GHz single balanced mixer and an IF

amplifier have been made using this technology and can be

integrated in a receiver chip [16]. The mixer has a conver-
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Fig. 13. Noise figure and associated gain of the IF amplifier.

sion loss of 6 dB and a minimum noise figure of 3.3 dB.

With the IF amplifier a gain of 20.6 dB combined with a

minimum noise figure of 1.7 dB at 4 GHz has been

achieved. Using these data, an overall gain of about 14 dB

and a noise figure of nearly 6 dB (DSB) can be expected.
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