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PREFACE

and associated gain of 7 dB at 18 GHz was produced.

exceeded.

This report describes work performed at Avantek, Inc., under Contract

Number N00014-75-C-1163. Funding for the program was provided by Naval
Electronic Systems Command and Naval Air Systems Command.
Cohen of Naval Research Laboratory was the Scientific Officer.

Mr. Eliot D.

The results of the 29-month program are presented in this report. The
objective of Phase I, the first 12 months, of this program was to develop
both FETs and multistage amplifiers covering the 7-15 GHz frequency range.
A 0.5 micron gate FET was successfully developed and the amplifiers were
delivered on schedule. Work on this portion of the program is described
in detail in the annual report issued in November 1976.

The objectives of Phase II were to develop both devices and multistage
amplifiers capable of operating over the frequency ranges of 10.7-18 GHz
and 7-18 GHz. A 0.5 x 300 micron GaAs FET with a noise figure of 2.5 dB

In addition, all

required amplifiers were delivered with most specifications met or

e




I1.

III.

Iv.

VI.

FET

A.
B.
C.
D.
E.
£
G.

ION

A.
B.
C.
D.
E.
F.

AMPLIFIER DEVELOPMENT

A.
B.
C.
D.
E.
Fe

G.

TABLE OF CONTENTS

DEVELOPMENT
Introduction

Noise Figure Reduction
Mobility

Material Development
Design for Application
FET Performance

Device Modeling

IMPLANTATION

S1'3N4 Cap and Annealing
Qualification of Cr Doped Substrates
Ion Implantation

D.C. Evaluation

Performance Improvement Experiments
Conclusions

Introduction

FET Selection

Single-Ended Amplifiers

Balanced Gain Modules
Interconnections and Transitions
Limiter

Temperature Compensation

7 TO 18 GHz AMPLIFIERS

10.7 TO 18 GHz AMPLIFIERS

CONTRACT CHANGES

PAGE
NO.

14
16
17
22
24

30

30
32
33
46
50
68

70

70
73
82
88
106
109
113

118
133
151




TABLE OF CONTENTS (Continued)

PAGE
NO.
VII. MEETINGS 152 .
VIII. REFERENCES y 153
‘ APPENDIX A - Temperature Measurements on 7 to 18 GHz 3
|
i Amplifiers
' APPENDIX B - Data on the Four 7 to 18 GHz Amplifiers

which were Added onto the Contract

4 APPENDIX C - Temperature Measurements on 10.7 to 18 GHz

| Amplifiers

Portions of the Qualification Test Procedure
and Functional Test Procedure for the Quali-
fied 7 to 12 GHz Amplifier

APPENDIX D




e

LIST OF ILLUSTRATIONS

FIGURE PAGE
NO. TITLE NO.
1 FET Gate Geometry & Gate Resistance, e 5
2 M-104 FET Geometry 7
3 M-107 FET Geometry 8
4 M-103 FET Geometry 9
5 FET Cross-Section using Fukui's Notation 11
6 FET Gate Cross-Sections 12
7 Mobility and Capacitance Plots 15
8 Theoretical Effect of C on 52] 18
9 52] vs. Frequency with N as a Parameter 20
10 Noise Figure and GNF’ Implanted FET 23
1 M-107 FET Equivalent Circuit 28
12 Silicon Nitride Deposition System 31
13 Surface Breakdown Voltage vs. Surface Doping of 35
Cr-Doped GaAs Wafers after 900°C Anneal with Si3N4
Cap

14 Typical Impurity Profile of Cr-Doped GaAs Substrate 36
Showing Conversion to N-type after 900°C Anneal with
Si3N3 Cap

15 Typical Ion Implanted Profile Obtained with "Good" and 37
“Bad" Cr-Doped Substrates after Annealing with S1'3N4
Cap

16 Impurity Distribution of Se Implant, ¢= 5 x 1012cm=2, 41
E = 120 KeV

17 Impurity Distribution of Se Implant, ¢= 4 x 1012cm~2, 42
E = 240 KeV

18 . Drain Characteristics of Se Implanted FETs (See Table 45
1v)

19 Gaussian Distributions for Si and Se Implants, 47

bgi= 6.2 X 1012cm=2, E = 50 KeV. e " 5 x 1012¢cm-2,
E = 120 KeV. Dose and Energy Chosen so that the Peak
Doping and Projected Range are Equal.

iii




FIGURE PAGE
NO. TITLE NO.
20 Typical Impurity Distribution for Si Implant, 48
¢ =2 x 1012cm-2, E = 120 KeV,

21 Drain Characteristics Typical of Si Implanted FET 49
(¢ =2 x 102cm-2, E = 120 KeV, M-107),

22 Gm’ Cgs,and uq VS- Gate Voltage for Si Implanted FET 51
Run #361-C. Data obtained using the M-107 Fat-FET
Structure,

23 Gm, Cgs' and My VS- Gate Voltage for LPE FET run 52
#363-C. Data obtained using the M-107 Fat-FET
structure.

24 Resistance vs. Contact Spacing for Si Implanted FET 53
Run #364-A. Data obtained using the M-107 Contact
Test Pattern,

25 Schematic Representation of "Non-Selective" and 54
"Selective" N Implants.

26 Gaussian Distributions (LSS Theory) and Measured 56
Impurity Profile for "Non-Selective" N+/N Si Implanted
FET run #360-B.

27 Drain Characteristics of Si Implanted FETs with "Non- 57
Selective" Nt Implanted Contacts.

28 Gaussian Distribution (LSS Theory) for Multiple 59
Energy Si Implant Suitable for "Selective" Nt Contact.

29 Gaussian Distribution (LSS Theory) for Multiple 60
Energy Se Implant Suitable for "Selective" Nt Contact

30 Resistance vs. Contact Spacing for the Multiple Energy 61
Se N* Contact Implant of Fig. 29.

31 Resistance vs. Contact Spacing for the Multiple Energy 62
si N Contact Implant of Fig. 28.

32 Schottky Diode Capacitance vs. Voltage for Si Implanted 64

into a Qualified Cr-Doped Substrate and High Resistivity
Buffer Layer (¢ = 2 x 1012cm=2, E = 120 KeV).

iv

e ye

—_—




FIGURE PAGE
NO. TITLE NO.
33 Drain Characteristics of Si Implanted FET. Implan- 66
tation into High Resistivity Buffer Layer
(¢ = 2 x 1012cm™2, E = 120 KeV).
34 Gm’ Cgs, Mg VS- Gate Voltage for Si Implanted FET 67
Run #365-A. Implantation into High Resistivity
Buffer Layer (¢ = 2 x 1012cm 2 , E = 120 KeV).
35 Simplified FET Amplifier Circuit. 74
36 Effect of Impedance Mismatch on Output Mismatch Loss. 74
37 Single-Ended 7 to 18 GHz Amplifier 83
38 Single-Ended 10.7 to 18 GHz Amplifier 85
39 Maximum Impedance Transformation Using 4, 6 or 8 86
Element Networks.
40 Schematic Diagram of a Balanced Amplifier Module 89
41 Couplers 90
42 Through Loss for Two One Section 90° Hybrids Connected
in Balanced Configuration. 91
43 Improvement in Return Loss & Frequencies 93
44 Coupler Measurements 94
45 Gain and Noise Figure for an M-104 Gain Module 96
46 Gain and Noise Figure for a 10.7 to 18 GHz M-107 Gain 99
Module
47 Gain Response of 7 to 18 GHz Gain Modules 103
48 Gain vs. Drain Current 105
49 Compensated vs. Uncompensated Interconnections 107
50 Return Loss of Right Angle Hermetic Transition 108
51 Power in vs. Power out for the Two Diode Limiter 110
52 Temperature Compensation Circuit 114
53 7 to 18 GHz Amplifier 119
54 Swept Response of 7 to 18 GHz Amplifier Without 120
Limiter
55 Complete 7 to 18 GHz Amplifier and Power Supply 123
56 Exploded View of 7 to 18 GHz Amplifier & Power 124

Supply




FIGURE PAGE
NO. TITLE NO.
57 Change in Gain & Phase with Temperature for 7 to 18 130
GHz Amplifier

58 Swept Response of 7 to 18 GHz Amplifiers 131

59 Noise Figure vs. Temperature, 7 to 18 GHz Amplifiers 132
with Limiters '

60 10.7 to 18 GHz Amplifiers 134

61 Swept Response of 10.7 to 18 GHz Amplifiers without 135
Cables

62 Complete 10.7 to 18 GHz Amplifiers & Power Supply 139

63 Exploded View of 10.7 to 18 GHz Amplifier & Power 140
Supply

64 Gain vs. Temperature 10.7 to 18 GHz Amplifier before 146
Welding

65 Gain vs. Temperature of Completed 10.7 to 18 GHz 147
Amplifiers

66 Power Output - 10.7 to 18 GHz Amplifiers 148

67 Outline Drawing - Microwave Amplifier with Integral 149

Power Supply

vi




LIST OF TABLES

PAGE

NO. TITLE NO.
I Effect of N on FET Parameters 19

II Calculated S Parameters 29
ITI gEffect of Annealing on Surface Breakdown 34

Voltage and Capacitance

IV Summary Se Implanted FETs 40

v Summary Si Implanted FETs on S.I.S. 45

VI Summary Si Implanted FET on Buffers 65
VII Amplifier Summary 71
VIII FET Evaluation, M-104/R35A 76
IX FET Evaluation, M-107/EXP-323D 77

X FET Evaluation, M-107/EXP-323D 76

XI FET Evaluation, M-107/EXP-338 79
XI1I FET Evaluation, M-107/EXP-338 80
XIII M-104 Gain Module, 10.7 to 18 GHz 94
XIV 10.7 to 18 GHz Gain Module 97
XV 7 to 18 GHz Module Phase Match, S/N 3 g9
XVI 7 to 18 GHz Module Phase Match, S/N 4 100
XVII 7 to 18 GHz Module Phase Match 103
XVIII Limiter 10.7 to 18 GHz, S/N 5 110
XIX Limiters 7 to 18 GHz, S/N 10 112
XX 7 to 18 GHz Amplifier without Limiter, S/N 2 113
XXI Temperature Comp. 10.7 to 18 GHz 114
XXII Temperature Comp. 10.7 to 18 GHz 115
XXIII 7 to 18 GHz Amplifier without Limiter, S/N 2 119
XXTV 7 to 18 GHz Amplifier without Limiter, S/N 2 120
XXV 7 to 18 GHz Amplifier - Final Data 124
XXVI 7 to 18 GHz Amplifier - Phase Match, Final Data 125
XXVII Comparison of Specified & Measured Data 126




PAGE

NO. TITLE NO.
XXVIII Change in Gain & Phase with Temperature 127
XXIX 10.7 to 18 GHz Amplifiers without Cables 134
XXX 10.7 to 18 GHz Amplifiers without Cables 135
XXXI 10.7 to 18 GHz Amplifiers without Cables 136
XXXII 10.7 to 18 GHz Amplifiers - Final Data 140
XXXIII 10.7 to 18 GHz Amplifiers - Final Data 141
XXXIV Comparison of Specified & Measured Data 142

viii




1. FET DEVELOPMENT

A. INTRODUCTION

During the first phase of this contract (June 1975 - June 1976),
it was demonstrated that KU Band transistors were, indeed, feasible. By
the end of the first year FETs with noise figures of 4.2 dB and 5 dB gain
had been achieved at 18 GHz. At 9 GHz the noise figure was 2.8 dB with
about 8 dB gain. This performance, while fairly impressive, was not ade-
quate to build a 7-18 GHz amplifier which would meet all specifications at
18 GHz. Losses from couplers, limiters, cables, connectors, etc., are suf-
ficient to increase the 4.2 dB noise figure to over 10 dB at the maximum
temperature (+65°C).

By the end of Phase II (Nov. 1977), the noise figures at 18 GHz had been
reduced to 3.2 dB and the net module gain had been increased to 8 dB. This
resulted in an amplifier which had a noise figure between 5 and 6 dB at

18 GHz. Thus, the main thrust of the FET work in Phase II was devoted to
reducing device noise figures and increasing gain. Due to the very heavy
effort in this direction, particularly in implantation, it was necessary

to reduce effort in others, such as the development of a dual gate FET.
Feasibility of a dual gate FET was demonstrated in Phase I, when devices
with over 30 dB agc range were built. The dual gate FET mask, however, was
defective and a new mask would have been necessary if dual gate FETs were
to be used in Phase II. Since our mask vendor has limited capability in
sub-micron devices, we decided to concentrate on low noise, high gain,
single gate FETs. An adequate leveler using PIN diodes was used in the
final amplifiers.

B. NOISE FIGURE REDUCTION

In a paper by Hewitt, et al {1], Fukui developed an empirical
equation for noise figure of FETs. The equation is particularly useful
since it demonstrates the relative importance of how certain FET parameters
affect noise figures. While we do not agree entirely on the exact form of
the equation, it is still the only really useful one extant. A1l other
forms are either too simplified, or else contain inaccessible parameters.
The equation is as follows:




1/2 | 1/2
F - ]+KfL5/6 ﬂ 1/6 3.30)20 " ].8Lsg 0.]8RC
a hL Na Na2

+ Equation 1

1

Where:

K = noise coefficient, =.033 for good FETs

f = frequency in GHz
:1 L = gate length in microns
b N = free carrier concentration, X1016cm=3 in active channel
i a = active layer thickness under gate in microns

w = unit gate width in mm

p = gate metalization resistivity X10~®qcm

h = gate metalization thickness in microns

Lsg = spacing between gate and source in microns

a, = thickness of channel between source and gate in microns
‘ Rc = specific contact resistivity, X10"6qcm2 (for source and

drain contacts)

a thickness of channel under source in microns

2

The three terms inside the brackets can be identified as the gate metal loss,
the source-to-gate channel resistance loss, and the contact resistance loss.
For purposes of relating this equation to an equivalent circuit, Eq. 1 can be
rearranged somewhat.

N| 1/6 1/2 :
F = 14KfL5/6 {3] wl/2 [rm t By * Rcon:l Equation 1A
Where:
= ; = B i
Fp © gate metal resistance = 3Lk Equation 2 :
i
ng = resistance of channel between source and gate 3
L 1.8 L
= Sg = Sg « 9 % = :
quNwa, Na, ° if uy = 3500 Equation 3




average drift mobility
contact resistance

.]_ R R =J— Rc
w¥ "s'c w4 quNa, 3]

.18R g
£1l; if iy = 3500 Equation 4

Na2

con

1
w

Note several assumptions which do not appear in the reference.

1. Drift mobility (”d) is 3500
2. Gate resistance is for a gate w wide with only one feed point

Our profiles of mobility indicate that 3500 is a reasonably good value for

LPE mobility, but somewhat on the low side for implanted FETs. For devices
with different gate feed systems P must be modified. A tee geometry requires
that . be divided by 4, etc. Each of the terms in Fukui's equation will now
be discussed.

The noise coefficient seems to be very close to a minimum value. We have
observed numerous devices with values of K greater than 0.033, but very few
with K's less than 0.033. The N/a term implies that light channel doping

and thick channels are best for Tow noise. We do not believe that this term
is correct. Our lowest noise devices have been built with N>10!7 and a
<0.15um. It may be that there is less intervalley scattering in heavier doped
channels, which in effect reduces K. K is determined by first measuring

the noise figure, and then the accessible parameters, VIZ:

E Microscopic examination, electronic micrometer (filar)
N Profile of test pattern diode

a Profile of test pattern diode

o Measurement of test pattern

h DeK-TAC measurement

LSg Microscopic examination, electronic micrometer

a;,23, Same as "a"

RC Contact resistance test pattern

h.u;u_w sl




With these data plus the noise figure, a value for K can be inferred.

The metal resistance term is very important. It was investigated in con-
siderable detail on an ECOM Program [2] which ran concurrently with Phase II
of this program. If a gate has a single feed point, the resistance between
the gate and the channel is:

(resistance from feed point to end of gate)

|

If there is more than one feed point, or more than one gate section, Eq. 2
must be modified. Figure 1 shows the appropriate equation for L in several
geometries.

-
]
w|—

"

w|—

=0
.

e

] Equation 5

As was pointed out in Phase I, the interdigitated geometry, Fig. 1D, can
reduce L to an arbitrarily low value. Unfortunately, there are also some
offsetting disadvantages to the interdigitated layout.

Pad capacitance is high due to the interconnecting metal.
Gate pad-to-source capacitance is higher since the source
and gate metal are close. This was encountered with the
M103 in Phase I.

o The isolated drains must be bonded individually, which
results in a relatively complex and costly bonding scheme.

During Phase II we introduced two new geometries, the M104 (Fig. 1B) and the
M107 (Fig. 1C). The reasons for adopting these gecmetries were the large
parasitic capacitance associated with the gate pad in the M103. We can com-

pare r_ as follows:




Figure 1

FET Gate Geometry & Gate Resistance, rm
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Thus, for a given ﬁ3 the M103 has an advantage in lower resistance. However,
during the same interval, we investigated improving both o and h. The bulk
conductivity of pure gold is about 4.1 x 1075 mhos/cm. Plated gold, such as

is used for gates, can vary in conductivity 40 to 90% of bulk or 1.64 to 3.7
mhos/cm. In general, "bright" gold is poorer in conductivity. Through experi-
mentation, we were able to increase the conductivity from 40% to 70% bulk. At
the same time, we increased h from 0.25 um to 0.5 um. (We are presently
increasing it still further to over 1 um.) If we now compare the 104 and 107
with new metal to the 103 with old metal, the resistance is as follows:

MI03 r = 6.67 [§:9251915

.25x]0'“] sl

3.48x10°°
M10 = 25 [|Z22SSie ) « ¥,
104 r = .2 [ 10" } 1.740

1]

M107 s

-6
12.5 [§:ﬂ§iﬂi—4 = 0.870

.5x107%




Therefore, by increasing the conductivity and metal thickness, we were able
(in the case of the M107) to actually reduce o

The M104 and M107 geometries are shown in Figs. 2 and 3. As shown in the cal-
culation, the M104 has a 150 x .5 um gate and the M107 has a 300 x 0.5 um
gate.

At this point, it will be necessary to digress slightly to explain in more
detail the reasons for introducing the M104 and M107 geometries. During the
early part of Phase I, measurements of the metal indicated the necessity for
multiple gates and the first designs were of that type. However, the M103 '
(Fig. 4) and earlier designs always fell short on gain, particularly at

higher frequencies. The problem was traced to parasitic gate capacitance of
two kinds. Figure 4 shows how the gate metal is close to the source which
introduces a parasitic capacitance of about .07 pFs in the M103. In addition,
the gate pad has an area 60 times that of the active gate itself. It can be
shown that the total gate capacitance is [2] as follows:

A N 12
Cate Total = Cp 1+ 42 [——b“—fi] +C

+ € .
gate Ag Nactive SwW Cm1sc Equation 6
e |
Where:
Ap = area of gate pad
Ag = area of active gate
Nbuff = doping level in region under gate pad
Nactive = doping level in region under active gate
CSw = side wall capacitance
C = metal capacitance, etc.

misc
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FIGURE 4 M103 GEOMETRY
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If the buffer is about 10 um thick, and Nbuff & 10'%, normal bias will not
§ deplete the buffer completely. At Ov’ C o 0.17 pF for the M103; then:

9
5 1014 1/5]
C_=0.17 |1+ 60 |—= + .07
; gs []017] J

0.56 pF + or 3.35 times normal.
The M104 geometry was the first attempt at reducing Cgs‘

e Smaller gate pad
® Gate separated from source metal
e Lower N, thinner buffer (or none)

The first run of M104's showed C . of close to 0.1 pF which is correct for a
device that size on 10!7 material. We will now return to the Fukui noise
equation and the other parameters controlling noise figure. The second term
in the bracket is the source-to-gate resistance (Eq. 1A). For this part of
the discussion, refer to Fig. 5.

i oo ai

In Phase I all of the FETs fabricated had a uniform cross-section; i.e.,

a%a *a,. The resistance, ng, can be reduced in a number of ways.

Increase a,

Red

educe LSg

Increase N in region between gate and source to increase

conductivity.

ey

A11 three of these techniques have been tried in Phase II. Both the M104 and
M107 have reduced Lsg (from 1.1 to 0.7 um). The thickness of the channel (al)
was also increased, and the region under the gate etched down to give the
desired active channel thickness. As a result of the "etched-down" gate tech-
nique, ng was reduced 50%.

Some of the best devices we have built today utilize this technique. There
are, however, some difficulties associated with the system. First of all,

the proper etch system is important. Different etches result in different
cross-sections (Fig. 6). The third system seems to work best, but absolutely
accurate alignment is necessary. If the gate touches the sides of the trough,

<}0-




Figure 5

FET Cross-Section Using Fukui'sNotation
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Figure 6

FET Gates
i Type
| |
A
epi A. Standard
i m epl B. "Veeu
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a large parasitic capacitance results which reduces gain and increases noise
figure. Even when the gate is not touching the sides of the trough, the
output capacitance, ng, is increased. This is because the total charge in
the region next to the gate is increased. As a result, the gate-drain
depletion layer is restrained from moving towards the drain. Devices with
this type of gate show reduced noise figure and slightly reduced gain. It is
possible that the increased C d results in negative feedback that reduces
noise figure, particularly at lower frequencies. At 6 GHz, noise figures as
low as 1.25 dB have been obtained with "etched down" gates.

The third term in the brackets in Eg. 1A is the contact resistance loss.

_ 1 Rc

con ~ wV qula, Equation 7

Contact resistance can be improved by (w kept constant):

Increasing channel thickness, a,
Increasing N
Increasing u -

Reducing Rc’ contact resistivity

The etched-down-gate process described earlier allows an increase in a,, which
helps reduce contact resistance. What is not apparent from Eq. 4 is the effect
of contact penetration. If the layer is very thin to begin with (a2<-2um), the
contact penetration may reach all the way to the buffer and contact is only
through the sides of the contact. Thus, a thick layer under the source is
doubly important.

i
Selective implantation and grown N+ layers have both been used to increase N
and reduce contact resistance. Both processes require that the region under
the gate be etched away to get usable breakdowns. Etching is very critical,
but the results can be worthwhile in terms of the superior performance.

The effect of mobility on contact resistance is probably a second order effect.
No serious attempt was made to manipulate this parameter.
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Contact resistivity is a major variable in FET performance. It is known to

vary with:

the metal system used

the metal overlay used
alloy time and temperature
cleaning procedure used

metal deposition method

Not all the variables in this system are perfectly understood as yet. The
Ti/W-Au overlay on a Au/Ge contact will usually give a contact resistivity
of 2 - 4 x 107%ucm? on 10!7 material. Contact resistivity is much more con-
sistent on thick material, indicating the contact penetration may be the
variable.

C. MOBILITY

The foregoing discussion based on Fukui's equation assumed a drift
mobility of 3500. However, the all-important factor here is the mobility
at the interface between the active layer and the layer underneath, whether it
be a substrate or buffer. The role of mobility is explained as follows. For
low noise operation, the drain diffusion noise of an FET varies inversely with
the drain current, making low drain current desirable to reduce noise. How-
ever, as the active channel becomes pinched off, In will drop unless the
mobility rises. Most epitaxial layers, both LPE and VPE, show a reduction

in mobility as the device is pinched off. Figure 7 shows plots made from

good and poor epitaxial material. The good device had a noise figure of

1.5 dB at 6 GHz, the poor device a noise figure of 3.0 dB at 6 GHz. A rising
mobility characteristic has been most consistently achieved using implantation.
Since implantation has been so important to this contract, the next major sec-
tion will be mainly devoted to this subject. Although we have achieved a
rising mobility characteristic on some epitaxial wafers, we have never seen
the consistent high quality achieved with implantation.

The rising mobility characteristic, then means that In tends to remain constant
as pinch-off is approached, and gain remains high even at low drain currents.
There is an additional effect that is also important. When a device is biased
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to some desired drain current, the gate is made sufficiently negative to
reduce the channel conductance. For any given channel corductance, there is

a corresponding gate-source depletion layer and a gate source capacitance.
However, if mobility is higher in the active layer, the gate must be made
more negative to reduce the channel conductance to the desired value. As a
result of this, the input capacitance is lower and the broad band operation
is more easily achieved. This aspect of FET design turned out to be of major
importance in making FETs which could be built into 7 - ﬁ8 GHz modules.
Another way of stating this fact is that as the gate is made more negative,

CgS decreases, while rs increases and the input Q drops.

In our later masks we have added a "fat-FET" for mobility profiling [3].
However, the process of calculating mobility is a tedious one. We have, there-
fore, developed a semi-automatic mobility profiler. The plots in Figure 7 and
those given in the section on implantation were made using this system. A
mobility plot takes approximately 30 seconds. We now routinely evaluate all
material using the new system and reject low mobility material at this point.

D. MATERIAL DEVELOPMENT

Material still remains the key to achieving very low noise, high
gain FETs. Recognizing this, we have approached the materials problem in a
number of ways. For example, the following systems have been implemented in
Phase 1I:

1. Liquid Phase Epitaxy (LPE)

a. Non S.I. substrate

b. N on LPE buffers

(8 N+ on N on S.I. substrates

d. N on VPE buffer

e. Complex active layers on S.I. substrates

2. VPE(Arsine System)

a. Buffers
b. Active on buffers
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3. Implantation

N on S.I. substrates

N on VPE buffers

N on LPE buffers

N+/N on buffer on S.I. substrates

a o o o
s lylar s @) kil

As noted earlier, implantation has provided the most consistent high perfor-
mance FETs. The section on implantation details the results of the various
types of implantations tried. Excellent devices have also been built using
all of the other schemes enumerated above, but the probability of achieving,
say, a noise figure of <3.0 dB at 18 GHz is much lTower than with implantation.

E. DESIGN FOR APPLICATION

It is our objective as device fabricators to design FETs to fit
as closely as possible a specific application. An example of this was given
earlier when it was pointed out that high mobility material could result in
lower Q, larger bandwidth FETs.

We have been investigating the effects of device size and material on the
suitability of an FET for a particular application. Noise figure of an FET
is invariant with gate width, providing all parameters and parasitics scale
linearly. However, 521 is not invariant with size (i.e., gate width), and
it appears that there is an optimum size for any given frequency and material
constants. The magnitude of S21 depends upon two factors:

1. The input match, i.e., S11
2. The magnitude of the transfer coefficient (i.e., gm)

Figure 8 shows a simplified equivalent circuit for calculating 521. Note that

521 depends mainly on two factors:

o The fraction of the input voltage appearing across C,
the input capacitance.
® The magnitude of I+

"
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From this equivalent circuit we can develop an approximate expression for 521,
with Z° = 50Q. For example:

100 g_
21| [(50+R)2(mc)2 +<(%IZ_ ]>2] 1/2 ,

1

S Equation 8

Where:

1 - -
f0 = 2uC ° is the input resonant frequency

At very low frequencies, (f/f0)2<<1 and (WC)2»0. Therefore:

5 =100 g
211 e g m

Using the M104 geometry, R, C and 9y, were calculated for three different chan-
nel carrier concentrations. The results are given in Table I. The value of
L is fixed at 0.5 nhy (one bonding wire) and the bias was adjusted to keep a
constant drain current. Figure 8 shows three plots of S,, vs. frequency.
These curves show that S,, always peaks below f  because the voltage across C
is inversely proportional to frequency. These curves can be compared with
Figure 9, which shows measured values of S,, vs. frequency for three FETs.

As will be shown in the circuit section, a low C, lower I FET is best for
broadband operation. This is confirmed by the obviously wider band width of
the low C device in Figure 8 and Table I.

TABLE I
EFFECT OF N ON FET PARAMETERS
(Cx = 0)

N C R m fo, input
cm™3 pF ohms mmhos GHz
1x10 17 0.1 20 25 22.5
2x1017 0.15 15 30 18.4
5x1017 0.20 10 35 15.91
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Mx 104 1D = 10 ma
21

S,. vs. N vs freq.

P dB

1.5 & 16"

285A

GHz

Figure 9

? Mx 104
21 VS- frequency with N as a Parameter
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This effect had a very real impact on our FET design for the amplifiers. The
heavily doped device in Fig. 9 had the best X band value of §,, and noise
figure of any device fabricated previously. However, as a KU band amplifier,
it was definitely inferior to the lightest doped of the three FETs. As a mat-
ter of practical experience, it was found that the gate resonant frequency
should be near the high end of the amplifier pass-band, but not tco much
higher. Devices with gate resonant frequencies near 25 GHz gave very flat,
but low, gain in the amplifier modules. For the transistors shown in Fig. 9,
which are MX104's, the optimum doping is near to 1.5 x 10!7. If the gate
length were reduced to less than 0.5 um, N could be increased further, while
still maintaining the same resonant frequency. Obviously this would result
in an even better device for the application.

As a result of this study, we have been tailoring the implantation schedule
for the M104 and M107 to keep gate resonances in the 16-18 GHz region. The
result has been that the amplifier development group has made modules which
are flat from 6-18 GHz.

The size of the FET is, of course, a major factor in wideband design. When
the M104, 150 um, FET was introduced, we believed that the small device would
favor operation at 18 GHz and, thus, be most desirable. This turned out to
be only partially true. While excellent performance could be achieved at

18 GHz and higher, the device was extremely difficult to match in a broad-
band design, particularly at the low end near 7 GHz. The section on ampli-
fiers indicates the results of a computer study which showed the desirability
of a larger device to maintain low end performance. As a result of this
study, the M107 was introduced which has a gate 300 um wide and 0.5 um long.
It can be matched at the low end of the band much more easily.

The results above point out the general direction which should be taken to
develop higher frequency FETs, i.e., 18-26 GHz and above. As the device is
made smaller to facilitate matching at the higher frequencies, the channel
doping should be increased to maintain a reasonable I For broadband opera-
tion as much of the device gain as possible should come from 521 (i.e., gm),
and a Tesser amount from impedance transformation. However, as the doping

level N is increased, Cgs would also increase reducing the gate resonant

..
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frequency. Therefore, the capacitance increase should be offset by:

e Shortening gates, reducing Cgs
e Shortening or eliminating input bond wires to reduce
gate inductance

F. FET PERFORMANCE

In the section on amplifiers, the printout from the ANA will be
used to show the type of S parameters which are characteristic of implanted
FETs. These can be used to study the finer structure of 521, 511’ etc. A
noise figure vs. frequency curve is given in Fig. 10. This run was implanted
with silicon as the donor species. The noise figure in the band of interest
(7-18 GHz) is close to the state-of-the-art for FETs in general. We have
achieved lower noise figures in S and C band using a larger, 500 um, FET,
but its KU band performance was not as good as the 300 or 150 um FETs. The
noise figure of the 500 um FET was 1.0 and 1.25 dB at 4 and 6 GHz, respec-
tively. Again, the performance was achieved by implantation.
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G. DEVICE MODELING

Since the M107 transistor is the basic device used in the gain
modules, the modeling study was based on its geometry. The equivalent cir-
cuit is given in Fig. 11. To derive the model (based on implant design),
the following assumptions were made:

Tt i ———————

N=1.5%x107cm”’
'Vp = 1.5 volts
Wy = Vp +¢ =15+ .8=2.3volts, € =12.5
a =0.146 UM
| Lyg = 0.75 uM
Lg = 0.5 uM
w = 300 uM
u = 3500, i.e., H:—%—ﬁ; =2
¢= 0.8 volts
o = conductivity of active layer = quN = 84 mhos/cm I
p = resistivity of active layer = %-= .0122cm
RSa = sheet resistance of active layer = p/a = 815 @/[J
t ta1 = 3000A of gold =0.30 uM
Onetal = 70% bulk = .7 (4.1 X 103) = 2.9 X 10° mhos/cm
| Pnetal = © = 3-45 X 107° !
E Rsm metal = 0.115 o/
€p = 5500 v/cm, the field at which mobility peaks
Yge " VA 107 cm/sec, the saturated electron velocity
i e = 2 X 1076qcm? , contact resistivity

=28
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CALCULATION OF PARAMETERS FOR FIG. 11

E._ X R -
0.75 X 10 X 815 g
ng = 34 - S = 03 = 2.04Q Equation 9
o) =) -6 _ :

W sy ™ RspC =03 y/815 X2X10 =1.350 Equation 10
Rs = ng + SO 3.39 Equation 11
1 w_1 (3c0) _ .

Rgate -'Z§‘Rs L “75 (.115) g 1.44Q Equation 12

| o +I, R +epL]£
- dss’s 2 .
IdSS = gN vsatma 1- Wo J Equation 13
L. -
(1.075 + 1,__ X 3.4}L
g 5 dss 2
= 0.105 |1 53 J
= .03 = 30 ma
= €€, QN . )
9y = Vsatw 7o+ IdssR Fepl) at Idss Equation 14
s
= .032 = 32 mmhos
= = i i 5
vds(saﬂ 9 Ijos (Rg +Ry) +eplL = saturation voltage Equation 1

.9 (.03)(3.39 + 3.39) + 5500 (.5 X 10™")

0.46 volts

gNeeo

€. .00 = wL/ Equation 16
gs’v Z(IdssRs + .8)

0.149 pF
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.04 pF

od = .015, Cds = .04 (from transmission 1line analog)

C = .02 pF, i.e., %uff =5 X10'

pad
" 210 Q at ldss

s



Figure 11
FET Equivalent Circuit (M107)

(g

Csw sidewall capacitance, gate-source junction

Rsg = resistance of channel between gate and source
Rcon = source contact resistance

Rp = drain resistance 2 Rgd + Rcon (drain)

gate pad capacitance

drain pad capacitance

Cpg
Cpd

.015, Cpd
pF

rm Cgd -032 VR4
i 0.3 nhy  1.44Q .015 5 ps 3.4Q
4 G L D
; O f vVv—¢ I‘\ -— A \N——TYTL_
» Lg .04pF Ll 15Vc : I 0F4
v 2k Csw 7] 2 ~?P
Cpg ar .02pF < 5000
10Q
Rsg 2.049
Rcon 1.35Q
Ls .15 nhy
Lg, Ld, Ls = bonding wire inductances
r rm = gate metal resistance




The calculations give excellent agreement with measured values with the fol-

lowing exceptions:

9 vddsat) is Tow

8 ng is high
Probably the error in vds(sat) is due to the fact that Vp is not much greater

than Vds(sat) and there is some channel pinching. A better value is 0.7 volts.

The error in C d is due to the oversimplified model of the gate and drain (i.e.,
a pair of transmission lines). It does not take into consideration the depletion
layer between the gate and source.

Since the gate and drain bonding pads act as Schottky barriers on the buffer
layer, their capacitance is calculated in the same way as the intrinsic gate
except that N = 5 x 1012 and ¢ = 0.5V. The output impedance was taken directly
from the curve tracer, i.e., 500 2. The only parameter whose calculation is-
not given here is rys the channel resistance under the gate in the region below
velocity saturation. It is a very complex function of both gate and drain bias.
The calculation method was given in a paper by Gibbons & Cooke [4].

Figure 11 is the equivalent circuit based on the data just derived. Table II
is a set of S parameters based on the model. Note that S21 and S12 are given
in dB. The model accurately predicts both magnitude and angle of all parame-
ters. It shows some minor differences from measured FET data given in the
amplifier section. The differences are mainly due to variations in the doping
level, N, and the channel thickness, a, compared to the model.
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