AD-AO86 668

UNCLASSIFIED

TEXAS INSTRUMENTS INC DALLAS F/6 91
RELIABILITY EVALUATION OF GAAS POWER FETS,.(U)

APR 80 H M MACKSEY» L W JOY F30602-79-C=0037
TI-08-80-06 RADC~TR=80-12% NL



i o
= &g
L I "=
“m T

= |23
JL2s s e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-4

X







This :mb-urmtymmmuuuu.oumon
and 18 :d.m,m to the National Technical Information Sesvice. (NYIS). At
msu-gnhmmmummm hehdmmmm




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

, /7) REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
/?‘ REPGQRT N - / 2. GOVY ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
L= ;\ RADCETR-B%—IZ&] AR -#2 Y 74 V4 7
R ) =y @ Stuaces epa " D COVERED
(/- ; . e
e{ }ELIABILITY EVALUATION OF gaés }_’OJER”,, 7 Nov 78~ 6 Nov 79,

/ E-E-ISI T e ) ‘ GRS WUMBER

N i (i ) TI1p8-8p-p6

7. AUTHOR(a) A 7 — R GRANT NUMBER(s
- 1 ¢ :
/ ’5} 2-;.;‘;:CRSQY/ @ F3p6?2_7 9_C_PP31],)W
- W./Joy
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::2—2al”ﬂ‘OEﬂLKESSINTT‘NPURMOBJEEgST' TASK
Texas Instruments, Incorporated 7 : /
13500 North Central Expressway . 62702F oy
Dallas TX 75265 T 2333b144 ?D,J
11. CONTROLLING OFFICE NAME AND ADDRESS K—"] 12. AEPORT DA1:§
Rome Air Development Center (RBRP) :\lz}é/ 8
Griffiss AFB NY 13441 : cEes

4. MONITORING AGENCY NAME & ADORESS(/f dilfferent from Controlling Olfice) 15. SECURITY CL ASS. (of this report)

./:,Z :Z
Same ()R 7 1 UNCLASSIFIED

1Sa. DECLASSIFICATION DOWNGRADING
SCHEDULE

18. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the absetract entered in Block 20, if different from Report)

Same

18. SUPPLEMENTARY NOTES

RADC Project Engineer: Edward J. Calucci (RBRP)

! This program was partially sponsored by the Federal Aviation Agency
with the aid of Mr. Fred Sakate, ARD-350, Wash DC.

19. KEY WORDS (Continue on reverse side il nacessary and identify by block number)

GaAs Field Effect Transistor (FET) Environmental Stress
Reliability Characterization

Thermal Resistance

Electrical Stress

20. ABSTRACT (Continue on reverse aide (f necessary and identily by dlock number)
The objective of this contract is to assess and establish the reliability
and life characteristics of commercially available, medium<Eower GaAs

MESFETs and to identify any associated failure mechanisms. —The devices
chosen for this study were the TI MSX802 and laboratory devices, Dexcel
3615A~P100F, MSC 88002, and NEC 868196. All are hermetically packaged

GaAs power FETs with approximately 0.5 W output power. The study includ
device physical, electrical (cw and pulsed), and environmental - (over) :

rOoRM
DD ,)an 73 1473  £oimon or 1 nov 8 15 oBsOLETE UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entersd)

347450 "




UNCLASSIFIED

SECUMTY CLASSIFICATION OF THIS PAGE(When Dote Enfered)

| characterization, electrical (cw and pulsed) and environmental stress
tests, and failure analysis.

The device physical characterization has been completed and the data are
presented. The cw electrical characterization is almost complete, and
detailed data are shown for a typical device. No device had signifi-
cant changes in electrical parameters following operation for 1000 hours
‘at room temperature., The environmental characterization has just begun,
and no results are agvailable yet. The results from the cw electrical
stress tests, which have been completed, are presented. There are some
correlations between the various device structures and the results from
different manufacturer's devices. The envirommental stress tests have
begun, and preliminary results are presented. Most of the effort for
the remainder of the program will be spent on completing these tests.
The pulse characterization and stress tests have not yet begun. The
failure analyses are described along with the test causing the failure.

\ i .
) Loy
P T
.
H - sl e S
- e nimmnd
. - . o et e
LI ¢ i USRS |
A enS 4
b4 s‘ll/‘.)r
N .
Ligy enrcial

UNCLASSIFIED

SECURITY CLASSIFICATION OF Tue BAGEPhon Data Entered)




TABLE OF CONTENTS

SECTION PAGE
| INTRODUCTION . . . . & ¢ v ot et s e s o s s s o s o s 1
] DEVICE SELECTION AND PHYSICAL CHARACTERIZATION . . . . . 3
A, Device Design . « v v v ¢ ¢ ¢ ¢ ¢ o « o ¢ o o o o & 3
B. Device Material Parameters. . . . . + « ¢« « ¢ o o & 10
b C. Device Fabrication. . . . . . . ¢« v v ¢ v o o o o & 17
D. Additional Characteristics. . « « &« « « &+ ¢ o & & & 19
T, TIDevices ¢« v o ¢ ¢ ¢ o o ¢ o s o o o o o o s 21
2. Dexcel 3615A-P100F . . . . . . . e e e e e e 23

3. "Ec 868196 @ o & e e o & e & s & " s o s s s 0 23
l'c_ HSC 88002. e e o 8 o ¢ o s & e » " s o * & & @ 27

5. Device Thermal Resistance at Elevated

Temperature. . . . « ¢« « = ¢ ¢« ¢ o s s s « « o 29

il ELECTRICAL CHARACTERIZATION. . . . . v v v o s o o o « & 31

A. Measurement Procedures. . . « « « o+ o o o o o o o o 31

B. Results . . ¢ v ¢ ¢ ¢t o o o v o ¢ s o e o o o o s 32

T | v ELECTRICAL STRESS TESTS. . & &« ¢ & ¢ o ¢ ¢« o ¢ s 2 s o & 52
A. Maximum Drain Voltage . . . «. ¢« « ¢ ¢ ¢ ¢ o o « & 52

B. Maximum Drain Voltage Under Operating Conditions. . 56

C. Maximum Reverse Gate Voltage. . . . « ¢ « « ¢ o« « & 62

D. Maximum Forward Gate Current. . . . « ¢« ¢ « ¢ o o 66

|
|
|
|
c b

E. Maximum Cw Input POwer. . « ¢ « o« o o o s o o o o & n




SECTION

v

Vi

W o N o060 U W

10

TABLE OF CONTENTS

(Cont inued)

ENVIRONMENTAL STRESS TESTS . . . . . . .

A. Elevated Temperature Test Equipment

B. Test Circuit Development. . . .

C. Preliminary Results . . . . . .

su"mv ® 6 ¢ @ & * 5 B 0 e s ¢ v & ¢ s

REFERENCES . . . . . . « . . s ¢ o &

LIST OF ILLUSTRATIONS

Diagram Illustrating General Approach to GaAs Power

FET Reliability Characterization . . . .

Photograph of Ti1 MSX802 Device . . .
Photograph of T! Laboratory Device .
Photograph of Dexcel 3615A Device. .
Photograph of NEC 868196 Device. . .

SEM Photograph of Source Overlay on NEC 868196

L]

Device.

Photograph of Unflipped MSC 88002 Device . . . . . . .

SEM Photograph of Gate Area of MSC 88002 Device. . . .

Current-Voltage Characteristics of Typical Devices . . .

Normal ized Satursted Drain Current as a Function of Gate
vo' t'ge L L] . * L] L L] L] . L] L] » [ ] L] L] L] . . L] L] ] L] L] * L]

fv

PAGE
7h
74
7
77
80
82

PAGE

2
4
5
6
7
8
9




LIST OF ILLUSTRATIONS

(Continued)
F1GURE PAGE
1 Temperature Distribution of Ti M$SX802 Device Determined
by Infrared Microscope . . . . « v ¢« ¢ ¢« v ¢ ¢ ¢ o o o W 22
12 Temperature Distribution of T| MSX802 Device Determined
by Infrared Microscope . . . « ¢« ¢ « & ¢« ¢ ¢ s o o« & o 24
13 Temperature Distribution for Dexcel 3615A Device
Determined by Infrared Microscope. . . .« . « . « « + + & 25
14 Temperature Distribution of NEC 868196 Device Determined
by Infrared Microscope . « « « ¢« ¢« ¢« ¢ o ¢ ¢ o o o o o s 26
15 Thermal Resistance of MSX802 Devices Measured by Pulse
Technique Compared with Liquid Crystal Technique
Measurements . . . . ¢ ¢ ¢ o« s s ot 4 s s 4 s e a0 s e 28
16 Device Therma)l Resistance as a Function of Heat Sink
Temperature Determined by Infrared Microscope. . . . . . 30
17 Small Signal Gain of MSC 3J Before 1000-Hour Test. . . . 36
18 Small Signal Gain of MSC 3J After 1000-Hour Test . . . . 37
19 S11 of MSC 3J Before 1000-Hour Test. . . . ¢« « ¢« « « + & 38
) 20 s'l Of Hsc 3J Aftel’ ‘OOO'HOUF Test e o o ° ° & 8 s s s & 39
3 21 S22 of MSC 3J Before 1000-Hour Test. . . « o « « o + .« . 40
iw 22 Sg2 of MSC 3J After 1000-Hour Test . . . . . .« « o « & & 4
23 S21 of MSC 3J Before 1000-Hour Test. . . . « « « ¢ « o & 42
i
24 S271 of MSC 3J After 1000-Hour Test . . . . « . « ¢ « o« & 43
25 S12 of MSC 3J Before 1000~Hour Test. . . . . . . . « . . by

26 S12 of MSC 3J After 1000-Hour Test . . . . . . . « « . . 4s




LIST OF ILLUSTRATIONS

(Continued)

F1GURE PAGE
27 Phase Linearity of MSC 3J Before 1000-Hour Test. . . . . 3
28 Phase Linearity of MSC 3J After 1000-Hour Test . . . . . 47
29 SEM Photograph of Failed T! (Production) Device

NO' 2. L] - . . . L] L] L) . . L] L] . L) L] L] . L] - * * » L L » 55
30 Orain Current as A Function of Drain Voltage with

Gate Grounded . . . . ¢ . 4 6 v e 0 e s e b 0 s 6 e s s 57
3t Drain Current as a Function of Drain Voltage with Devices

Tuned for Maximum 8 GHz Output Power with 4 dB Gain at

8 v Drain B'as - - L . . * . L] * - * L] . . . L . L] . L] * 60
32 Output Power at B8 GHz as a Function of Drain Voltage . . 61
33 SEM Photograph of Failed NEC 86M-65#25 Device. . . . . . 63
34 Gate Current as a Function of Negative Gate Bias . . . . 65
35 SEM Photograph of TI Production Device No. 8 Following

Fsilure Due to High Reverse Gate Bias . . . . . . . . . 67
36 Gate Current as a Function of Foward Gate Bias . . . . . 69
37 SEM Photograph of Tl Production Device No. 11 Following

Failure Due to High Forward Gate Current . . . . . . . . 70
38 Output Power at 8 GHz as a Function of Rf Input Power

withaVDrainBils...............-... 73
39 Photographs of Elevated Temperature Life Test

ADPBFBLUS. ¢ ¢ & o o « o o s ¢ o s o o s s s 5 s o s & o 75

vi




TABLE

o WV B W

10
n
12
13
14

15

LIST OF TABLES

Device Geometrical Parameters. . . . . « . . . « ¢« « & &
Device Material Parameters . . « « + v ¢ ¢ ¢« o o o o o &
Device Fabrication Parameters. . . . . « « ¢« ¢ o « o o« &
Additional Characteristics of GaAs Power FETs, . . . . .
S-Parameters of Device MSC 3J Before Test. . . . . . . .
S-Parameters of Device MSC 3J After 1000-Hour Test . . .
8 GHz Gain, S-Parameters, and 3 dB Gain Bandwidth for
Eight Devices Before and After 1000-Hour Room Temperature

Operation. .« .« = ¢« ¢ ¢« o ¢« s o 5 o o o o o o o 8 o s o

Noise Figures at 8 GHz Before and After 1000-Hour
Room Temperature Operation for Eight Devices . . . . . .

Intermodulation Distortion at 8 GHz Before and After
1000-Hour Operation of Eight Devices at Three Signal
Levels « & ¢ v v 6 6 v 6 o o o o s s 0 ¢ o s s e v s e s
Maximum Drain Voltage (Vg B0)e v 0 v o 0 0 o b 0 b v
Maximum Drain Voltage Under Operating Conditions . . . .
Maximum Reverse Gate Voltage . . . . . ¢« ¢ « o« o« s o o
Maximum Forward Gate Current ., . . . . « ¢ ¢ ¢« o o o o &

Maximum Cw Rf Input Power., . . . . ¢« o ¢ o« ¢ ¢ s ¢ o » &

Power Output at 8 GHz with 20 dBm Input Before and After
1000 "ours at 150 c. L] . L] L] . . L] L] L] L[4 L] . L] L] L] L] L] L]

PAGE
12
13
18
20
34
35

48

50

51
53
58
64
68
72

78




SECTION 1|
INTRODUCTION

This interim report describes Texas Instruments progress during the
period from 7 November 1978 through 6 November 1979 on Rome Air Development
Center Contract No. F30602-79-C-0037. The objective of this contract is to
assess and establish the reliability and life characteristics of commercially
available, medium-power GaAs MESFETs and to identify any associated failure
mechanisms.

The program consists of several major tasks, as summarized in Fiqure 1,
which is reproduced from Ti's proposal. The work done on each of these tasks
is discussed below. Efforts on the pulse characterization and stress and the
electrical characterization of the devices as oscillators have not yet begun.
The environmenta) characterization work has just begun and is scheduled to be
completed over the next two months; however, no data are available yet. Any
failure analysis results that have been obtained are discussed along with the
characterization or stress tests producing the failure.
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SECTION 11
DEVICE SELECTION AND PHYSICAL CHARACTERIZATION

Only hermetic devices were selected for this study to improve the
reproducibility of the results and provide a better indication of the
manufacturer's capability. In this way the results would not be clouded by
questions of how well the chips were bonded at Texas Instruments. The devices
chosen ail had 1200um to 1500 um gate width and about 0.5 W rated output
power. An attempt was made to choose devices as much alike as possible so

that comparisons between different manufacturers would be more valid.

The devices employed were the Tl MSX802, a Tl laboratory device, NEC
L 868196, Dexcel 3615A-P100F, and MSC 88002, Their physical characteristics are
described below.

A. Device Design

Photographs of the five device types are shown in Figures 2 through 5 and
Figure 7. The two Tl devices shown in Figures 2 and 3 have the source pads
interconnected by bond wires with the gate pads on one side of the chip and
drain pads on the other. The Dexcel device shown in Figure 4 also has all
connections made by bond wires, but with a different layout than the TI
devices. The source pad is at the periphery of the chip, givini a relatively
low source lead inductance, but requliring the drain bond wires from the
package to pass over the source pad to reach the interior drain pads. The NEC
device shown in Figure 5 has source contacts connected to the large peripheral
source pad by bridging the gate bus bar with an Si02 layer separating the two.
This eliminates the need for bond wires to each source pad. Figure 6 is an
SEM photograph of one of the source overlays. The source is grounded by a

metallization layer applied to the edge of the chip, so no source wires are
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Figure 2 Photograph of TI MSX802 Device 3




Figure 3 Photograph of TI

Laboratory Device
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Figure 4 Photograph of Dexcel 3615A Device




Figure 5 Photograph of NEC 868196 Device







Figure 7 Photograph of Unflipped MSC 88002 Device
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needed. The MSC device is different from the others in that it is bonded in a- f
flipped configuration with the plated-up source pads thermocompression-bonded

to a raised Au-plated pedestal on the package. Figure 7 is a photograph of an

MSC device removed from its package and placed upright. Another difference is

that the MSC gate is self-aligned to the source/drain metallization and

consequently is difficult to examine for failure analysis. Figure 8 is an SEM

photograph of a gate finger near the edge of the'devlce mesa.

Other geometrical parameters of the various devices are summarized in
Table 1. These data were obtained from direct measurement of typical devices.
Note that the Tl production device is the only one with larger than 1 m
gates, and that the MSC device has a very small source-draln spacing due to
the self-aligned gate. The NEC devices have relatively small gate-to-gate

spacing, which may cause excessive device heating.

B. Device Material Parameters

The material parameters for the various devices are summarized in Table
2. Most of this information was obtsined in conversations with the
manufacturers. The NEC representative did not know the thickness of the
buffer layer or whether any epitaxial layer thinning had been done. The other
NEC material data not listed were regarded as proprietary by the manufacturer.

By examining the I1-V characteristics of the devices from each '
manufacturer, further insights can be gained into the material properties.
Figure 9 contains photographs of |-V characteristics of typical devices from
each manufacturer. The Tl devices have higher maximum transconductances than
the others due to a combination of high doping level, low parasitic resistance
owing to the recessed gate, and high mobility. The Dexcel devices have a high
"knee' voltage due to the high parasitic resistance caused by the lack of a
recessed gate. The MSC device has a low knee voltage due to the n* contacts
and the small source-drain separation. In Figure 10 the drain current of
these devices is plotted as & function of gate voltage at constant drain
voltage. The current Is normalized to 1200 um gate width. The T| devices have

10




Figure 8 SEM Photograph of Gate Area of MSC
88002 Device
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(a) TI M5x802
50 mA/div.
0.5 V/div
0.5 V/step

(b) TI Laboratory (c) Dexcel 3615A
50 mA/div 100 mA/div
0.5 v/div 0.5 V/div
1 V/step . 1 V/step

Figure 9 Current-Voltage Characteristics of Typical Devices
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(d) NEC 868196 {e) MSC 88002
50 mA/div 50 mA/div
0.5 V/div 0.5 v/div
1 V/step 1 V/step
Figure 9 (Continued)
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Normalized Drain Current (mA)

500 |

Loo

300

200

100

Dexcel

TI Production

Gate Vol tage

Figure 10 Normalized Saturated Drain Current
as a Function of Gate Voltage
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the largest slope due to their higher transconductance. The MSC device has
the greatest curvature at high gate voltage, which is indicative of a poorer
(less sharp) doping transition between active layer and buffer layer (or
substrate). The TI Dexcel, and NEC devices are about the same in this respect.
The NEC device is very interesting. The transconductance is significantly
lower than the others, and careful examination of Figure 10 shows that the
curve is actually convex upward between Vg = 0 and Vg = -2, This could only
be caused by a retrograde active layer doping profile (more lightly doped on
the surface). The low value of transconductance and high knee voltage "Figure
i 9(d)) also indicate a relatively low active layer doping level. As will be

seen, this doping profile affects the results of the electrical stress tests.

Some interesting data from Table 2 show that all the manufacturers except
Dexcel use vapor phase epitaxy (AsCl3 technique) for layer growth and employ
an undoped buffer tayer. Dexcel uses liquid phase epitaxy and no buffer
layer. Another fact that stands out is that MSC is the only manufacturer to

use n* layers under the source and drain contacts.

C. Device Fabrication

The device fabrication parameters such as metallization types and
thicknesses are summarized in Table 3. Most of the data were obtained in
conversations with the manufacturers. Where data on metallization thickness
were not obtained, measured values were substituted and are denoted as
approximate, since the measurements were difficult and not very accurate.
Some data on ohmic contact alloy time are missing, but this is not critical,
since AuGe/Ni was employed by all ménufacturers and the alloy temperature
probably does not vary significantly,

it should be noted that the NEC device is the only one with Al gates.
The Al is kept from contact with Au bond wires by a TiPt bridge between the
bonding pad and the gate fingers. The gates of the TI lab device are defined
by e-beam lithography, while all ‘the others are defined by optical

17
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lithography. The MSC gates are defined by a self-aligned process. The TI
devices have a deeper mesa etch than the others. The Dexcel device is the
one without a gate recess, and the NEC device has a recessed area . 3.m wide
(much wider than the 1 umgate), which they say increases the drain voltage

capability. Each of the manufacturers uses a different passivation material.

D. Additional Characteristics

Several additional characteristics are described in this section. The
data are summarized in Table 4. The current-voltage characteristics of all
devices tested to date in any way (25 to 30 from each manufacturer) have been
photographed. The values of |4gs were taken from these photographs and the
mean and standard deviations calculated for each manufacturer. In Table 4 the
standard deviation divided by the mean is recorded. The Dexcel devices have a
high standard deviation, while the NEC devices have the lowest. This value
(9.8%) is quite impressive, as these devices ‘were from several different
slices, while the Tl devices were all from one slice. A low standard
deviation in lg4gg is in¢fﬁative of gord epitaxial layer uniformity and
process control. g

~
N
All the manufacturers employ visual inspection and dc probing of all

yd

\

chips. Texas Instruments is the oniy manufacturer that does not rf test
1

packaged devices before shippi@g.

The device thermal resistance is of critical importance for the present
study because the MTTF depends on the channel temperature. An accurate MTTF
at room temperature cannot be derived unless the channe! temperature is known
in each of the elevated temperature stress tests. For this reason, extensive
thermal measurements have been conducted by a variety of techniques.

The maximum thermal resistance (''typical' in the case of Dexcel) given by
each manufacturer is shown in the first column in Table 4. Our best estimates

of the actual values are shown in the second column. For upright-mounted
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Table &
Additional Characteristics of GaAs Power FETs

Manufacturer's Measured tdss Uniformity
Maximum Thermal Thermal Standard
Device Resistance Resistance Deviation/Mean Screening and
Type (*C/W) { °C/W) (%) Quality Control Cost
LY

T1 MSX802 75 44y-75 10.3 500 X Visualj; $125
dc prabe

Ti1 Laboratory - 45-55 14.6 500 X Visual; -
dc probe

Dexcel 3615 A 40 41 62.0 Low power visual; $125
dc probe; high
power visual;
rf test

MSC 88002 40 45 15.4 Visual; sutomatic $130
dc probe many
parameters; rf
test; IR scan

NEC 868136 60 77 9.8 Visual; dc probe; $130
rf test
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devices (all except MSC) the liquid crystal measurement technique was used for
the estimate. Most manufacturers who measure thermal resistance use an
infrared microscope, but the resolution of such a microscope is only ~ 25 ,m
(36X objective), and the temperature of a GaAs FtT changes by a laraze amcu~-
over 25  m . The infrared microscope therefore only gives an avercge thermal
resistance over a rather large area. This is satisfactory for comparing
devices of similar structures and discovering poorly mounted devices, but not
useful as a means of determining the actual channel temperature required in a
reliability study. The liquid crystal technique involves placing a thin layer
of liquid crystal of known isotropic temperature on top of the chip and
applying bias. |If the chip is illuminated with polarized light and observed
with a correctly oriented polarizer in the reflected light path, any portion
of the chip that exceeds that isotropic temperature will become dark. Liquid
crystal isotropic temperatures are accurate to better than 1°C and with 375X
magnification, the resolution is ~ 1 _ m. [t is actually possible to see the
liquid crystal begin to turn dark in a thin line at the drain edge of the gate
stripes. For all of the upright devices the infrared microscope gave a
thermal resistance about 65% of that measured by the liquid crystal technique.

The results for the individual manufacturers are discussed below.

1. T! Devices

The thermal resistance of a large number of T! production devices
was measured by the liquid crystal technique. Several devices had thermal
resistances of about 45°C/W, while others ranged up to 75°C/W. The reason for
this variation can be seen by examining several plots of temperature as a
function of position obtained from an infrared microscope. A device having a
thermal resistance to the hottest point of 45°C/W (1iquid crystal) was scanned
with an infrared microscope. A plot of temperature as a function of position
is shown in Figure 11 for 5 V drain biss, 120 mA drain current, and a heat
sink at 28°C. Examination of the device photograph in Figure 2 shows that
each peak in Figure 11 corresponds to two gate fingers and the drain fiager
between them; the infrared microscope does not resolve the individus!l fingers,
but only gives an average. The thermal resistance derived from the hottest

21
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point of Figure 11 is 28.,2°C/W. Figure 11 indicates that the chip is well
mounted, since the temperature peaks are nearly the same height, and the
center peaks are slightly higher than the end. This may be compared with
Figure 12, a temperature profile of an MSX802 chip where the liquid crystal
indicating a thermal resistance to the hottest point of 55°C/W. This chip has
an uneven temperature distribution, indicating a poor solder joint on one
side. Almost every MSX802 device with a thermal resistance higher than the
b5°C/W range had such an asymmetric temperature distribution, indicating that
those chips were not well mounted. ﬁeasurements on Tl laboratory devices gave

essentially the same results.

2. Dexcel 3615A-P100F

One Dexcel package was opened and the device thermal resistance

measured. The liquid crystal gave 41°C/W and the infrared microscope gave the
plot of temperature as a function of position shown in Figure 13. The thermal
resistance to the hottest point derived from Figure 13 is 26.5%/W. It is
just barely possible to resolve the more widely spaced gates (45 m rather
than the 30 um of the Tl devices). The asymmetrical temperature distribution
is an indication of nonoptimum mounting. Based on the TI results for
well-mounted chips, the liquid crystal method would give a thermal resistance
of 30 to 35°C/W for well-mounted Dexcel chips. The thermal resistance to the
hottest point derived from Figure 13 is 26.5°C/W.

3. NEC 868196

One NEC package was opened and the device thermal resistance
measured. The liquid crystal indicated 77°C/V, and the infrared microscope
gave the plot of tempepature as a function of position shown in Figure 14, The
temperature dip in the center is due to the large center drain pad (see Figure
5). It is not known why the left side consists of two peaks instead of one,
since the gates are so close they cannot be resolved. The thermal resistance
to the hottest point obtained from Figqure 14 is 51°C/W. The extreme
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Determined by Infrared Microscope
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closeness of the gates is responsible for the higher thermal resistance of the
NEC devices than that observed with well-mounted chips from the other

manufacturers.,

L4, MSC 88002

It is difficult to determine the thermal resistance of the MSC
devices, since they are flipped and the active area is inaccessible. Liquid
crystal applied to the top surface (chip back) indicated a thermal resistance
of 23°C/W. The infrared microscope gave 25°C/W and indicated very
little ( <1°C) variation in temperature. Since the gate spacing is similar to
that éf the Tl device, the temperature variation should be somewhat similar.
Consequently, the infrared microscope, though good for finding poorly mounted
devices, does not give a good indication of actual channel temperature. An
electrical technique was therefdre devised that is thought to be more
accurate. The gate Schottky parrier forward voltage at a3 alven current
decreases with increasing temperature. By determining this temperature
dependence at a fixed current, pulse techniques can be used to determine
device temperature from measured gate forward voltage at that current level.
The device is operated under normal conditions for a time long enough to reach
thermal equilibrium (a few milliseconds) without heating the package. The
device is then turned off, the gate is pulsed to the fixed current level, and
the voltage is measured. Operation of pulsed devices indicates that the
channe! temperature changes in 1 ;s or less, so it would be necessary to
sample the gate voltage within that time to accurately measure the channel
temperature. The present set-up can only attain 4 s after drain turn-off,
but for a given device structure gives data from which actual thermal
resistance can be derived. In Figure 15 the thermal resistance measured 4 ;s
after drain turn-off is plotted as a function of thermal resistance of a
number of T| MSX802 devices measured by the liquid crystal technique (assumed
accurate). There is a constant 25°C/W offset; i.e., an M$SX802 device with
45°C/W would give 20°C/W by the pulsed technique. Since the MSC device
geometry is very similar to the TI MSX802, Figure 15 was used to determine the
thermal resistance of MSC 88002 devices. Three such devices gave about 20 °C/W,
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so it was concluded that their actual thermal resistance is ~U5°C/W. A number
of assumptions must be made in using this technique, but it is believed to

give the best estimate of the temperature of the MSC devices.

5. Device Thermal Resistance at Elevated Temperatures

In order to conduct the environmental stress tests most effectively,
it is necessary to determine the channel temperature at elevated heat sink
temperatures. It is not sufficient to use the known dissipated power and the
thermal resistance measured with a room temperature heat sink, since the
device thermal resistance increases with temperature due to the reduction in
the thermal conductivity of GaAs with increasing temperature. Since the
liquid crystal cannot be used at elevated temperatures, the infrared
microscope was focused on the hottest spot of each device type and the
temperature measured as a function of heat sink temperature. This gives the
fractional increase in device thermal resistance with temperature which is
used to correct the liquid crystal thermal resistances for higher heat sink
temperatures. The thermal resistance measured by infrared microscope as a
function of.heat sink temperature is plotted for four of the-device types in
Figure 16, The MSC device is not included because with the flipped
structure the measured temperature is not related to the actual temperature in
the same way it is with the other devices. The number beside each device type
indicates the increase in thermal resistance per °C temperature rise of the
heat sink as a percentage of the thermal resistance with a room temperature
heat sink. This may be compared with the measured decrease in thermal
conductivity of GaAs of ~ 0.3%/°C temperature rise.! Calculations show that a *
given percentage change in GaAs thermal conductivity will cause a somewhat
larger change in device thermal resistance. Since the data of Figure 16 are
scattered and the measurements are difficult, with a poorly defined relation
between the measured (infrared microscope) and actual thermal resistance, it
was decided to use an average value of 0.4% increase in thermal resistance per

°C temperature rise above room temperature for all devices.
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SECTION L1}
ELECTRICAL CHARACTERIZATION

The purpose of these measurements is to establish the long-term stability
of GaAs power FETs under normal operating conditions. A number of electrical
measurements are made, the devices are operated for 1000 hours under normal
operating conditions, and the measurements are repeated. The operating
conditions are 8 V drain bias and 20 dBm input power at 8 GHz. Impedance
matching circuits are required for each device, as described in Section V.B.
The 1000-hour test setup for the amplifiers is the same as described in
Section V.A for the elevated temperature stress, except that the heat sink to
which the amplifiers are connected is water-cooled and open to the air rather
than heated and insulated. |In addition, all these devices were driven with

GaAs power FET oscillators rather than a Klystron.

A. Measurement Procedures

The measurements of small signal S-parameters, gain, 3 dB bandwidth, and
phase linearity were performed using a Hewlett-Packard 9825A
calculator-controlled automatic S-parameter measuring setup. These records
are kept on a disk, and the measurements can be retrieved at any time. The
S-parameters were measured on the total amplifier, not just the devices, since
moving the devices from their amplifier circuits to a 50 ohm line set-up and
back again would require many bonding and unbonding operations, which would
cause undue stress on the devices and circuits. In addition, the devices,
would not be mounted in exactly the same place or in exactly the same manner
before and after the 1000 hour test,.

Rf input, output, and input return power are measured with rf wattmeters
connected into the X-band test setup with directional couplers. On the 1000-

hour test setup the output power is monitored by having the amplifiers

terminated into 50 ohm characteristic impedance power monitors, which are
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calibrated to deliver 50 mV for 27 dBm of power output from the amplifiers.

This small signal volitage is fed to a 2b-channel strip chact recorder whose’

full-scale deflection is 50 mV.

Noise figure measurements were performed using an AlL automatic noise
figure meter. The measurement frequency of the AIL noise figure meter is 30
MHz. Therefore, a Gunn diode osci)lator is tuned 30 MHz away from 8 GHz. The
two signals are fed to a mixer and then into a 40 dB gain, low noise 30 MHz

amplifier before going to the noise figure meter.

Third-order intermodulation measurements were conducted by feeding two
oscillators, each followed with a TWT amplifier, into a hybrid T, where the
power was combined. The two frequencies were 10 MHz apart. This power then
was fad through a variable attenuator to the amplifier being tested, with the
output monitored bv a spectrum analyzer through a 20 dB directional coupler.
By adjusting the variable attenuator, the total input power to the amplifier
could be adjusted. The spectrum analyzer was adjusted so that the main
signals were at the 0 dB reference level. the third-order intermodulation
frequency power level could then be read out as so many dB below the two main

signals.

B. Results

Initial! measurements and 1000-hour operation have been conducted for all
16 amplifiers (four from each of the four manufacturers). The final
measurements have been completed on the first eight, and no significant
changes were found in any of the parameters. The output power monitored
during the test of the second eight devices alsg did not change significantly,
and little variation is expected in the final electrical measurements.

Data for a typical device, MSC 3J, before and after the 1000-hour test
are included in the tables and figures that follow in this section. Similar
data exist for each of the amplifiers tested, but these data were not included
here due to the lack of significant changes and the large amount of data.
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Table 5 is a computer printout of the gain, S-parameters, and deviation from
phase linearity from the automatic network analyzer. Table 6 shows the same
data after the 1000-hour test. The first two columns are the forward and
reverse gain. The next eight are the magnitude and phase of St1, S22, S21,
and S12, respectively. The last column is the phase linearity. The data are
plotted in Figures 17 through 28. These figures are generated by the
automatic network analyzer computer driving an X-Y plotter. They are best
compared by superimposing the Before and After data. Figures 17 and 18 show
the small signal gain plotted as a function of frequency before and after the
1000-hour test. Figures 19 and 20 are Smith Chart plots of Sy1 before and
after the 1000-hour test; Figures 21 and 22 are Smith Chart plots of $37
before and after the 1000-hour test; Figures 23 and 24 are polar plots of Sz
before and after the 1000-hour test; Figures 25 and 26 are polar plots of Sy3
before and after the 1000-hour test; Figures 27 and 28 are plots of the
deviation from phase linearity as a function of frequency before and after the
1000-hour test.

The S-parameters at 8 GHz for all of the first eight devices before and
after the 1000-hour test are recorded in Table 7. Also included are the small
and large signal (20 dBm input power) gain at 8 GHz and the 3 dB bandwidth
taken from the gain data. In no case did the gain change by as much as 1 dB,
which would be regarded as significant. Some S-parameters of some of the
devices appear to have significant changes after the 1000-hour test, but there
are periodic variations in the S-parameters as a function of frequency due to
electrical discontinuities. Studies of the plot of the S-parameters over the
entire frequency range show no significant changes. [t may be noted that the
3 dB bandwidth of one or two devices appears to change significantly; however,
in those cases the 3 dB bandwidth was larger than the measurement frequency

range and was therefore estimated, apparently not accurately,
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The measured amplifier noise figures at 8 GHz before and after the
1000-hour test are given in Table 8, and the third order intermodulatior data
is given in Table 9. Here, the power of the intermodulation sigi-! in dB
below the two main signals is given at three different input signal levels.
None of the devices described by Tables 7 through 9 is considered to have
changed significantly in any of the parameters measured following the
1000-hour operations. NEC device No. 21 was accidentally destroyed and no
data were taken after the 1000-hour operation. Similar data will be compared

on the second batch of eight devices and results reported in the future.
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and After 1000-Hour Room Temperature Operation for Eight Devices

Table 8

Noise Figures at 8 GHz Before

Noise Fiqure .(dB)

Device No. Before After
OXL 5 8.93 8.91
7 7.23 7.1
MSC 1 7.06 7.03
2J 6.90 7.07
3J 10.42 10.67
NEC 8 9.14 9.56
18 9.86 10,33
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SECTION IV
ELECTRICAL STRESS TESTS

In each of the five tests, two devices from each manufacturer were
stressed to failure to determine their capability to withstand the various
stresses. All devices were mounted in a microwave test fixture to remove the
heat during the tests and to prevent oscillation when the drain was biased.
Steps were taken to prevent device destruction following failure. The stress
voltage or current was increased in steps with 1 minute between steps to ensure
stabilization at the new conditions. In almost all cases the devices failed as
the stress level was being increased. The failure voltage and current recorded
are the conditions at the current and voltage step just prior to failure. The

tests and results are discussed below.

A. Maximum Drain Voltage

The device gates were grounded and the drain voltage increased in 1 V
steps until the device failed. A 50( resistor was put in series with the
drain to reduce device destruction following failure. The results are
summarized in Table 10. The drain voltage and drain current at failure, V4g
and |45, are noted, along with their product, which is the dissipated power
at failure. 1In addition, the device dc characteristics taken from a curve
tracer are also recorded, as they are for the devices in the other four
electrical stress tests. Id4ggs IS the saturated drain current at zero gate
voltage, Vgat is the knee voltage at Vg = 0, gm is the maximum
transconductance (change in drain current between Vg = 0 and Vg = -1 V), and
Vp is the pinch-off voltage. The TI devices are separated into production (P)
and laboratory (L) categories. The major difference is that the production

devices have nominal 2 ym gates and the laboratory devices have 1 ,m gates.

Several conclusions can be drawn from the results in Table 10. The MSC
devices failed at somewhat higher voltages than the others, and the Dexcel
devices failed at considerably lower voltages. Discussions in the
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literature?,3 demonstrate that device failure under these conditions is due to

avalanche injection of carriers into the substrate at the drain contact. The
maximum drain voltage can therefore be increased by anything that reduces the
electric field at the drain contact. This is done with n* contacts, gate
recess, or the application of negative gate bias. The MSC devices are the only
ones with n* contacts, and the data of Table 10 show that this is most
effective in increasing the drain voltage capability, especially considering
that the source-drain spacing of those devices is by far the smallest. The TI
and NEC devices had a moderately high drain voltage capability due to their
recessed gates; the wider recess of the NEC devices appeared to be somewhat
less effective in this respect with Vg = 0., The Dexcel devices had low
failure voltages, probably due to the lack of a gate recess. The gate length
did not affect the maximum drain voltage, as indicated by the fact that the TI

2 ,mgate and 1 ,m gate devices were about the same.

it is possible to conclude from Table 10 that only the dissipated power
causes failure when it reaches ~4 W, If any low current Dexcel devices are
available at the end of the program, stress tests will be performed to check

this possibility.

In spite of the series resistor, many of the devices in all five stress
tests underwent some melting follecwing failure, which partially obscured the
failure area. An example is shown in Figure 29, a photograph of T! production
device No. 2 from the drain voltage (Vg = 0 ) stress test. Upon failure, the
gate shorted to the drain through the GaAs, This caused a high current to flow
between the gate and drain terminals, producing localized melting of the gate
and surrounding GaAs. Previous experience indicates that if the 50Q resistor
had not been preseni, the melting would have been much worse, covering a much
larger area than included in the entire photograph of Figure 29. There appear
to be some dark spots between the gate and drain near the melted area that
could be holes in the GaAs. These are similar to published photographs of

sh




Source =i

Drain

Figure 29 SEM Photograph of Failed TI (Production) Device No. 2
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failed devices where the failure was attributed t~ avalanche injection of
electrons into the substrate at the drain contact. Failed devices from other
manufacturers had similar morphologies; MSC device active regions could not be

observed due to the device structure.

During this test, the drain current was recorded for each drain voltage;
the cata- are plotted in Figure 30. The bumps in the curves near threshold
(Vgs = 2 to 3 V) were often accompanied by high frequency Gunn oscillations,
but these disappeared at higher volitages and did not appear to affect the

results.

B. Maximum Drain Voltage Under Operating Conditions

The devices in this test were tuned for maximum output power with 4 dB
gain at 8 GHz and 8 V drain bias. The drain voltage was then increased in 1V
steps until failure occurred with a 502 resistor in series with the drain to
prevenf device destruction. The impedances were rematched at each voltage
level to maximize output power and minimize reflected power. In a change from
the plan in Ti!'s original proposal, the gate voltage and rf input power were

held constant at higher drain voltages at the values employed at V4s = 8 V.

The results are summarized in Table 11, In addition tc the drain voltage
and drain current at which failure occurred and the power dissipated, the qate
voltage is also recorded. Under these conditions the NEC devices failed at the
highest drain voltages and the Dexcel devices at the lowest. The MSC devices
failed at about the same voltage as with Vg = 0, probably because the n*
contacts reduce the electric field at the drain contact to such a level that
there is no further improvement when negative‘gate bias is employed. The
Dexcel devices still have the lowest drain voltage capability because they lack
a gate recess; but again, lower current Dexcel devices should probably be
checked for completeness. An unexpected result was that the Tl devices failed
at drain voltages the same as or lower than was the case with Vg'- 0. Perhaps
this is because the optimum gate voltage is so low and the value of lg4g is so
high (60 to 70% of lggs). To clarify this result, additional TI devices
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will be tested before the end of the program if time allows. Although the
publications of the NEC manufacturers seem to indicate that the high NEC device
drain voltage capability is due to the unique gate recess structure {(recessed
area much wider than the gate), the Vg = 0 results lead to another conclusion.
It is thought that the large gate voltage for the NEC devices under operating
conditions (drain current only ~0.3 l4gs) causes a much larger reduction in
electric field near the drain contact than with the Tl devices. This large
gate voltage is thought to be due to the unique NEC doping profile. Although
the manufacturers will not verify this, as discussed in Section Il, the 1-V
characteristic implies a quite low active layer doping level and a retrograde
profile (more lightly doped on the surface), which would force operation at
larger gate voltages for optimum microwave performance., Similarly, it is
thought that the large increase in Dexcel drain voltage capability is due to
the large gate voltage under operating conditions (lgs ~ 40% of Iggs)-
The fractional improvement is expected to be even larger than with NEC devices
(as 1s observed), since there is no gate recess to partially reduce the

electric field at the drain contact with Vg =0,

Figure 31 shows the drain currents recorded for each drain voltage. Most
of the bumps and all of the Gunn oscillations disappeared with the negative
gate veltage. Figure 32 shows the output power at 8 GHz plotted as a function
of drain voltage for these same devices. The devices were tuned for maximum
output power with 4 dB gain at 8 V drain bias, and the input power and qate
voltage were kept constant at higher voltages. All the devices peaked at
Vdgs = 10 to 12 V or less, so normally there is no reason to operate them at
higher voltages. It is not known if the failure rate at 10 V drain bias is
influenced by whether the devices will fail at 20 V or 30 V. It is hoped that
the environmental! stress tests will answer this question. Note that the NEC
devices suffer a severe penalty for using a low-doped retroaqrade doping
profile: they have a 1 to 1.5 dB lower output power than the Tl devices in
spite of their larger gate width. This has also been observed on Tl devices
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having such doping profiles. The Dexcel devices are guite low in output power
due to the lack of a gate recess. This has also been observed on T! devices

without a gate recess.

Figure 33 is an SEM photograph of NEC device 86M-65 #25 following failure.
There are holes in the GaAs on both sides of one gate'stripe. It is not known
in what order the holes were made or the dynamics of the failure, but this is
evidence for the failure being due to some type of avalanche current in the
substrate. It is likely that once the channel was shorted, the gate pad
shorted to the drain, resulting in the large melted area on the bottom of the
photograph. The other failed devices had similar appearances, but the failure

sites were more obscured by localized melting.

C. Maximum Reverse Gate Voltage

The drains of these devices were grounded to the sources and the gate
voltage increased {more negative) until the devices failed. A constant current
power supply was employed to reduce device destruction following failure. The
results are shown in Table 12; the gate voltage and current at failure are
recorded along with the dissipated power. The NEC devices had the highest
failure voltage, probably due to the low active layer doping level. [t is well
known that the breakdown voltage of a Schottky barrier on a semiconductor
increases as doping level decreases. The two Tl production devices were from
different slices, with the higher breakdown voltage device being more lightly
doped. The Tl 1  m gate devices were not significantly different from
the 2 um devices. The Dexcel devices had considerably lower current than the
others. Measurements at Tl have shown that low reverse gate current is a
property of nonrecessed gates. The low dissipated .power of the Dexcel devices
at failure demonstrates that this failure is due to the voltage rather than
device heating. Figure 34 plots the gate current as a function of gate voltage

on a linear scale for the ten devices.
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Figure 33

SEM Photograph of Failed NEC 86M-65#25 Device.
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Figure 35 is an SEM photograph of T| production device No. B, which failed
following application of high reverse gate voltage. It appears that the gate
finger at the top shorted out to the source pad, and then the high current
flowing through it caused localized melting. None of the devices examined in
the SEM showed the holes in the GaAs that are seen with many failed devices

from the previous two tests in which high drain voltage caused failure.

D. Maximum Forward Gate Current

The drain and source of these devices were shorted together, and a
positive voltage was applied to the gate. The measured current was increased
in 100 mA steps until the devices failed. A 25 (Q resistor was placed in series
with the devices to reduce destruction following failure. The current and
| voitage at failure are recorded in Table 13 along with the dissipated power.

There are no large differences in the results among the manufacturers as there
were for the other parameters. This failure was probably controlled by heating
of the gate meta) stripe. This is supported by the observation that the TI
production devices that have the greatest gate length also required the highest
dissipated power before failing--significantly higher than the Tl laboratory
devices. It should also be noted that the NEC devices, which were the only
ones with aluminum gates, did not fail at lower powers than the Au gate
devices. The gate currents are plotted as a function of gate voltage in Figure
36. All the devices are very similar on this semilog plot, with the T devices
having somewhat higher currents at the higher voltage levels. This may be due
to higher epitaxial doping or differences in the Schottky barrier, but it was
expected that MSC devices would be similar.

An SEM photograph of TI! production device No. 11 following fallure is
shown in Figure 37. It appears that the right-hand gate first failed at the
mesa edge and began conducting a high current to the source, resulting in some
localized melting. Then, for reasons not apparent, the gate pad shorted to the

ad jacent source pad, producing a much larger amount of melting and carrying
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Figure 35 SEM Photograph of TI Production Device No. 8 Following

Failure Due to High Reverse Gate Bias.
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Figure 36 Gate Current as a Function of Foward Gate Bias
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Figure 37 SEM Photograph of TI Production Device No. 11
Following Failure Due to High Forward Gate Current,
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most of the current, stopping the meiting at the first spot. The reason for
two separate shorted areas is not known, but it was a common occurrence for

failure due to this stress.

E. Maximum Cw Input Power

These devices were tuned for maximum output power at 8 GHz with 4 dB gain
and 8 V drain bias. The rf input power was then increased in 1 dB steps until
the devices failed. The circuit impedances were rematched at each power level
to maximize output power and minimize reflected power., The maximum input power
sustained by each device is recorded in Table 14. There were no significant
differences betwen the manufacturers, but this test did demonstrate that these
devices can sustain quite high powers before failure. The measured output
power is plotted as a function of rf input power in Figure 38. SEM photographs
showed that some of the failed devices appeared similar to Figure 37 and some
to Figure 33 with holes in the GaAs.
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SECTION V
ENVIRONMENTAL STRESS TESTS

The environmental tests are the most important tests of the program
because they form the basis for determining the device MTTF under normal
operating conditions. Four devices at each of three temperatures from each
manufacturer are stressed until failure occurs (where failure is defined as 1
dB gain degradation). The devices have 8 V drain bias and 20 dBm 8 GHz input
power, which is typical for these devices under normal operating conditions.
It is necessary to raise the device heat sink temperatures sufficiently to
induce failures in < 1000 hours in order to obtain the data in a reasonable
length of time. Several devices are scheduled to be stressed with temperature
only. 1In the paragraphs below the elevated temperature test setup is

described, and the data obtained from the first tests are discussed.

A. Elevated Temperature Test Equipment

Figure 39 includes two photographs of the present accelerated life test
equipment. A photograph of the room temperature setup was in RED Status Report
No. 7. The 2h4-channel strip chart recorder had been used in other life testing
at Tl. The multimeter on top of the recorder can be switched to any of the
amplifiers to read drain vv tage and current, The gate voltages are read by

probing the individual gate bias lines. The gate current is not monitored.

Amplifiers that have been tuned and measured are attached to an aluminum
r!nck containing embedded heaters, Stainless steel coaxial cables are then
~~~ected to the eight-way divider on the input side and the Narda power
~- + -3 or the output side. Stainless steel was used to keep the heat of the
- »-a*ea life testing from the eight-way divider and the power monitors.

.« <+ ¢ *me rigidity of the setup, failed devices (1 dB gain degradation)

« o & sred until the test is terminated. The bias is removed from the

. e s tc reduce further degradation, however.
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The power monitors required an external adjustment for setting the zero
point and then were calibrated for 50 mV of voltage output for 27 dBm of power
fed to the connector that attaches to the amplifier. Due to the small voltages
and ground loops, the calibration points of the monitors would shift, and it
was necessary to rewire the monitors to operate from a floating supply and
ground the low side of the input to the recorder. This improved the situation,
but there still are small changes on the recorder when channels are added or

subtracted.

Stable 8 GHz sources with sufficient power (1.5 W) to drive the eight
amplifiers through the eight-way divider have been difficult to obtain. An
IMPATT diode oscillator degraded rapidly, and high power FET oscillators are
more difficult to design than are amplifiers. A 1.5 W klystron is being
employed at present, and the possibility of using low power FET oscillators
followed by 1.5 W FET amplifiers is being investigated.

On the first accelerated life test 28 V dc flat strip heaters were mounted
to the bottom of the test fixture block. A sensistor and associated circuitry
were used to control the power applied to the heaters to maintain 150°C. For
the second accelerated life test, with a goal of 200°C, a 110 V ac controller
and rod type heating elements were obtained. Insulated aluminum bottom and top
covers were fabricated to cover the amplifiers and reduce heat loss. Even with
this preparation the unit required about two hours to warm up to 200°C. The
test fixture mounting block and bottom cover are held above an aluminum base
plate by short stainless steel rods, and the base plate underneath the bottom
cover became very warm., It is thought that radiation from the cover heated the
base plate, drawing away the heat from the fixture. On the next accelerated
test a thermal bar-ier will be inserted between the bottom cover and the base
plate to further redu-e heat loss.
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B. Test Circuit Development

To supply rf power to the devices under test, it was necessary to design
matching circuits for the different device types. S-parameters for the
Dexcel devices were obtained from the specification sheets, and it was
estimated how they would change at large signal levels. Microstrip matchinag
circuitry was then designed with 39.37 mm (0.010 inch) thick alumina using the
modified S-parameters. Provision was made on the photomasks of the microstrip
circuitry to include small squares of gold so that some adjustment of the

matching could be done by attaching gold foil.

Because no data sheets were available for the NEC devices, their
small-signal S-parameters were measured on a Hewlett-Packard automatic network
analyzer. Again, circuits were designed from adjusted S-parameters, photomasks

made, and the devices tuned.

Circuits for the MSC devices were designed from published S-parameters, as

were the Dexcel devices.

Tl devices were tuned by using existing circuitry from the Dexcel and NEC

designs.

For the accelerated life testing the microstrip circuitry was soldered
down to Au-plated Cu amplifier blocks with 80% Au/20% Sn (280°C melting point).
Bypass capacitors and bias wires were soldered with 963 Sn/4% Ag (221°C melting
point). Device packages were screwed down to the amplifier blocks, which were
screwed to the Al heater block.

C. Preliminary Results

The first accelerated life test was conducted at 150°C base plate
temperature. The results are compiled in Table 15, which lists the power
output before and after the 1000-hour test. There were several cases of power
degradation greater than 1 dB, but these were always associated with circuit
degradation problems and the devices could usually be retuned to near the
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Table 15
Power Output at 8 GHz with 20 dBm fnput Before and After 1000 Hours

at 150°C
Pout’ dém Pout' dBm
After
After Difference (Slide Screw Difference
Device Before (Fixed Tuned) (dB) Tuners Used) (d8)
TOXL 16 252 25.3 +1.1
2pxL 15 26.9 25.8 C 1.1 27.4 +0.5
MSC 5J 27.0 26.6 -0.4
MSC 6J 26.4 26.4 0.0
3Msc 74 26.3 19.2 -7.1 25.2 -1.1
bnec 14 25.2 24.6 -0.6
NEC 22 25.8 26.1 +0.3
SNEC 24 25.4 24 .4 -1.0 25.4 0.0

TThe 1.1 dB increase was thought to occur because of changes in the circuitry,
in such a manner as to better match the FET.

2pn output power of 27.4 dBm, using slide screw tuners, could be attained.
Upon examination it was found that a crack in the alumina had developed that
ran under the output microstrip line.

3aAn output power of only 24,2 dBm could be attained, even using slide screw
tuners. It was found that the alumina had almost broken away under the
output SMA connector pin.

brhe amplifier output stopped abruptly at eight hundred hours. At the end of
one thousand hours, when the amplifier could be looked at under a microscope,
it was found that the microstrip high impedance drain bias line had been
previously scratched and finally opened. The gap was bridged and the output
power measured to within six tenths of a dB of the initial reading.

5This amplifier showed some peculiar behavior. It quit at the beginning of
the test and although there had been no DC bias voltages applied during the
one thousand hours it was still subject to the 150 C base plate temperature.
The output power was found to peak at 25.5 dBm for 18.8 dBm input. The gate
voltage was changed from -3.3 to -2.62 VDC to optimize the output with 20 dBm
input. The output then was 25.4 dBm, which was the original power output
level, .
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original output power with slide screw tuners. The conclusion from this test
was that the transistors survived 150°C, and at least 200°C will be necessary

to obtain sufficient device degradation.

The first 200°C test is still in progress. Steps were taken to avoid the
circuit degradation problems observed during the first 150°C, 1000-hour test
described above. The four Texas Instruments and four Dexcel devices that had
been prepared previously for the 200°C test were remeasured for maximum output
power using the slide screw tuners in the X-band setup to ascertain that the
devices had indeed been optimally tuned. The Dexcel devices increased only 0.2
dB maximum, and the Tl devices increased 0.6 dB maximum. After the amplifiers
were tuned and measured, they were put in an oven at 200°C overnight (no bias)
to discover any circuit degradation problems before the actual test. It is
thought that this will not significantly affect the device degradation., In
addition, care was taken to assure that the SMA connector block did not touch
the circuitry and put undue pressure on it during expansion at the higher
temperatures. Even with these precautions, one of the TI amplifier microstrip
circuitry drain bias lines opened during the first few hours of the 200°C
testing.

It was decided that all devices from a particular manufacturer stressed at
a particular temperature should operate at the same drain current so that the
dissipated powers and hence the channel temperatures will be identical
(assuming device thermal resistances are the same). This is necessary to
accurately obtain the MTTF, The gate bias voltages of the eight devices
ment ioned above were therefore adjusted to give the same drain current for each
manufacturer, which was taken as approximately the average of the four drain

currents. The output power dropped 0.4 dB at most.
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SECTION VI
SUMMARY

The devices chosen for this reliability study were the Tl MSX 802 and
laboratory devices, Dexcel 3615A-P100F, MSC 88002, and NEC 868196. All are
hermetically packaged GaAs power FETs with ~0.5 W output power. The
device physical characteristics were obtained from measurements and
conversations with the manufacturers, and significant differences between

device types are apparent.

Four devices from each manufacturer were electrically characterized, with
small signal S-parameters, gain, 3 dB bandwidth, phase tinearity, third-order
intermodulation, and noise figure being measured. Remeasurement of these
parameters on the first eight devices operated for 1000 hours with 8 V drain
bias and 20 dBm input power at 8 GHz indicated no significant change in any of

these parameters.

All electrical stress tests were completed, and most of the differences
between the device types could be associated with differences in device
physical characteristics. The failures could usually be explained in terms of

failures described in the literature.

The elevated temperature stress tests (environmental stress) have begun,
and heat sink temperatures of at least 200°C were found to be necessary to
obtain device degradation within 1000 hours. The fabrication of the test setup
and high temperature circuits was more difficult than originally thought. Since
obtaining sufficient data to extrapolate an accurate MTTF under normal
operating conditions for all device types is regarded as the most important
part of the reliability study, extensive effort will be expended in this area
for the rest of the program.
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During the remainder of the program, the electrical characterization
measurements will also be completed on the second batch of eight devices that
have completed 1000 hours of operation. The electrical characterization will
be conducted too on one device from each manufacturer bonded as an oscillator.
Two devices from each manufacturer will be characterized as pulsed amplifiers,
and two from each manufacturer will be pulse-stressed until failure occurs.
Environmental characterization has begun on five devices from each manufacturer
and is expected to be completed in the next few months.
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