%/gj"/;glj, JPs 7/-/’ NASA-CR-174711
\,

19850004593

NASA CR-174711
UTRC-R83-925312-25

HIGH-TEMPERATURE OPTICALLY ACTIVATED

GaAs POWER SWITCHING FOR AIRCRAFT
DIGITAL ELECTRONIC CONTROL

by J.M. Berak, D.H. Grantham, J.L. Swindal,
J.F. Black, and L.B. Allen

UNITED TECHNOLOGIES CORPORATION
United Technologies Research Center

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
NASA Lewis Research Center

Contract NAS3-22535 HE: faﬁ‘z( ﬁ”ﬁ

TANGLEY RESEARCR TENTER
LIBRARY MASA
FHANDRTON, VIRGINIA






1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
NASA CR-174711

4. Titie and Subtitle 5. Report Date
High-Temperature Optically Activated GaAs Power Switching for May 1983

Aircraft Digital Electronic Control 6. Performing Organization Code

7. Author{s) . 8. Performing Organization Report No.
J. M. Berak, D. H. Grantham, J. L. Swindal, J. F. Black and UTRC R83-925312-25

L. B. Allen .

10. Work Unit No.

9. Performing Organization Name and Address
United Technologies Corporation

United Technologies Research Center 11. Contract or Grant No.
East Hartford, Connecticut 06108 NAS3-22535

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address
National Aeronautics and Space Administration Contractoxr Report

Lewis Research Center 14. Sponsoring Agency Code
Cleveland, Ohio 44135

15, Supplementary Notes

Project Manager, Mr. Robert Baumbick
NASA Lewis Research Center
Cleveland, Ohio 44135

16. Abstract

Gallium arsenide high-temperature devices were fabricated and assembled into an optically
activated pulse-width-modulated power control for 'a torque motor typical of the kinds used in jet-
engine actuators. A bipolar heterojunction phototransistor with gallium aluminum arsenide emitter/
window, a gallium arsenide junction field-effect power transistor and a gallium arsenide transient-
protection diode were designed and fabricated. A high-temperature fiber optic/phototransistor
coupling scheme was implemented. The devices assembled into the demonstrator were successfully
tested at 250°C, proving the feasibility of actuator-located switching of control power using
optical signals transmitted by fibers.

Assessments of the efficiency and technical merits were made for extension of this high-tempera~
ture technology to local conversion of optical power to electrical power and its control at levels
useful for driving actuators. Optical power sources included in the comparisons were an infrared
light-emitting diode, an injection laser diode, tungsten-halogen lamps and arc lamps. Optical-to-
electrical power conversion was limited to photovoltaics located at the actuator. Impedance matching
of the photovoltaic array to the load was considered over the full temperature range, -55°C to 260°C.
Loss of photovoltaic efficiency at higher temperatures was taken into account. Serious losses in
efficiency are (1) in the optical source and the cooling which they may require in the assumed 125°C
ambient, (2) in the decreased conversion efficiency of the gallium arsenide photovoltaic at 260°C,
and (3) in impedance matching. ‘Practical systems require improvements in these areas.

17. Key Words (Suggested by Author(s)) . 18. Distribution Statement
High-temperature Devices, Optically Activated
Switch, Gallium Arsenide Devices, Fiber Optics, .
Digital Electronic Control, Fly-by-Light, Gallium Unclassified - unlimited
Arsenide Phototransistor, Power~by-Light,Gallium
Arsenide Junction Field-Effect Transistor

19. Security Classif, (of this report) 20. Security Classif, (of this page) 21. No. of Pages 22, Price’
Unclassified Unclassified 208

* For sale by the National Technical information Service, Springfield, Virginia 22161

NASA-C-168 (Rev. 10-75)

.
5= 12991







R83-925312-25

High-Temperature Optically Activated GaAs Power
Switching for Aircraft Digital Electronic Control

TABLE OF CONTENTS

LIST OF ILLUSTRATIONS . . v v v v v v v v e oo e o o

LIST OF TABLES . . & v v v v v v v v v e v o e e e e e e e e

1.0

2.0

3.0

4.0

5.0

6.0

SUMMARY D T T
INTRODUCTION . . v v v 4 4 v v a6 o o o e o v e s s e
PART 1

DESIGN, FABRICATION AND TESTING OF A
HIGH-TEMPERATURE PHOTOSWITCH SYSTEM

PHOTOSWITCH SYSTEM DESIGN e e e e e e e e .‘. o e e

3.1 GaAs Devices and Circuit . . « 4 & v 4w 4w & o 0 « o 4
3.2 Design of the Optical Path . . . . . . . . +« . ' . .
3.3 Design Aftermath . . . . . . v v v v v v e 40 0 e .

PHOTOSWITCH FABRICATION . . . . . . v v v v o v o v . .

4.1 Phototransistor Fabrication and Packaging . . . . .
4.2 JFET and Diode Fabrication T

ELECTRICAL TESTING AND SELECTION OF GaAs
PHOTOSWITCH DEVICES . . v v v v v o 4 4 ¢ o o o o o o &

5.1 Phototransistor Testing . . . « & ¢ o o o o o o o .
5.2 JFET Test Results . . . v v v v v v v v v v o v o
5.3 Testing of Transient-Protection Diodes . . . . . . .

.

BREADBOARD TESTING OF PHOTOSWITCH SYSTEM AND
DISCUSSION OF RESULTS D

iii

Page

viii

22
30

33
33
41
55
55

83
95

101




TABLE OF CONTENTS (Cont'd)

PART 11

FLY-BY-LIGHT POWER-BY-LIGHT
FEASIBILITY STUDY AT HIGH-TEMPERATURE

7.0 INTRODUCTION TO PART II . . « ¢« ¢ ¢« o o o o o o s Co.

8.0 FLY-BY-LIGHT DESIGNS AND DISCUSSION OF RESULTS . . . .

9.0 POWER-BY-LIGHT FEASIBILITY AND DISCUSSION OF RESULTS .

9.1 Optical Power Delivery to the Photovoltaic . . . . .
9.2 Photovoltaic Design . . ¢« v ¢« « v ¢ o ¢« o o o o o«
9.3 Power-by-Light Photovoltaic and System Efficiency .
9.4 Photovoltaic Impedance Matching to Torque-Motor Load
9.5 Recommended Power-by-Light Demonstration System . .
9.6 Suggested Areas for Future Work on Power-By-Light .
10.0 SUMMARY OF RESULTS (PARTS I AND II) . . . . .« « « « « .
APPENDICES
I BREADBOARD DESCRIPTION . . . ¢ &« &« ¢« ¢ o o s ¢ o &
11 LIST OF SYMBOLS . . v ¢ & & o o o o o o o o 5 o o
REFERENCES . « ¢« v v o o ¢ & o o ¢ o s o s o s s o o o o ¢

iv

Page

111
119
127
127
134
147
154
158
167

173

179

191

197




Figure No.

LIST OF ILLUSTRATIONS

Title

Page

N o~ O

Reverse Current-Voltage Characteristics at Various
Temperatures . . . ¢« v v 4 v 4 4 0 4 0w . .

GaAlAs~GaAs Phototransistor Structure . . , . . .
Schematic Cross Section of JFET Finger Pair ., . .
GaAs Device Configurations for Optical Switching .
Phototransistor Characteristics at 250°C . . . . .
GaAs Phototransistor Characteristics - Knee
Photocurrent vs. Illumination . . . . . . . . .
GaAs Phototransistor Characteristics - Knee
Optical Gain vs. Illumination ., . , . . . . . .

Phototransistor Dark Current . . . . + . . .+ . . .

Minimum Incident Optical Power at Phototransistor
Schematic of Optical Path . . . . . . . . . . ..
Supply and Demand Optical Power Densities . ., . .
Phototransistor Packaging System . . . . . . . . .
Breadboard Block Diagram . . . . ., . . . . . . . .

Phototransistor Structures . . . . 4 « & & o o o .
Phototransistor Processing . . . o o o o« o o + o+ .
Phototransistor Processing (Continued) . . . . . .
On-Wafer Phototransistors . . ., . . . . . . e e
Metallized Fiber Seal in TO-5 Cap Assembly . , , ,
Packaged Photoswitch Devices , . + « v v « &+ « . .
Photolithographic Masks for JFET Switch ., . . . .
Photomask Details for JFET Switch . . . . . . . .

GaAs JFET ProcesSSing . « v o o v o o o o o o o v .

.GaAs JFET Processing (Continued) ., . . . . . . . .

On-Wafer GaAs JFETs Prior to Channel Etching ., . .
Cross Sectional View of JFET Fingers . . . . . . .
GaAs JFETs After Wire Bonding . . . . . . . . . .
GaAs Transient-Protection Diodes . . . . . . . . .

12
16
17

18

19
21
23
24
27
29
31

35
36
37
38
40
42
44
45
46
47
49
50
51
53




LIST OF ILLUSTRATIONS (Cont'd)

Figure No, Title Page

5-1 Experimental Arrangement for High-Temperature

Phototransistor Testing Before Hermetic Sealing . . 56
5-2 Phototransistor Current-Voltage Characteristics (0l13a) 58
5-3 Phototransistor Current-Voltage Characteristics (Klld) 59
5-4 Phototransistor Current-Voltage Characteristics (Rl4a) 60
5-5 Phototransistor Current-Voltage Characteristics (K12d) 61
5-6 Phototransistor Dark Current at 253°C . . . . . . . . 62
5-7 Phototransistor Dark Current at 253°C (Continued) . . 63
5-8 ‘Summary of Phototransistor Photoresponse Near 253°Cc . 70
5-9 Summary of Phototransistor Photoresponse at Room

Temperature . . o « « « o o o o s s s o o o 4 e s 71
5-10 Summary of Phototransistor Optical Gain Near 253°C . . 72
5-11 Summary of Phototransistor Optical Gain at Room

Temperature + « o« « « o o o o o s o & o s s o 0 . s 73
5-12 Current-Voltage Characteristics at 251°C for

Phototransistor Ol3a with f-o Pigtail , . . . . . . 74
5-13 Current-Voltage Characteristics for Phototransistor

0l3a with f-o Pigtail . . + + v ¢« ¢« + ¢« ¢« v o« o o & 75
5~14 Current-Voltage Characteristics at 251°C for

Phototransistor Kl1d with f-o Pigtail . . . . . . . 76
5-15 Current-Voltage Characteristics for Phototransistor '

Klld with f-o Pigtail . . . . . « ¢« « ¢« ¢ « « o & 77
5-16 Current-Voltage Characteristics at 250°C for

Phototransistor Rl4a with f-o Pigtail . . . . ., . . 78
5-17 Current-Voltage Characteristics for Phototransistor

Rl4a with f-o Pigtail . . + v « ¢« ¢« ¢« o ¢ o o o o & 79
5-18 Phototransistor Photocurrent Measurements (0l3a) . . . 80
5-19 Phototransistor Photocurrent Measurements (Klld) . . . 81
5-20 Phototransistor Photocurrent Measurements (Rl4a) . . . 82
5-21 Drain Saturation Characteristics for GaAs JFET D7s . . .84
5~-22 Current-Voltage Characteristics for GaAs JFET D7s . . 85
5-23 Drain Characteristics for GaAs JFET D7s ., . . . . . . 86
5-24 Low-Level GaAs JFET Characteristics (D7s) . . . . . . 87
5-25 Drain Saturation Characteristics for GaAs JFET M8s . . 88
5-26 Drain Characteristics for GaAs JFET M8s at 251°C . . . 89
5-27 Drain Saturation Characteristics for GaAs JFET Hé6s . . 90
5-28 Drain Characteristics for GaAs JFET H6s at 251°C . . 91
5-29 Reverse Current-Voltage Characteristics for GaAs :

Diode DIS . v v ¢« v ¢ o o o o s o o o o o o s ¢ o » 96
5-30 Forward Current-Voltage Characteristics for GaAs

Diode DIS . ¢ ¢« v ¢« ¢ & o o o o o o ¢ o« s o« o s s o 97
5-31 Reverse Diode Characteristics at 251°C . . . . . . . . 98

vi




LIST OF ILLUSTRATIONS (Cont'd)

Figure No. Title : Page
6-1 Breadboard Photoactivated Switching . . . . . . . . . 105
6-2 JFET Parameters . v v ¢ o v v o o « o o o o o o o o W 107
6-3 JFET Off-State Drain Voltage with Transient Protection 108
7-1 Configurations for Actuator Operation Using Fiber

OPELICS v v v v v v v e e e e e e e e e e e e e 112
7-2 Key System Factors in Evaluation of Power-by-Light

Concept & v v v v v L v e e e e e e e e e e e e e . 113
7-3 Key System Factors in Evaluation of Fly-by-Light

Comcept v v v v v i et e e e e e e e e e e e 115
8-1 Fly-by-Light Configurations Using GaAs Based Devices 120
8-2 Phototransistor Current-Voltage Characteristics (K12d) 123
9-1 Solar-Cell Structures for Power-by-Light Photovoltaic

Applications . . . . ¢ . v v v v 4 4 4 4 e e e e . 137
9-2 Voltage Data for GaAs Heteroface Solar Cells . . . . . 140
9-3 GaAs Heteroface Solar-Cell Characteristics v e e e s 142
9-4 Effect of Series Resistance on Cell Fill Factor . . . 145
9-5 Maximum Photovoltaic Series Resistance vs, Diameter

for Various Operational Conditions . . . . . . . . 146
9-6 Power-by-Light System Efficiency at 260°C (£) . . . . 151
9-7 Power-by-Light System Efficiency at 260°C (F) . . . . 152
9-8 Recommended Power-By-Light Demonstration System . . . 160
9-9 GaAs Photovoltaic and Torque-Motor Characteristics (I) 161
9-10 Power-By-Light Efficiencies (L) . . . . . « v v o . . 162
9-11 GaAs Photovoltaic and Torque-Motor Characteristics (II) 165
9-12 Power-By-Light Efficiencies (II) . . . . . . . . . . 166
9-13 Photovoltaic Dynamics with Torque-Motor Load . ., . . . 168
A-1 Front Panel of Photoswitch Breadboard . ., . . . . . . 180
A-2 Optical Power Available to the Phototransistor Using

the Breadboard IRED . . . . . v 4w v v ¢ v o o o « . 182
A-3 Breadboard Circuit Diagram . . ., . . . . « 4 & « . . . 183
A-4 Configuration of Breadboard Devices for Optical

Switching . . . . . . . . . . o e e e e e e e . 187
A-5 Photoswitch Probe Assembly ., . . ., . . . . .. ... 189

vii




LIST OF TABLES

Table No. : Title Page
I Material Properties of GaAs Versus Si . . . . . . . . 4
11 Properties of Optical Fibers . . . . « . « « « ¢« ¢« .+ & 25
I11 Maximum Coupled and Available Optical Power
_ Using IRED SoOUTCES . v &« o o o o o o o o o o o o o 26
v Phototransistor Epitaxial-Layer Data . . . . + + + « . 33
v GaAs Epitaxial-Layer Data for JFETs and Diodes . . . . 41
VI JFET Mask Parameters e e e e e e e e e e e e e 43
Vil Phototransistor Data Prior to Hermetic Sealing . . . . 65
VIII Post-Stabilization Phototransistor Data . . . . . . . 68
X Electrical Parameters for GaAs JFETS . . . « « « o + 93
X Off-State Leakage Currents for GaAs JFETs . . . . . . 94
X1 Electrical Parameters for GaAs Diodes . . . « + « . . 99
XII Photoswitch Operating Parameters . . o « « + + + & o« 102
XIII Photoswitch Breadboard Test Data . . « +« « « « o « & & 104
X1v Optical Power-Transfer Efficiencies Using Solid-State
Sources and Single Fibers . . . ¢« « &+ ¢« ¢« ¢ « « o & 125
XV Estimated Power-by-Light Efficiencies . . . . . . . . 132
XvVI Concentrator Solar-Cell Efficiencies e e e e e e e 139
XVIL GaAs Heteroface Photovoltaic Power-Conversion
Efficiency at 8200A& Wavelength . . . . . . . . . . 149
XVIIL Power-by-Light Requirements with Torque~Motor Loads 156
X1iX Power-by~Light Efficiencies Using ILD Sources . . . . 164
XX Conditions for Single-Temperature Resistance Matching
of GaAs Photovoltaic Cell to Torque Motor . . . . . 164
A-1 Photoswitch Breadboard Electrical Parts . . . . .« . . 184
A-11 J1 Pin Designations on Photoswitch Breadboard . . . . 185

viid




1.0 SUMMARY

The overall objective of this program was to investigate the use of GaAs
high-temperature electronic devices for pulse-width-modulated fiber optic
switching of electrical power for aircraft digital electronic controls. Due
to a higher semiconductor band gap, GaAs is more suited for higher-temperature
application than is silicon. In addition, the incorporation of fiber optics
produces favorable systems characteristics arising from high electrical
resistivity and reduced weight of the transmission cabling.

In Part I of the program, GaAs devices were designed, fabricated and
tested for delivery in a fly-by-light demonstration unit. These devices
included a GaAlAs/GaAs phototransistor, a junction-field-effect-transistor
(JFET) power switch, and a transient-protection diode for suppressing induc-
tive voltage spikes when switching current into a torque-motor load. Optical
activation of the phototransistor was accomplished by using a high-power
infrared-emitting diode (IRED) with emission wavelength at 8360A. The photo-
switch devices were able to switch up to 0.1A with a 20V stand-off capability
using 0.65 mW to 1.4 mW of optically coupled power at the IRED and operate at
ambient temperatures between -54°C and 250°C. Extension of fly-by-light
switching to higher electrical powers would be possible with higher-power GaAs
JFETs or heterojunction bipolar transistors.

A feasibility study program was also conducted on power-by-light designs
whereby the required torque-motor electrical power is locally generated by a
photovoltaic receiving optical power from a source located at the control
computer. Factors discussed that are of primary concern for high system
efficiency were generation and transmission of optical power, photovoltaic
power-conversion efficiency, and photovoltaic impedance matching to the load.
Optical sources included in the study were a high-power injection laser diode
(ILD), a high-power IRED, arc lamps, and tungsten-halogen lamps. The photo-
voltaic cell considered for use had a GaAlAs/GaAs (P/p/n/n*) heterostructure
configuration, similar to designs for concentrator solar-cell application.
Calculations were made of power-conversion efficiency for maximum electrical
power output from the photovoltaic between -54°C and 260°C compared to elec-
trical power required to drive the optical sources. At 260°C system efficien-
cies were 2% for a matched-wavelength ILD source, 1,55% for a matched-wave-
length IRED source, 1.1% for 3200°K tungsten~halogen lamp sources, and about
0.8% for Xenon short-arc lamp sources. In order for the lamps and IRED to
compete with the ILD, lens focussing onto a fiber optic bundle was required.
Considerations on selection of an optical source for power-by-light applica-
tion were presented. A principal obstacle for achieving predicted efficien-
cies is impedance matching of photovoltaic to the torque-motor load. Whatever




means used to impedance match (and regulate current) must be operational
between -54°C and 260°C. A scheme using single-temperature resistance

matching with a GaAs photovoltaic was proposed to demonstrate power~by-light
switching, ,




2.0 INTRODUCTION

For airborne control applications requiring a current switch, the use of
optical fibers and photosensitive switches offers the benefits of increased
electrical isolation from the control computer, reduced susceptibility to
electromagnetic interference, reduced weight (and cost), and improved
reliability. Implementation of fiber optics for engine or flight controls can
be divided into two general approaches: (1) optical energy 1s used to control
actuator power derived from another source (fly-by-light); (2) optical energy
is used as the source of power for the actuator (power-by-light). As applied
to torque motors, the power-by-light approach requires the use of a photo-
voltaic converter to provide the electrical power. A photoactivated switch is
required in the fly-by-light application. 1In addition, the electronic devices
required for advanced aircraft turbine-engine controls using fiber optics must
operate at ambient temperatures as high as 260°C. Conventional silicon
devices would have to be cooled for reliable operation. Specially designed
silicon electronic devices can be pushed into high-temperature operation but
more severe voltage limitations will accompany the increasing temperature.
Also, special circuits may be required to insure operation over the full
temperature range. Indeed, silicon photodevices and photovoltaics are not
practical for use in fiber optic systems at high temperature due to junction
leakage. The main thrust of this work was to advance the use of an alternate
semiconductor, gallium arsenide, which is more suited for high~temperature
application in aircraft fly-by-light and power-by-light actuator systems.

The improved high-temperature capability of GaAs arises principally from
its higher energy band gap and secondarily from its higher free-electron
mobility compared to silicon. The higher the semiconductor band gap, the
lower is the intrinsic carrier concentration and device bulk leakage current
at a particular temperature. A higher free-electron mobility means that lower
internal power dissipation develops in the device. These material advantages,
therefore, lead to reduction or elimination of system cooling requirements for
high-temperature operation for the gallium arsenide device.

Some material properties for gallium arsenide and silicon are summarized
in Table I at various temperatures (Refs. 1 and 2). The energy band gap of
gallium arsenide is 0.30 eV higher than silicon at room temperature. Although
this energy difference decreases to 0.25 eV at 300°C, the difference is still
sufficient to result in significantly lower bulk leakage currents (dark
currents in photosensitive devices) due to an exponential dependence on band-
gap energy. Figure 2-1 shows reverse leakage currents as a function of
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TABLE |

MATERIAL PROPERTIES OF GaAs VERSUS Si

) . 27°C 200°C 300°C

BAND GAP (ev) | Si 1.12 1.07 1.04
GaAs 1.42 1.34 1.29

ELECTRON MOBILITY s 1100 360 260
AT 1x1016 cm™3  GaAs 6300 3300 3000
(c’mzlv-sec)

THERMAL CONDUCTIVITY Si 1.43 0.86 0.65
WATT | GaAs 0.44 0.28* 0.23*
cm°C ’

PHOTOVOLTAIC OUTPUT, Vpmp Si 0.47 012 <0.05(260°C)

(VOLTS) - Gahs 0.86 0.55 0.37

* . ESTIMATED (REF . 1)
FIG. 2-1

REVERSE CURRENT-VOLTAGE CHARACTERISTICS AT VARIOUS TEMPERATURES
REF. 3
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voltage at various temperatures for gallium arsenide and silicon diodes (Ref.
3). 1If leakage currents are compared, then a 75-100°C operating temperature
advantage will be obtained using the gallium arsenide device compared to its
silicon counterpart. Alternatively, the silicon device will develop about two
orders of magnitude more bulk leakage current at higher operating tempera-
tures. Dark currents and noise in silicon photodetectors limit their use to
under 150-200°C. Resulting maximum-power voltage output (V,,) for a

silicon photovoltaic is also too low for practical use (less than 50 mV at
260°C). GaAs photodevices and photovoltaics will operate well in the 260°C to
300°C temperature range.

The free-electron mobility in gallium arsenide is significantly greater
than for silicon over the entire temperature range. A six-fold mobility
advantage for GaAs at room temperature increases to a factor of 11 at 300°C.
Partially offsetting this advantage of gallium arsenide for power devices is
the fact that the thermal conductivity of silicon is about a factor of three
higher over the full temperature range. However, if one defines a figure of
merit for device temperature rise that is proportional to electron mobility
multiplied by thermal conductivity, an overall advantage still rests with
gallium arsenide.

The subject program was divided into two parts: (I) a hardware fly-by-
light development effort and (II) a follow-on study program on power-by=-light
and fly-by-light designs. The objective of Part I was to design, fabricate
and test a high-temperature photodetector which was compatible with pulsewidth
modulation for aircraft digital electronic control and could operate a switch
to provide power for a torque-motor load. The photoswitch system had to be
capable of operation at ambient temperatures of -54°C to 250°C and be able to
switch up to 100 mA of current with an off-state voltage of +20V. This part
of the program terminated with delivery of a breadboard for demonstration of
fiber optic switching using high~temperature GaAs devices. The objective of
Part II was to conduct a feasibility study on designs to utilize optical
energy to operate an actuator at up to 260°C. Emphasis was on power-by-light
design using a GaAs photovoltaic cell to supply torque-motor power.
Improvements on the original fly-by-light design of Part I were also studied.
The study effort concluded with recommendations for configurations for future
hardware development. This report is divided into two parts which describe
the respective work performed.







PART I

DESIGN, FABRICATION AND TESTING OF A HIGH-TEMPERATURE
PHOTOSWITCH SYSTEM

3.0 PHOTOSWITCH SYSTEM DESIGN

System design for the fly-by-light breadboard demonstrator was divided
into two parts -~ (1) design of the required GaAs high-temperature devices and
(2) design of the optical path. In the first part, consideration was given to
selection of devices and their design to meet the program goals. During this
part of the program electrical measurements at high temperature on existing
GaAs phototransistors were required in order to properly design the optical
switch system and assure validity of the design concept. The question of
supplying optical energy to the photosensitive device was addressed in the
design of the optical path. Here, important factors were selection of source,
coupling of source to optical fiber, fiber transmission and comnector loss,
and optical coupling to the photosensitive device. The delivered hardware was
designed to permit high-temperature testing of the GaAs devices. The other
breadboard components, e.g., power supplies and optical source, were not to be
subjected to the high-temperature environments. A description of the bread-
board is given in Appendix I.

3.1 GaAs Devices and Circuit

Specific design goals for the photoswitch devices included: (1) opera-
tion for up to two hours at 250°C; (2) operation at temperatures as low as
-54°C; (3) 100-mA switching capability with an off-state voltage of +20V; and
(4) compatibility with pulse-width modulation for turbine-engine electronic
control using torque motors. GaAs-based semiconductor devices were chosen
over silicon for high-temperature application, principally due to the higher
GaAs energy band gap.

The ideal photoswitch would be one that has both optical semsitivity and
power handling capability; otherwise, an optically sensitive device would have
to trigger another device to carry out the power switching. In implementing a
control system the use of an IRED (InfraRed Emitting Diode) as optical source
rather than a higher-optical-power LD (Laser Diode) is preferred due to longer
lifetime, simplicity of use, and lower cost. In order to demonstrate in a
conservative manner near-term fly-by-light switching in this program and be
able to use the IRED optical source, the trigger approach was adopted.




At UTRC considerable experience had been gained with GaAs JFET (Junction
Field-Effect Transistor) one-ampere power switches which could be used for
" actuator control at high environmental temperatures. The GaAs JFET device had
been chosen as the power switching element because it had a low on-state
resistance, could use a low-power digitially compatible gate input signal for
switching, and had a p*-n junction configuration which was stable during high-
temperature operation. Individual one-ampere switches had been fabricated and
operated continuously for 10,000 to 20,000 hours at 200°C with 20-30V stand-
off voltage. Tests had also been conducted on lower-current JFET's (15mA
level) at temperatures exceeding 300°C. Therefore, there existed a proven
electrical device, which when properly scaled, could reliably switch. 100 mA of
current at high temperature for this program.

An important requirement for the photosensitive device in a fly-by-light
control system is that it exhibit optical gain in order to reduce optical
requirements at the IRED source. The phototransistor was chosen over other
possible photodevice types because it provided gain, did not require precise
biasing (as in the case of an avalanche diode), was compatible with pulse-
width modulation for avionic control, and was readily fabricated using
existing GaAs technology. GaAlAs/GaAs phototransistors had been fabricated at
UTRC for fly-by-light application and some devices tested at up to 200-300°C
with promising optical gains. For optical activation the near~infrared
emission of a Group—-III-V IRED source could be matched to the GaAs absorption
layer of the phototransistor. The light-activated phototransistor could then
be connected directly to the gate of the JFET power switch.

The GaAs devices that were designed, fabricated and tested at up to 250°C
in this program therefore included: (1) a GaAlAs/GaAs phototransistor as the
near—infrared photosensitive element, (2) a GaAs JFET for switching up to 100
mA into the torque-motor load, and (3) a GaAs transient-protection diode. The
protection diode was placed across the torque motor and was required to
eliminate high-voltage spikes which would accompany inductive load switching
and which would destroy the JFET switch. The clock rate of all these devices
was orders—of-magnitude faster than maximum anticipated pulse-width-
modulation-control frequencies, i.e., 2 kHz.

A cross-sectional schematic diagram of the phototransistor design is
shown in Fig. 3-1. This device had an N/p*/n layer structure with a surface
emitter layer of Gaj-yAlyAs, a thin pt-GaAs base and an n—GaAs collector.
Electrical contact to the phototransistor was made to the emitter through a
surface metallization ring (via a bonding pad) and to the collector by way of
the back surface of the substrate; the base was left floating. The device was
normally off (except for dark currents) and could be switched on and exhibit
optical gain when illuminated by near—-infrared illumination. The ternary
layer functioned as a window for the incident optical radiation and as an
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efficient electron emitter into the base. At room temperature Ga;_ Al As can
have an energy band gap between 1.43 eV and 2.1 eV, depending on the atomic
fraction, x, of aluminum. As a result, this layer can pass radiation having
energy below its energy gap (but above that for GaAs) to be absorbed in- the
GaAs base-collector layers. Since the absorption region is well below the
surface of the device, surface state recombination is reduced. Optical
absorption is direct in GaAs; the radiation is essentially absorbed in several
microns of GaAs material. If absorption takes place in the base-collector
depletion layer, the generated electron-hole pairs will be separated by the
field. Outside this region, generated minority carriers must diffuse into the
depletion region to contribute to a photocurrent.

The forward-biased heterojunction formed in the GaAlAs-GaAs system
injects minority carriers with an almost 100% injection efficiency from the
wide-gap semiconductor into the GaAs base regardless of the doping level on
each side of the junction (Ref. 4). This high injection efficiency has been
confirmed experimentally for an energy-gap difference of only 0.2 eV
(x = 0.15) (Ref. 5). The possibility of electron injection through a thin
GaAs base region can result in gain upon illumination. The optical gain of a
phototransistor can be defined as the product of device quantum efficiency and
the common-emitter current gain, B. Under conditions of 1007% injection
efficiency, B is given by

tb -1
B = |cosh (I—) —l), (3-1)

where L is the diffusion length of the minority carrier and tj is the base
thickness (Ref. 5). For small values of (ty/L), B can be approximated as
Z(L/tb)z. Since the electron minority current carrier has a longer lifetime
in p-GaAs material then the hole minority current carrier has in n-material, a
p-type GaAs base is preferred to maximize gain. For L = 2.5 Mm (Ref. 6) and
quantum efficiency = 0.8, an optical gain of 40 is expected for a device with
0.5-Mn base width. Optical gains in excess of 100 have been reported for
GaAlAs heterojunction phototransistors (Refs. 6 through 9). The gain has also
been measured to be highly dependent upon illumination level, and this
dependence has been ascribed to reduction in injection efficiency due to
recombination by interface states (defect centers) at the heterojunction
interface (Ref. 4). The total emitter current, Ig, of a heterojunction
transistor can be written as
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where I is the defect current and I; is the injected current. For low
values of emitter current, the defect current at the heterojunction interface
can account for a significant fraction of the total emitter current. Both the
emitter efficiency, given by I;/Ip, and the gain will therefore decrease '
at lower light levels if defect currents are present. The lattice match
between GaAs and AlAs is quite good; the lattice constants are 5.653A and
5.6614, respectively (Ref. 10). However, the small lattice mismatch does
produce some defects at the interface (Ref. 11). Additional defects may also
be present depending on the conditions of crystal growth. In any case, defect
currents will reduce injection efficiency and thus limit the gain especially
under lower-level illumination.

The radiative wavelength that was utilized on the breadboard was approxi-
mately 8360A, at which GaAs has an absorption coefficient of 10%“m~!
(Ref. 12). Thus, 3 Mm of GaAs material (base plus collector) are sufficient
to absorb 95% of the radiation passing through the ternary layer. The corres-
ponding value of x for transparency of' the Gaj_4AlyAs layer is near 0.1,
The acceptable range for x in this program was 0.2 to 0.4 in order to provide
a safety margin during growth and also avoid excessive emitter contact resis—
tance and layer resistance associated with an indirect-band-gap material (x >
0.4). Attempts were made to keep the base thickness at 0.5 Um and below. A
thin quarter-wave sputtered-quartz anti-reflection coating (~ 1400A) was also
used to reduce surface reflectivity to about 5%. The question of
phototransistor diameter will be addressed later in this section as well as in
Section 3.2. The phototransistor measurements that were used to aid in the
design studies are also included in Section 3.2.

The GaAs JFET current switch was a p*-n device with coplanar source and
drain contacts and an intervening channel region. A detailed cross—sectional
view of a source-drain finger pair is shown in Fig. 3-2. The device was
constructed by growing n and n*-GaAs layers having specific carrier concentra-
tions and thicknesses on a pt-GaAs substrate and processing the wafer to
isolate source and drain regions on the epitaxial layer side. Au-Ge contact
metallization with thin nichrome and three-micron-thick gold were used to form
ohmic contacts to the n*-GaAs layer (~ 8 x 10'%m=3, t~1 um). The pt-GaAs
substrate was the gate for the device. A feature of the structure is the
etched-out channel region in the n-GaAs layer, which resulted in a channel
length after etching that was typically less than 3 Mm long. Under zero
applied gate bias, (Vg), the built-in junction voltage (V) is responsible
for a thin region depleted of carriers at the p*-n junction, but current is
able to flow through the undepleted material between source and drain. The
depletion depth is given by

11
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%’ e (-v,-v.) \1/2
td = s _Q b ‘G (3-3)
qn

where Kg is the dielectric constant, e, is the permittivity of free space,

q is the electron charge, and n is the epitaxial layer carrier concentration.
Upon application of an increasingly negative gate voltage to this normally-on
device, a depletion layer advances away from the junction until current is
pinched off in the channel region. A pinch-off voltage, Vos of about =12V

has been in use for the JFET devices. The required epitaxial-layer thickness
in the channel region for the pinch-off condition and minimum thickness under-
neath the drain contact can be determined with Eq. 3-3. When the device is in
the off-state, the required 20V on the drain adds to the 12V on the gate and
the built-in voltage, so that 33V will exist across the gate and drain. This
requires an epitaxial layer with n less than 3 x 10!'6cm™3 in order to avoid
avalanche breakdown. To allow for a margin of safety and additional voltage
capability, the UTRC JFET devices had an active layer with n about 1 x
1018cm=3, For this carrier concentration a channel layer thickness (tg) of
1.3 um is necessary for a pinch-off voltage of -12V. Under the drain contact
the GaAs epitaxial thickness (tp) should be at least 2.1 pm in order to

avoid premature breakdown.

By increasing the number of parallel source-drain finger pairs, the
current carrying capacity of the JFET is increased. The fingers can be
arranged in a compact interdigital fashion with common source and drain
bonding pads. The total linear extent of the source or drain (if each of
these were stretched out in one dimension) is a characteristic parameter, Z,
the gate width. The program goal was to be able to switch 100 mA of current
at up to 250°C. Based on past experience with other JFET devices of various
current switching capability, a gate width of at' least 0.4 cm was indicated
for GaAs JFET's for this program. In order to have a margin of safety, JFET
devices, having Z = 0.4 cm, 0.6 cm and 0.8 cm were constructed. (The actual
layout of the designs is shown .in Section 4.2, JFET and Diode Fabrication.)
The three designs were placed on a single chip so that selection could be made
of the optimum device which would be able to switch the required current at
250°C and at the same time have low off-state leakage currents. Final device
selection was based on curve-tracer current-voltage characteristics. The
reason for using the smallest value of Z which is consistent with switching
requirements is to reduce JFET off-state junction and surface leakage currents
which increase with Z. This has beneficial effects in photoswitch circuit
design which leads to a reduction in optical power requirements at the photo-
transistor. At the time of device design, an off-state gate leakage current
of under 100 pA was expected at 250°C for a GaAs JFET with Z = 0.4 cm at 20V
stand-off and -12V on the gate.
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For turbine-engine electronic control applications, the digitally
controlled power device must switch current into an inductive load. In order
to protect the semiconductor switch against inductive voltage buildup and
subsequent device failure when current is turned off, an alternate low-
impedance return path must be available to the coil decay current. One way to
protect the switch is to place a diode across the inductive load. For high-
temperature application a GaAs junction diode is preferred. A GaAs Zener
diode would be more difficult to fabricate, and a Schottky barrier device may
be susceptible to long-term reliability problems due to metal-semiconductor
interactions. With current flowing in the actuator coil, the diode is under
reverse bias. When the JFET current switch turns off, the diode provides
protection against inductive voltage buildup by being forced into forward bias
so that inductive current circulates through the diode and coil and allows
only an extra diode forward voltage, about 1V to 2V, to appear at the JFET
drain. The energy is therefore dissipated in the diode and the coil. The
peak energy dissipation rate is reached very quickly after the switch is
opened and diminishes exponentially thereafter with the characteristic time
constant.

The layer structure for the transient-protection diodes used in this
program was of the p*/n/n* type as in the case of the JFET (see Fig. 3-2).
Diode processing was simpler since only one top-surface contact to the n*
layer was required. The n-layer carrier concentration was decreased to about
6 x 101%m™3 to provide a safe 50V reverse bias capability (20V is the power
supply voltage). From Eq. 3-3, at least 3.4 im of n-GaAs is required for this
carrier concentration. One factor that enters into diode mesa-size selection
is the maximum allowable temperature rise above ambient that can be tolerated.
Device diameter can be estimated using

P2 v
pr = 48, (3-4)
Kﬂrd

where AT is the steady-state temperature rise, Pq is the power to be
dissipated, %5 is the distance through the GaAs substrate to an infinite

heat sink, K is the thermal conductivity of GaAs (0.35 watt/cm/°C at 250°C)
and ry is the radius of the diode. If 0.l1A of current is switched at 100 Hz
through a torque-motor coil with an inductance of 0.1 Henry, then 0.05 watt
‘must be dissipated through the coil and diode. If all of the power were
dissipated through the diode, then a maximum of a 190-um~diameter mesa diode
(%= 200 un) would be required for a temperature rise of 10°C. For this
program a range of mesa diameters, 76 im to 320 um, was fabricated on a single
chip. Selection of the proper size was also based on keeping the transient-

voltage buildup at the JFET drain to 2V or below over the -54°C to 250°C
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application range. Compared to coil activation currents, diode reverse-bias
leakage currents were expected to be small, i.e., less than 15 WA at a 20V
reverse bias for a 250-Wm-diameter mesa at 250°C,

Two configurations for placement of the phototransistor and power -device
with respect to each other for pulse-width modulation of current into a torque
motor are shown in Fig. 3-3. 1In both cases, the current through the coil is
determined by the voltage on the GaAs JFET gate from a separate power supply.
At near-zero voltage on the gate, the power device is on and the coil is
activated. If a negative voltage in the range of -10V to -14V appears on the
JFET gate, current through the coil is switched off. As negative voltage
increases on the JFET gate, the transient-protection diode will ensure that
the JFET drain does not rise more than 1V to 2V above the power supply
voltage. Digital electronic pulsing.of the JFET gate can be accomplished with
optical pulses from a fiber striking the surface of the phototransistor.
Phototransistor placement can be either in series (Case I) or parallel (Case
II) with the JFET gate. When the phototransistor is illuminated in Case I,
the power switch will be in the off-state; in Case II, the optically activated
phototransistor causes the JFET switch to allow current flow through the coil.
Both of these cases were considered in the design phase of this program;
however, Case II represents a more logical cause-and-effect relationship and
was used on the breadboard.

As part of the design phase, photoresponse measurements were made on
formerly fabricated UTRC phototransistors between room temperature and 250°C.
This information provided a basis for circuit design in this section of the
report and design of the optical path in Section 3.2. Current-voltage charac-
teristics at 250°C for a 300-um-diameter phototransistor are shown in
Fig. 3-4. When used with the JFET switch, the phototransistor should supply
photocurrent with minimum internal voltage drop; therefore, the current at the
knee of each of the curves is the maximum allowable current. The knee photo~-
transistor voltage drop was near 1V when illuminated with 100 to 200 W of
radiation. In Fig. 3-5, the knee photocurrents (corrected for about 50 MA of
dark current at the knee voltage) are plotted versus illumination after an
initial stabilization period of a few hours at 200 to 250°C. Optical gain

(calculated from the photocurrent data) is shown in Fig. 3-6. Device optical -

gain is defined as the ratio of the photocurrent, Ip, to the incident photon
flux,

IPhV
q P

(3-5)

g =
o
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PHOTOTRANSISTOR CHARACTERISTICS AT 250°C

BASE FLOATING — COLLECTOR GROUNDED

DEVICE 6-10
A =8104A
INCIDENT
ILLUMINATION
0
~a—— LIGHT OFF
—— 2 1 W
—~a— 56pW
EMITTER
CURRENT o
- "
5mA
0 [{ = orr
)
‘i ——— 225, W
EMITTER ‘l S
CURRENT - s
—— 515uW
50 mA

EMITTER VOLTAGE

80-10-9--2
17



R83-925312-25 FIG. 3-5
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R83-925312-25 FIG. 3-6

GaAs PHOTOTRANSISTOR CHARACTERISTICS
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where P, is the incident optical power of frequency, v. As can be seen,
there are only small differences in response over the temperature range for
each device; similar results were expected down to -54°C. The increase in
gain with illumination level is characteristically observed in GaAlAs hetero-
junction phototransistors. This dependence suggests that the smallest
diameter phototransistor should be used in order to reduce the required
optical power. One phototransistor parameter that undergoes large changes
with temperature is the dark current, which is shown in Fig. 3-7 for two test
devices at a bias level of -12V (V_ of JFET). During phototransistor opera-
tion, the optically generated current as well as the ordinary bulk reverse-
bias junction currents are multiplied by the transistor gain. Measured dark
currents for phototransistors fabricated during this program were signif-
icantly reduced from the values shown in Fig. 3-7. These larger values are
attributed to additional surface or defect contributions.

The phototransistor dark current at the highest operational temperature
(250°C) is an important parameter in circuit design since this represents the
lowest off-state dc resistance for the device; therefore, the value of R, or
R, in Fig. 3-3 must be adjusted using this value to assure proper switching
over the entire temperature range. In.Case I, with no illumination, about a
12V drop will exist across the phototransistor and near-zero voltage will be
on the JFET gate if the off-state dc resistance of the phototransistor is much
greater (> 10X) than the net resistance of R, in parallel with the JFET gate
resistance (Rg) to ground. When the phototransistor is illuminated, it
must supply current through R, to bring the JFET gate to near -12V. This
will take place if the phototransistor can deliver a knee current of 12/Rp
plus an expected JFET gate current of 100 pA. The knee photocurrent response
curves (Fig. 3-5) can then be used to establish the minimum optical power
required at the phototransistor. In Case II with no illumination, a -12V
pinch-off voltage will be on the JFET gate if the net resistance to ground of
the two devices is much greater (> 10X) than Rg. When sufficient optical
power is incident on the phototranmsistor, current (~ 12/Rg) is shunted to
ground and most of the -12V power supply is dropped across Rg, low voltage
appears on the JFET gate, and current flows into the coil.

Phototransistor dark current scales with junction area. Since junction
area includes active and inactive (bonding pad) regions, dark current will
decrease more slowly than the inverse-diameter-squared dependence. From a
circuit viewpoint, it is advantageous to use the smallest phototransistor
diameter to reduce dark current, increase Rp or R; and therefore reduce
optical power requirements. Assuming that device gain depends on illumination
density as obtained from Fig. 3-6, the minimum required illumination levels
for phototransistors #6-10 and #6-4 can be calculated as a function of mesa
diameter for each circuit .configuration of Fig. 3-3. For purposes of these
calculations, the JFET on-state and off-state voltages were taken to be -1V
and -11V respectively, Rg = 120 K ohms, and the bonding pad area was 6 x

o
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lO'Scmz. The resistor values, Rp and Rg, depended on phototransistor
geometry and dark currents. The results are shown in Fig. 3-8. The
differences between the two phototransistors are related to differences in
gain and dark currents. The Case-Il configuration requires more photo-
transistor illumination than for Case I. Smaller phototransistor diameters
are favored to reduce optical source power; however, other factors such as
available photon flux, packaging, and on-state phototransistor voltage drop
will moderate the trend to smaller phototransistor diameters. In part of the
next section, the principal limiting factor, optical power density at the
phototransistor, will be discussed in relation to Fig. 3-8 to finally deter-
mine phototransistor size.

3.2 Design of the Optical Path

The requirements of the program included a breadboard demonstration
system which utilized fiber optic cable, connectors, a light source, power
supplies for the light source, and high-temperature GaAs devices mounted on
the breadboard. A schematic of the optical path for delivering optical power
to the phototransistor is shown in Fig. 3-9. Two connectors were utilized to
connect source and detector pigtails to the transmission cable for ease of
component replacement. The optical cable had to be at least 6 meters in
length. This section. addresses elements of the photoswitch design that
involve the optical path; i.e., light source to phototransistor. Factors
considered were choice of source, coupling of source to fiber, optical fiber
choice, coupling of fiber to phototransistor, and system optical loss. These
factors were also used in determining phototransistor size.

The fly-by-light optical source must be capable of delivering optical
power to the phototransistor at the levels shown in Fig. 3-8. GaAs-type
solid-state devices are good choices for this application because (1) optical
power levels can be met with a single fiber with reasonable efficiency, (2)
pulse-width modulation of the source is easily done, and (3) source lifetimes
are long, i.e., 10% hours for an ILD (Injection Laser Diode) and 105 hours for
an IRED (InfraRed Emitting Diode). The wavelengths of interest are between
0.80 and 0.84 ym. 1In this region the phototransistor surface Gal_xAles
layer (x = 0.2 to 0.4) acts as a window for absorption of radiation in the
underlying GaAs base and collector regions. ILD's can easily meet the photo-
transistor optical power requirements. The IRED is preferred because it is
more economical, easier to use, has longer life, and can operate in a higher
temperature environment compared to the ILD. The photoswitch circuit require-
ments are such that a high-radiance IRED source is required to meet the
optical power levels shown in Fig. 3-8. Based on literature survey of
possible IRED's, the Hitachi series of high-radiance domed HLP devices was
selected for breadboard use. These devices were supplied uncapped so that at
UTRC an optical fiber had to be coupled to the domed GaAlAs material
surrounding the emitting region. » : ’
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The efficiency of optical coupling to an IRED increases with core cross-
sectional area (for core area less than the IRED emitting area) and the square
of the fiber numerical aperture (NA). Maximum power transfer to the photo-
transistor using a single fiber will occur if a high-NA, large-diameter fiber
is butted against the IRED source at one end and the same-diameter phototran-
sistor at the other end. For optical coupling to the IRED, a fiber can be
positioned to within 25 um of the top of the IRED dome. At the phototran-
sistor, additional clearance had to be allowed in the hermetic sealing process
(this will be described later in this section). If such a clearance is
required, some optical power will be lost at the phototransistor unless the
phototransistor diameter exceeds the fiber diameter. Increasing photo-
transistor diameter arbitrarily is not desired since circuit phototransistor
optical requirements from Fig. 3-8 must increase.

Multimode optical fibers with high numerical aperture and constructed
using glass core and cladding are available with core diameters of 100 um and
200 um. It was required in this program that the fiber had to survive in both
the maximum ambient application temperature and maximum process temperature
for phototransistor hermetic sedling. For commercially available optical
cables, the cable materials must be stripped from the length of fiber that
will be in hot zone. Table II summarizes room~-temperature characteristics of
applicable optical fibers as well as expected connector losses.

TABLE 11

PROPERTIES OF OPTICAL FIBERS

Fiber
Fiber Core . Attenuation Estimated

Fiber Diameter Fiber (A=82004) . Connector Loss

# (um) NA (dB/km) (dB/Connector)

A 200 0.55/0.5 12 1

B 200 0.4/0.35 35 1

c 100 0.55/0.5 12 1.5

'D 100 0.3/0.28 7 1.5
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Using data supplied by the IRED manufacturer, a summary of maximum values
for optical power that can be coupled into each fiber core ‘as well as power
available at the fiber end for the phototransistor after cable and connector
losses are accounted for is shown in Table III. The highest predicted power
coupling efficiency is 5% for the high-NA, 200-um-diameter fiber (A in Item
1). The Item-2 optical powers can be fully utilized if phototransistor area
is at least as large as the illuminated area.

TABLE 111

MAXIMUM COUPLED AND AVAILABLE OPTICAL POWER
USING IRED SOURCES

IRED
Optical .

Item Fiber . HLP-60 HLP-50 'HLP-40
1. Estimated coupled A 3.1 oW 2.6 mW 2.1 mW
power into fiber A¥* -— 2.2 -
core, ‘B 1.7 1.4 1.1

C 0.81 0.68 0.54

D 0.25 0.21 0.17

2. Calculated power A 1.9 1.6 1.3
available for A% - 1.2 -
phototransistor B 1.0 0.84 0.67

C 0.41 0.33 0.27

D 0.13 0.10 0.08

* measured at UTRC

If the phototransistor can be reproduc1b1y positioned 100 ym from the
optical fiber in device packaging and sealing, the available optical power
density (assumed to be uniform) at the plane of the phototransistor can be
compared with required phototransistor optical density as calculated from
Fig. 3-8 for the two circuit configurations of Fig. 3-3. Figure 3-10 compares
the supply optical power density levels, established by the various IRED-fiber
combinations, at the phototransistor with the phototransistor demand values.
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With the 200-pum-diameter fibers (A and B) there appears to be sufficient
optical power available using the IRED's. The minimum phototransistor
diameter should be 200 um since smaller diameters could not utilize all the
light emerging from the fiber in the limit of butt-coupling. As determined
from the fiber NA, the maximum phototransistor diameter (dmax) or the diameter
of the light-cone base 100 um away from the fiber end, is greater than 290 um
as shown in Fig. 3-10. '

With the 100-um-core fibers, sufficient opticalkdensity may be available
for use with smaller-diameter phototransistors. In evaluating this option the
following factors were taken into account: (1) allowance had to be made for
the fact that the IRED supplied optical power densities in Fig. 3-10 are
maximum values, (2) the preferred Case-II circuit approach required higher
optical power, (3) as phototransistor diameter decreases below about 150 um
and photocurrent density and gain increase, knee voltage drops greater than
one volt can exist across the phototransistor. This is not desired for the
Case-11 parallel-gate configuration in order to keep the onstate gate condi~
tion for the JFET between 0 and -1V. ‘

In view of the above considerations and the facts that optical density
gradients will be present at the edges of the light cone and fiber positioning
may be closer than 100 um, the phototransistor diameter chosen for breadboard
use was 200 um. The chosen fiber was Fiber A since this had a higher-tempera-
ture strain point than Fiber B and, therefore, was preferred for high-tempera-
ture sealing and use. Also, Fiber-A attenuation did not change more than
0.002 dB between -60°C and 80°C; higher-temperature data were not available
from the manufacturer. 1In the final packaging of the phototransistor with
fiber-optic pigtail (described below), only about 8 cm of fiber had to be
exposed to the -54°C to 260°C ambient; therefore, additional fiber attenuation
was expected to be negligible.

The design for packaging the phototransistor with the fiber optic pigtail
is shown in Fig. 3-11. The package had to be able to withstand long-term
ambient temperatures of up to 250°C and had to be hermetically sealed to avoid
environmental contamination of exposed phototransistor junctions along the
mesa edge. High-temperature epoxy was not used inside the device package
because of possible long-term high-temperature outgassing which could degrade
device performance. A cleaner sealing technique using high-temperature
brazing to a metallized fiber was adopted. The final pieces to be joined were
(1) a standard TO-5 package with a mounted and wired phototransistor and (2) a
cap assembly that guided and protected a bare optical fiber which was metal
coated at the end and sealed into place. Eutectic brazes used were AuNi,
AuSi, and AuGe, and a final seal (with device-fiber alignment) was made with
the lowest temperature eutectic, AuSn (280°C). The goal was a helium-leak-
tight package with the fiber positioned precisely over the phototransistor and
to within 100 um of the phototransistor surface.
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3.3 Design Aftermath

The phbtoswitch devices that were fabricated and tested to demonstrate
fiber optic high-temperatures switching into actuator loads were a GaAlAs/GaAs
phototransistor (photosensitive device), a GaAs JFET (100 mA power switch),
and a CaAs diode (transient-protection device). The phototransistor was an
N/p/n bipolar transistor which was operated as a two-terminal device (base
floating). Upon illumination with near-infrared radiation from an optical
source (A = 0.8 to 0.84 Mm) the phototransistor exhibited gain and was used to
trigger the GaAs JFET into switching curreat into a torque-motor load. Both
the JFET power switch and transient-protection diode had a pT-n structure.

The JFET was a three-terminal device with surface interdigital fingers
comprising the source and drain and with pt substrate as gate. This device
was normally-on unless pinched-off with a gate voltage of =10 to ~14V. Each
of the photoswitch devices was fabricated by sequentially growing the
epitaxial layers on a GaAs substrate and processing the wafers. Device sizes
were as follows: phototransistor (mesa diameter of 200 bm); diode (mesa
diameter under 250 Vm); and JFET (Z = 0.4 cm to 0.8 cm). All devices were
much faster than maximum expected pulse-width-modulation frequencies.

As a result of phototransistor gain measurements and expected losses in
the optical path, an IRED was used as the optical source on the breadboard. A
schematic diagram incorporating the essential items of the breadboard demon-
strator is shown in Fig. 3-12. The phototransistor was placed in the '
parallel-gate configuration so that optical excitation resulted in activation
of the torque motor. Both the light source and phototransistor required a
fiber optic pigtail which connected to the transmission cable. Each GaAs
device was hermetically sealed to avoid environmental contamination of GaAs
exposed junctions and possible device degradation. Special procedures were
required for simultaneous sealing and alignment of the phototransistor with
the optical fiber. The breadboard configuration allowed full testing of the
photoswitch system at ambient temperatures between -54°C and 250°C.
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4.0 PHOTOSWITCH FABRICATION

The GaAs epitaxial layers required for fabrication of phototransistor,
JFET and diode structures were grown using liquid-phase epitaxy (LPE) at
United Technologies Research Center (UTRC). Use was made of a transient-mode
technique based on one first reported by Deitch (Ref. 13) together with a GaAs
LPE tilt system. For specific details on LPE system description, GaAs
epitaxial-growth procedures and material characterization, see Ref. 14. All
fabrication steps including preparation of photolithographic masks, wafer
processing and device packaging were carried out at UTRC.

4.1 Phototransistor Fabrication and Packaging

A schematic diagram of the high-temperature-capability phototransistor in
cross section was shown in Fig. 3-1. This device required growth of two GaAs
layers and one GaAlAs layer on an n*-GaAs substrate. These layers formed the
device collector, base and emitter respectively. The collector layer had to
be 3 um thick to fully absorb the IRED radiation. The base layer had to be as
thin as possible (~ 0.5 mm), and the required aluminum atom fraction, x, in
~the emitter layer was to be between 0.2 and 0.4. Layer carrier concentrations
and Hall mobilities inferred from data taken on layers in adjacent growth runs
are shown in Table IV for two wafers which were the source of phototransistors
for this program. Layer thicknesses, obtained from either near-infrared
reflection spectroscopy or microscopic fringe measurements, are also listed.

TABLE IV

PHOTOTRANSISTOR EPITAXIAL~LAYER DATA

Hall Mobility

. Thickness Carrier Density at 298°K

Wafer Layer (pm) - (em™3) (cm2v~lgec™1)

Wl Collector 3.9 ‘n=1.9 x 1016 5650

Base < 0.5 p=1.2x 1018 140

Emitter (x=0.3) 1.8 N= 5x1017 1600

W2 Collector 4.5 n=1.9 x 1016 5650

 Base < 0.7 p=1.2 x 1018 140

Emitter (x=0.3) 2.0 N= 4 x 1017 1400
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Three photolithographic masks were required for phototransistor
processing. These provided (1) emitter Au-Ge alloyed rings, (2) Au metalliza-
tion build-up and bonding pad formation, and (3) mesa (island) etching to
isolate devices. Figure 4-1 shows top surface views of four slightly
different phototransistor structures that were fabricated. The upper photo
gives the result of a double exposure alignment test generated on an emulsion
plate using the step-and-repeat camera and first-reduction plates for the
first two process masks. The Au-Ge mask consisted of circular contact rings
with each device utilizing one ring. Alternating phototramsistor cells also
had an associated Au-Ge 60-um-diameter pad for each device for extra alloying
underneath the wire contact. The gold-build-up mask had 5-um wider rings as
well as 70-ym-diameter pad areas and interconnecting metallizatiom. Some
variations in ring width and ring diameter were utilized in order to ascertain
any effects on final device performance. As discussed in Section 3.2, photo-
transistors having a diameter of 200 pm were required for this program. The
lower photograph shows an alignment test using a triple exposure of the three
process masks. The large-diameter circular areas define the active surface
area of each phototransistor. The gold metallization is contained within each
 of the mesa areas. The bonding pad is the device emitter contact; the
collector is the substrate. Only one of the four devices was coupled to a
fiber optic pigtail in the final sealing to the cap assembly.

The important phototransistor processing steps are illustrated with
schematic cross-sectional views in Figs. 4-2 and 4-3. The process headings
include (1) definition of contact areas, (2) front ohmic-contact metalliza-
tion, (3) gold build-up, (4) ring and pad formation and thinmning of the quartz
anti-reflection layer, and (5) phototransistor isolation. Individual steps
made use of sputtering to apply the various metallizations and quartz, three
photoresist steps for device definition, chemical and plasma etching of quartz
and removal of photoresist, ion milling of thick (2 um) gold, alloying for 10
minutes at 420°C and chemical etching of GaAs. The quartz was required to
provide a stop for ion milling of the thick gold and serve as a convenient
anti-reflection layer in the finished device. Figure 4-4 shows top-surface
views of finished devices on the wafer.,

Prior to packaging, phototransistors were probed for electrical and
optical performance. Devices exhibiting the highest optical gain and proper
dark current-voltage characteristics were cleaved from the parent wafers.
Each GaAs chip was mounted onto a ceramic pedestal onto a TO-5 solid metal
base. The phototransistor packaging procedure required thdt each GaAs die be
located to within 0.25 mm of the center of the TO-5 package base. The die was
positioned in XY using a cross hair in a binocular eyepiece attached to the
die bonder. Based on room temperature optical response, dark electrical
characteristics and appearance, the best phototransistor on each die was
contacted using thermocompression bonding of gold wires (25-ym diameter) at
the device bonding pad, package pins, and surface gold film on the ceramic
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pedestal. Before final sealing, measurements had to be made of the distance
(Z direction) from the surface of the phototransistor to the plane of the rim
of the TO~5 package as well as the maximum height of the wire above the photo-
transistor surface. For the delivered devices the maximum wire heights ranged
between 45 um and 65 pm above the phototransistor surface. The optical fiber
had to be positioned further away in order to avoid interference with the
bonding wire. Mounted phototransistors were further screened before capping
by making high-temperature photoresponse measurements which are described in
Section 5.1. v

The overall design for packaging the phototransistor with the fiber optic
pigtail for high-temperature application was shown in Fig. 3-11. The final
step in the packaging procedure was to hermetically seal the specially
prepared cap assembly, which guided and held the sealed optical fiber, to the
TO-5 base with centered phototransistor. An important packaging goal was to
seal the glass fiber to the innermost stainless steel tube using a high-
temperature brazing technique. The fiber optic cable had an optical connector
at one end. The other end was prepared by (1) striping off the outer
jacketing materials to a length of about 21 cm, (2) metallizing the first few
centimeters of the exposed fiber end (proprietary process) and (3) polishing
the fiber tip. Successful handling of the long length of exposed fiber
without breakage during stripping, mounting, metallizing the tip, demounting,
polishing, insertion through the innermost stainless steel tube, and final
brazing to the cap assembly was a difficult task. The concentric stainless
steel tubes were previously vacuum brazed together and to the stainless steel
cap using AuNi eutectic. A "pretinning" step using AuGe eutectic was required
to prepare the inner wall of the tip of the smallest stainless steel tube.
Also, gold had to be sputtered onto the sealing rim of the cap to enable later
AuSn eutectic bonding to the TO-5 base. After passage through the tubes, the
optical fiber was soldered into place using AuGe eutectic. The fiber extended
from the tube a specified distance, as measured under a microscope, so that
after sealing of the cap to the base, the calculated fiber-phototransistor
separation would be 100 ym or less. The fiber seal was then helium-leak
checked while still in place in the brazing fixture. The lowest detectable
leak rate for the helium leak detector was 1 x 107!l std cc/sec. If the seal
were not leak tight, the AuGe eutectic was remelted and the sealing process
repeated. The other end of the stainless steel tube containing the optical
fiber would be near room temperature during breadboard testing. At this end
the fiber and sheathing were held in place with an epoxy resin so that the
fiber would be clamped at both ends of the stainless steel tubes. 1In the last
Step of preparation of the fiber and cap assembly, the fiber was placed under
some compression while the epoxy cured in order not to have tensile fiber
stress present when the phototransistor end was heated. Photographs showing
an optical fiber sealed with AuGe eutectic inside a TO-5 cap assembly are
shown in Fig. 4~5. 1In these photographs some light was coupled into the
connector end so that the fiber core could be highlighted. The fiber tip was

39




R83-925312-25 FIG. 4-5

METALLIZED FIBER SEAL IN TO-5 CAP ASSEMBLY

FIBER CORE DIAMETER: 200um

83-3-119-6

40



at a proper height, 340 Mm above the inside flat of the cap, for near-butt
coupling with a matched phototransistor in the next step. In one experiment
the integrity of a fiber seal was verified by absence of leakage at -57°C
using the helium leak tester.

The final seal between cap assembly and phototransistor was carried out
in a separate nitrogen filled chamber after a l-hour vacuum baking of the
phototransistor at about 150°C. The fiber was centered over the phototran-
sistor by adjusting the cap position with respect to the stationary TO-5
phototransistor base using a heated micrometer stage. Alignment was accom-
plished by activating the phototransistor with light from the fiber and
maximizing phototransistor response. The final seal was made with AuSn
eutectic which had the lowest melting temperature of the solders used in this
package. A photograph of a completed phototransistor package with fiber optic
pigtail is shown in Fig. 4-6. A thermocouple was tac welded to the outside
base of the TO-5 package to monitor testing temperatures below the 280°C AuSn
eutectic temperature.

4.2 JFET and Diode Fabrication

The GaAs JFET's and transieht—protection diodes were both of the p*/n/n*
type. The carrier concentration in the n-layer of the diode was lower in
order to provide a safe 50V reverse-bias capability. . Except for channel
etching, processing for the two devices was quite similar. The n* capping
layer served as a low-resistance contact layer with AuGu alloying. Tabular
data on thickness and electrical properties of the GaAs layers for the source
wafers are shown in Table V. ‘At a carrier concentration of 9 x 1015cm—3, a
2.2-Um thick layer is required to support 33V across JFET gate and drain. For
the diode only 3.4 Mm of 6 x 101%cm=3 epitaxial material is required to
support =50V,

TABLE V

GaAs EPITAXIAL-LAYER DATA FOR JFET's AND DIODES

Electron Hall Mobility
Thickness Carrier Density at 298°K
Wafer Layer (um) (em™3) (cmZV"lsec"l)
W3 n 2.7 9 x 1043 6500
n* 1.2 8 x 108 —
Wh n 5.0 6 x 1012 6400
nt 1.1 9 x 1018 -
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Three photoresist masks were required for JFET and diode processing: (1)
a mask for defining the AuGe contacts on the epitaxial layer surface, (2)
another for establishing thick (~ 3 pm) gold to reduce metallization resis-
tance, and (3) a final mask for mesa etching and isolation of devices.
Figures 4-7 and 4~8 illustrate the design of three similar JFET structures
fabricated on one chip for this program. The difference between the devices
is the extent of interdigitation of source-drain finger pairs and therefore
the current capacity of each. Since the source-drain spacing was constant,
the junction area of each device varies. 1In Fig. 4-7, the pad and associated
fingers towards the top of the photograph comprised the source for each
device; the pad and fingers towards the bottom were the drain. The separation
between source-drain fingers on the Au mask was designed to be 5 um but the
channel length (Fig. 3-2) was observed to be less than 3 um after channel
étching. The finger separation was increased at the tips in order to reduce
electric fields and current flow in these areas. The width of a AuGe finger
was 7.5 um; the Au finger width was 12.5 um, Final selection of the JFET to
be used on a given die was based on the current-voltage curves of each device
“type. The designed gate width (Z) and junction area (aj) for each of the
devices of Fig. 4-7 (which from left to right are I, II, & III) are shown
below:

TABLE VI

JFET MASK PARAMETERS

JFET Dgyigeg Z (cm) s (cm?)
I - 0.81 - 1.92 x 1073
11 0.58 1.44 x 1073

I1I 0.41 1.08 x 10”3

The reason for using the smallest junction area consistent with switching
requirements is to reduce JFET off-state junction leakage. This will increase
the value of circuit resistance, Rg, in Fig. 3-3 and thereby reduce optical
power requirements at the phototransistor.

The important steps in JFET fabrication are illustrated with schematic

cross—sectional views of a single finger pair in Figs. 4-9 and 4-10. The
process headings include finger definition, ohmic-contact metallization, gold
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finger and bus build-up, finger formation, mesa isolation, and final channel
formation. The process steps were very similar to those in phototransistor
fabrication except that a channel had to be etched into the GaAs between
source and drain and no anti-reflection coating was necessary. The quartz was
used as a gold ion-mill stop and also to protect the AuGe-GaAs interface from
possible lateral attack during GaAs etching. It was found important to remove
the quartz at Steps 14 and 17 with plasma rather than wet chemical (BHF)
etching in order to reduce quartz undercutting and enhance the effectiveness
of the protection ridge. Figure 4-11 shows the three devices just before
channel etching. The outer boundary line of each device was the mesa edge.
The GaAs channel etching was carried out in stepwise fashion using
NH,OH:H,0,:H,0 etches. Electrical measurements of the pitch-off voltage of
gsample JFET's were taken in between channel etchings. At each stage, devices
whose pinch-off voltages had been trimmed into the acceptable range, were
masked with wax from further etching. A cross-sectional view of JFET fingers
and etched channel is shown in Fig. 4~12 for one GaAs chip which was cleaved
parallel to the long direction of the chip. The channel length for this case
was less than 0.5 Mm. Channel length decreased with increasing etch depth and
was strongly dependent on initial separation between gold fingers. Although
not delineated, n-type GaAs material about one-micron thick did exist at the
bottom of the "V'". The photograph shows some expected undercutting of the
metallization and quartz ridge material but not enough to cause metallization
lifting. The step at the left side of Fig. 4-12 was the boundary of n-type
GaAs material for the device, i.e., mesa edge.

Figure 4-13 is a surface view of JFET's after channel etching, dicing,
die bonding and thermocompression bonding with 25-um—-diameter gold wire. Some
irregular surface lines, formed during channel etching along the wax
boundaries are evident especially in the lower photograph. These do not
affect device performance. Several important parameters that affected the
required channel etch time for each device were the nt and n-epitaxial layer
thickness, carrier concentration in the n layer, and finger separationm.
Variations in the values of these parameters across the wafer dictated the
need for a gate trimming process. As an example of the thickness control
required to produce across the entire wafer, a range of pinch-off voltages of
12V * 1V (all other factors ignored), the n-type epitaxial layer thickness
could not vary by more than #0.05 im from the required thickness of 2.5 ¥m for
n=1gx% 10%m 3. On the other hand, if carrier concentration were the only
variable, then n could not vary by more than .08 x 10%%m™3.
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R83-925312-25 FIG. 4-12

CROSS SECTIONAL VIEW OF JFET FINGERS

20pum

81-12—-13-4

50




R83-925312-25 FIG. 4-13

GaAs JFETs AFTER WIRE BONDING
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The GaAs transient-protection diodes were circular mesas with diameters
of 76 um to 320 pm. The process headings were contact definition, ohmic
contact metallization, gold build-up on the mesa, gold mesa definition, and
mesa isolation. For the anticipated switching transients and pulse-width
modulation frequencies, a mesa diode structure having a 250-pm diameter or
less, was required. Figure 4-14 shows finished on-wafer devices after mesa
etching. Devices cut from this wafer were die bonded and the three
intermediate-size diodes were wired into TO-5 packages (the two smallest
structures on the chip were alignment circles).

Prior to hermetic sealing in a nitrogen ambient, the mounted and wired
JFETs and diodes were vacuum baked at 200°C for about one hour. Selection of
one JFET and one mesa diode per package for delivery in this program was based
on electrical measurements described in the next section.
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5.0 ELECTRICAL TESTING AND SELECTION OF
GaAs PHOTOSWITCH DEVICES

Selection of individual GaAs devices for use on the breadboard was based
on a series of electrical testing at room temperature, 250°C, 175°C and —-54°C
and visual inspection for device or packaging defects. The screening
procedure began with on-wafer electrical probing at room temperature. A
device passing electrical tests and visual inspection was cleaved from the
source wafer, mounted in a TO-5 package and thermocompression wire bonded with
25-um-diameter wire. After further electrical tests, GaAs JFET's and diodes
were hermetically sealed and subjected to electrical testing over the full
temperature range. The three best JFET's and diodes were selected for bread-
board testing. A full series of photoresponse measurements were conducted at
room temperature, 175°C and 250°C on selected phototransistors mounted in TO-5
packages (not yet sealed). This was done to confirm phototransistor suit-
ability for breadboard delivery prior to undertaking the difficult fiber
sealing process. After hermetic sealing, phototransistors were again
individually tested between -54°C and 250°C using IRED activation through the
fiber optic pigtail, and three devices .were passed to breadboard system
testing which will be described in Section 6.0

5.1 Phototransistor Testing

Phototransistor requirements were that optical gain be high enough for
activation by an IRED and dark current at 250°C be as low as possible. From
Fig. 3-10 an experimental optical power density of about 1.6W/cm? can be
provided at a phototransistor if placed 100 ym away from the optical fiber,
For a 200-pm-diameter phototransistor, this corresponds to about 500 W of
incident optical power. Based on expected JFET offstate gate current and
phototransistor dark current at 250°C, an expected value for Rg for the
Case-1I circuit in Fig. 3-3 was 10K ohms; therefore, about 1 to 1.4 mA of
current flow in the phototransistor would be required to switch the JFET on.
The phototransistor demand curves of Fig. 3-10 suggest that 500 uW is more
than adequate for a phototransistor diameter of 200 um for devices fabricated
before this program began. However, this fact had to be checked for devices
fabricated during this program before hermetic sealing with the fiber optic
pigtail,

The experimental setup for photoresponse measurements on phototransistors
mounted in TO-5 packages is shown in Fig. 5-1. Near-infrared cw laser diode
radiation (wavelength = 8499A) was brought to a focus in front of the photo-
transistor using a microscope objective. This was done in order to obtain a
more uniform incident optical intensity across the device. A Zn0-coated-glass
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reflector split part of the beam to a reference photodiode, the output of
which was used to adjust the electrical power to the laser diode prior to each
measurement. The optical power at the phototransistor was changed either by
adding neutral density filters before the glass reflector or by changing the
laser diode current. Prior to the phototransistor measurements, calibration
of the incident radiation on the active surface area of the phototransistor
was made at each laser diode current level using a 200-um~diameter aperture
which closely matched the phototransistor diameter. The aperture could be
lowered into the position formerly occupied by the phototransistor. By
recording the maximum amount of radiation passing through the aperture to a
calibrated photodiode, the reference detector could be calibrated directly in
terms of optical power incident on the phototransistor. The photogenerated
currents were obtained by adjusting the phototransistor in the plane perpen-
dicular to the beam direction to give a maximum response on the curve tracer.
In a typical series of measurements optical response and dark current were
measured near room temperature, 175°C and 250°C. After about a one-half to
one-hour stabilization period at 250°C, another set of photoresponse measure-
ments was taken near 250°C and then on cooling., A thermocouple, tack welded
to the base, was used to monitor device ambient temperature inside a miniature
oven,

Photoresponse measurements were made on twelve candidate phototran-
sistors. Figures 5-2 through 5-5 show current-voltage curves for four devices
at various levels of incident illumination on cooling from 254°C to room
temperature. (Devices 0l13a, Klld, and Rl4a were eventually packaged and
delivered with the breadboard and are appropriately reviewed here. Device
K12d exhibited the highest gain of the twelve devices tested.) Emphasis
during the measurements was placed on obtaining current-voltagé character-
istics at the IlmA to 5mA levels. When used with the GaAs JFET switch, the
phototransistor should supply photocurrent with minimal internal voltage drop;
therefore, the current at the knee of each curve is the maximum allowable
current. As can be seen, the knee voltage drop is ome volt or less at these
illumination levels. Actually, the knee emitter-collector voltage is closer
to ~0.4V to -0.5V for expected photocurrent levels. These voltages will also
appear on the JFET gate (on-state) in the Case-I1l circuit configuration
(Fig. 3-3). Figures 5-6 and 5-7 show phototransistor dark currents at 253°C.
When used in the Case-1I configuration, the phototransistor is reversed biased
at =10 to -14V when not illuminated. The value of dark current at the maximum
operating temperature is an important parameter in determining the Case-I11
value of Rg. Smaller dark current allows use of a larger Ry, which draws
smaller phototransistor operational current and requires less LRED optical
power. The dark current per unit area for devices fabricated during this
program was much less than for the devices measured during the design stage
(Fig. 3-7). The design-stage phototransistors must have had surface or defect
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PHOTOTRANSISTOR CURRENT-VOLTAGE CHARACTERISTICS (O13a)

BASE FLOATING-COLLECTOR GROUNDED
A =8499A

° INCIDENT
27°C ILLUMINATION

pe——— L IGHT OFF

(i
~——— 43 W
T S
e 172y W
EMITTER
CURRENT
B AE
0— - | |GHTOFF
- 43uW
| <—— 364w
EMITTER
CURRENT - 1 72uW
5 MA ==

EMITTER VOLTAGE

58

FIG. 5-2

81—-8—-11-1



R83-925312-25 FIG. 5-3
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R83-925312-25 FIG. 5-4

PHOTOTRANSISTOR CURRENT-VOLTAGE CHARACTERISTICS (R14a)
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PHOTOTRANSISTOR CURRENT-VOLTAGE CHARACTERISTICS (K12d)
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PHOTOTRANSISTOR DARK CURRENT AT 253°C
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R83-925312-25 FIG. 5-7

PHOTOTRANSISTOR DARK CURRENT AT 253°C (CONTINUED)
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currents flowing along with the ordinary junction current. The dark currents
at 175°C for the program phototransistors were not measurable on the curve
tracer, i.e., under 200 nA. The important conclusion from Figs. 5-2 through
5-7 is that sufficient optical power is available from the IRED to operate the
photoswitch system with the phototransistor placed in the Case-11 configura-
tion and for expected values of JFET maximum off-state gate current.

A summary of calculated knee optical gains at two illumination levels and
dark current at -12V and 250°C is given in Table VII for all twelve phototran-
sistors. The optical gain is defined as the current measured at the knee of
the current-voltage curve divided by current calculated from the infrared
exposure (Eq. 3-5). A small correction (less than 8%) to the knee current at
250°C due to device dark current at the knee voltage was made at the 18 um
exposure level shown in the table. For each device the measurements were
divided into two sets separated by a stabilization period during which
generated photocurrents (and optical gains) were observed to increase with-
time at 250°C. About one-half to one hour was required for stabilization of
the photocurrents. When measurements were repeated at 250°C and at lower
temperatures, all devices showed improved gains, the effect being largest for
the room temperature values. In one case, device Kl13d, the measurements were
repeated the following day and the improved gains were still observed. The
suspected reason for the optical gain increases was annealing of defects at
the heterojunction interface which then increased the injection efficiency and
device gain. Some other observations supported by Table VII are: (1) Optical
gain increases with optical illumination. This is commonly observed with
heterojunction phototransistors. (2) After stabilization, the optical gain is
generally highest at 250°C for both exposure levels. This was not always the
case as evidenced by device G9d. The values near 175°C generally lay between
values at 250°C and room temperature. (3) Dark current was not strongly
affected during the measurements. Again, device G9d was a notable exception.

A summary of post-stabilization phototransistor data including calculated
knee optical gains, measured knee photocurrents and dark currents is shown in
Table VIII. The devices are listed in order of decreasing optical gain at the
170 uW illumination level and at 253°C. The optical gains ranged from 61 to
10.5 at 253°C compared to 51 to 8 at room temperature. The corresponding
photocurrents are listed, The highest measured phototransistor dark current
was for device K12D. It is expected that the higher-gain phototransistors
should display higher dark currents since the thermally generated carriers, as
with photogenerated carriers, will be amplified by the phototransistor. This
trend is generally supported by the measured dark currents in the last column
of this table; however, the presence of highly variable surface and defect
leakage currents complicates the analysis.
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TABLE VII

PHOTOTRANSISTOR DATA PRIOR TO HERMETIC SEALING

Optical Gain and Dark Current

Dark Current

Temperature Optical Gain At Knee at -12V
Device (°C) At 170 uw at 18 uw (pa)
K13d 26 14.3 0.7 -
175 16.2 1.5 --
252 16.6 2.2 5
Stabilize
252 17.5 2.4 4.5
179 19.6 1.6 -
28 20 1.0 -
26 (Next Day) 21 0.8 -
252 (Next Day) 18.4 2.5 4
30 (Next Day) 21 0.8 -
013a 26 10 0.8 -
176 ‘ 14,1 2.0 -—
251 17.4 3.4 4.4 (253°C)
‘Stabilize
254 18.7 3.5 -
179 18.3 2.4 -
27 14.4 1.1 -
J10d 27 11.3 1.3 -
178 16.2 2.7 -
253 21 4,5 13
Stabilize
254 25 6.1 15 (253°C)
178 23,2 3.9 -
27 19.4 1.6 -
G13b 26 30 3.1 -
179 35 5.4 -
253 40 6.6 9 (254°C)
Stabilize ,
254 43 7.9 12
180 - 42 6.1 -
27 37 4.0 -
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Device

Klld

Rl4a

F13b

Ki2d

PHOTOTRANSISTOR DATA PRIOR TO HERMETIC SEALING

Temperature

e

25

178

254
Stabilize
253

179

27

26

178

252
Stabilize
253

176

27

25

179

252
Stabilize
253

176

27

25

177

251
Stabilize
254

179

26
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Device

K5b

G9d

K4d

K6b

TABLE VII (Continued)

PHOTOTRANSISTOR DATA PRIOR TO HERMETIC SEALING

Temperature

)]

27

177

253
Stabilize
253

177

27

27

177

252
Stabilize
253

177

27

26

177

253
Stabilize
253

177

27

27

177

253
Stabilize
253

177

27

Dark Current

Optical Gain At Knee at -12v
At 170 yW . At 18 W (pd)
20 1.8 -
28 3.4 -—
35 5.2 17
43 5.9 13
41 4,4 _—
34 2.1 —_—
9.6 2.0 —
10.5 2,1 ——
il 2.6 4,0 (253°C)
12.4 3.2 8.5
14.5 2.9 ——
16.2 2,8 -
7.3 0.9 -—
9.1 1.5 -
10.7 2.1 3.4
12.9 3,2 4.0
13. 2,1 -—
12,2 1.3 -
6.6 0.9 -—
8.5 1.5 -
9.7 2.0 3.6
11.3 2.6 4.2
11.6 1.9 -
9.8 1.1 ———
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Device

Ki2d
K5b
G13b
J10d
013a
K13d
Klld
F13b
K4d
G9d
K6b

Rl4a

*Before stabilization

254
26

253
27

254
27

254
27

254
27

252
26

253
27

253
27

253
27

253
27

253
27

253
27

TABLE VIII

POST-STABILIZATION PHOTOTRANSISTOR DATA

Knee
Optical Gain
at 170 uW

61
51
43
34
43
37
25
19.4
18.7
i4.4
18.4
’ 21
14.8
12.1
14.2
11
12.9
12.2
12.4
16.2
11.3
9.8
10.5
8

Knee
Photocurrent
at 170 uW
(mA)

7.1
6

4.8

3.8
5

4.3
3 -

2.3
2.2

1.7
2.2

2.4
1.8

1.5
1.7

1.3
1.5

1.4
1.4

1.9
1.3

1.1
1.2

0.95

Dark Current
at -12v
and 253°C
(ua)

20

13

12




A complete summary of photocurrent and optical-gain data gathered during
the post-stabilization period (and prior to hermetic sealing) at 250°C and at
room temperature is shown in Figs. 5-8 through 5-11. These data illustrate
trends previously mentioned and indicate the capability of any of the photo-
transistors for delivering up to 1.4 mA of photocurrent during breadboard
operation using IRED optical activation.

After hermetic sealing to the cap assembly, each phototransistor was
individually tested near -54°C, 25°C and 250°C. The first three packaged
devices with adequate photoresponse and low dark current were reserved for
breadboard testing in the photoswitch system. For the individual phototran-
sistor testing, optical output from the breadboard IRED was coupled into the
fiber-optic pigtail. For the measurement results that follow, the cited
optical power values are an estimate of the infrared power emitted from the
fiber inside the phototransistor package. The actual power striking the
phototransistor was necessarily less due to the fiber numerical aperture and
fiber separation from the phototransistor. The maximum fiber emission was
1.2 mW. Pertinent current-voltage characteristics for the three fully-
packaged deliverable phototransistors are shown in Figs. 5-12 through 5-17.
First of all, there is good agreement hetween the dark current curves and the
respective curves prior to hermetic sealing (Figs. 5-6 and 5-7). Secondly,
all the devices were capable of delivering much more than the 1.4-mA expected
photocurrent for photoswitch operation using IRED activation.

In the same manner as before, the knee photocurrents from the current-
voltage curves have been plotted as a function of optical power at the
measured temperatures in Figs. 5-18 and 5-20. These are the three curves
similarly labeled in each figure where the x-axis optical power is the
estimated optical emission inside the package. For reference, the post-
stabilization pre-hermetic~sealing photoresponse is also shown. Here the x-
axis values represent actual laser diode power incident onto the photo-
transistor active area. The 250°C and room temperature curves track very well
in each case. The x-axis displacement should correspond to optical losses
associated with fiber-phototransistor coupling —- that is, NA loss or
misalignment. The x—-axis displacement would then correspond to the following
coupling factor losses in optical power: (1) Ol3a - 1.4X (1.5 dB), (2) Klld -
1.3x (1.2 dB), (3) Rl4a - 2.2X (3.4 dB). These have to be regarded as minimum
losses since the phototransistors were exposed to temperatures near 300°C in
the final hermetic sealing. As a result some optical gain increases may have
occurred similar to changes observed during earlier phototransistor measure-
ments (Table VII). Due to observed differences in the photoresponse versus
temperature, proper breadboard photoswitch operation is assured over the -54°C
to 250°C range if the minimum required optical power is based on the curve
near -54°C.
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FIG. 5-8
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R83-925312-25

FIG. 59

SUMMARY OF PHOTOTRANSISTOR PHOTORESPONSE AT ROOM TEMPERATURE
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R83-925312-25

SUMMARY OF PHOTOTRANSISTOR OPTICAL GAIN NEAR 253°C
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R83-925312-25

FIG. 5-11

SUMMARY OF PHOTOTRANSISTOR OPTICAL GAIN AT ROOM TEMPERATURE
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R83-925312-25 FIG. 5-12

CURRENT-VOLTAGE CHARACTERISTICS AT 251°C FOR PHOTOTRANSISTOR
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R83-925312-25 FiG. 5-13

CURRENT-VOLTAGE CHARACTERISTICS FOR PHOTOTRANSISTOR
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R83-925312-25 FIG. 5-14

CURRENT-VOLTAGE CHARACTERISTICS AT 251°C FOR PHOTOTRANSISTOR
K11d WITH f-o PIGTAIL
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R83-925312-25 FIG. 5-15

CURRENT-VOLTAGE CHARACTERISTICS FOR PHOTOTRANSISTOR
K11d WITH f-o PIGTAIL
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R83-925312-25 FIG. 5-16

CURRENT-VOLTAGE CHARACTERISTICS AT 250°C FOR PHOTOTRANSISTOR
R14a WITH f-o PIGTAIL
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R83-925312-25 FIG. 5-17

CURRENT-VOLTAGE CHARACTERISTICS FOR PHOTOTRANSISTOR
R14a WITH f-o PIGTAIL
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PHOTOTRANSISTOR PHOTOCURRENT MEASUREMENTS (O13a)
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R83-925312-25 FIG. 5-19

PHOTOTRANSISTOR PHOTOCURRENT MEASUREMENTS (K11d)
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KNEE PHOTOCURRENT (mA)

FIG. 5-20
PHOTOTRANSISTOR PHOTOCURRENT MEASUREMENTS (R14a)
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5.2 JFET Test Results

The breadboard demonstrator required GaAs JFET devices that could switch
100 mA into the torque-motor load and stand-off 20V on the device drain. JFET
device goals were that gate voltage should be between -10V and -14V and that
the on-state dc JFET resistance should be less than 10 ohms at 250°C. JFETs
were selected principally for low off-state gate and drain leakage currents at
250°C. This established device integrity and led to higher circuit values for
Rg (Fig. 3-3) and therefore lower required phototransistor output and IRED
optiéal power. Packaged devices were first electrically screened at 250°C and
at room temperature. The best devices were further tested at 250°C by an
extended period of switching 100 mA of current with a +20V off-state drain
voltage. This "burn-in" period was required to stabilize device leakage
currents, The JFETs selected for this program were individually operated for
more than 18 hours at 250°C at ~1700 Hz (50% duty cycle). Curve-tracer
measurements of current-voltage characteristics were made during the testing
periods to yield device current saturation, resistance, and gate and source-
drain off-state leakage currents. After the room temperature and 250°C
qualifications, the best devices were tested near -54°C and 175°C. Three
devices were selected for delivery. These turned out to be the smallest
device on each of the packaged GaAs chips. Each had a gate width of about
0.4 cm, '

Current-voltage characteristics after the "burn-in" period for the
delivered GaAs JFET devices are shown in Figs. 5-21 through 5-28., The first
figure shows saturation currents for one device as a function of applied gate
voltage. The upper curve in each figure is the zero-gate-bias result and each
succeeding curve differs by -1V on the gate. (Eventually this device was shut
off with a =14V gate voltage.) Saturation currents in both GaAs and silicon
JFET devices decrease with increasing temperature; therefore, the device
switching current must be compared to the on-state saturation current at
250°C. The maximum on-state JFET gate voltage in the Case-II circuit config-
uration is about -0.4 to -0.5V or in between the upper two curves of the
saturation characteristics. The saturation current for JFET D7s at 252°C is
estimated to be 300 mA which is sufficiently greater than the program require~
ment to assure device operation in the linear region of the curve., The
current-voltage characteristics in the linear region are better shown in
Fig. 5-22, At 100 mA the dc on-state JFET resistance, with correction for
test-lead resistance, is estimated to be 1.9 ohms at -55°C and 4.6 ohms at
252°C. These device resistances were small compared to expected torque-~motor
coil resistances. During the on-state this JFET therefore dissipated 19 mW
and 46 mW respectively at the tested temperatures. Figure 5-23 shows charac-
teristics out to 20V. - JFET steady-state power dissipation peaks at an inter-
mediate gate voltage. During operation, the JFET is rapidly switched through
the intermediate gate voltages so that the device power dissipation is largely
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DRAIN SATURATION CHARACTERISTICS FOR GaAs JFET D7s
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R83-925312-25 FIG. 5-22

CURRENT-VOLTAGE CHARACTERISTICS FOR GaAs JFET D7s
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R83-925312-25 FliGr5-28

DRAIN CHARACTERISTICS FOR GaAs JFET D7s
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R83-925312-25 FIG. 5-24

LOW-LEVEL GaAs JFET CHARACTERISTICS (D7s)
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R83-925312-25 FIG, 5-25

DRAIN SATURATION CHARACTERISTICS FOR GaAs JFET
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R83-925312-25 FIG. 5-26

DRAIN CHARACTERISTICS FOR GaAs JFET M8s AT 251°C
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FIG. 5-27

R83-925312-25

DRAIN SATURATION CHARACTERISTICS FOR GaAs JFET H6s
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FIG. 5-28

R83-925312-25

DRAIN CHARACTERISTICS FOR GaAs H6s AT 251°C
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due to the on-state -0.5V gate condition. The lower-level characteristics are
shown in Fig. 5-24. The off-state source-drain current for this device with
20V on the drain was 10 pA. More common values for good devices were 20 uA to
70 BA. These values are small compared to the on-state current capability of
100 mA. The remaining figures up through Fig. 5-28 show the more important
device characteristics of the other two delivered GaAs JFETs.

Tabular summaries of the important electrical properties measured after
the "burn-in" period are shown in Tables IX and X. Table IX shows pinch-off
voltage, current saturation, and dc resistance at four temperatures. The gate
pinch-off voltage is the voltage that must be applied to turn-off or minimize
(at high temperature) device source-drain current out to +20V on the drain,
Generally, a slightly higher pinch-off voltage was observed as temperature
increased. Part of this could have been due to changes in the exposed GaAs
surfaces; however, part of this was experimental, in that the curve-tracer
sensitivity during lower-temperature measurements was not high enough compared
to actual off-state currents. Thus, the last traces of source-drain current
could not be visually eliminated and the device appeared fully off at a lower
gate voltage. The saturation currents, I, .., are listed next, These are
interpolated results for the on-state -0.5V gate condition. The dc resis-
tances at the same gate condition and at 100-mA current flow are also shown.
Device resistances increased only about a factor of 2.1 over the -55°C to
251°C temperature range. At the same time device saturation currents fell by
about a factor of 1.8,

The high-temperature off-state GaAs JFET leakage currents with +20V on

" the drain near 178°C and 251°C are shown in Table X. The gate leakage was
measured differentially across a resistor placed in series with the gate using
an oscilloscope; the source-drain currents were obtained directly from the
curve tracer. Measurements were taken near the pinch-off voltage using either
a steady dc voltage on the gate or the stepped voltage from the curve-tracer
base generator. Before the "burn-in" period, the off-state currents were
higher. The leakage currents with the steady gate voltage showed the largest
changes during the "burn-in" testing. These beneficial decreases appeared to
be permanent.

A comparison of listings from Tables IX and X and Figs. 5-25 to 5-28
shows that JFETs, M8s and H6s had almost identical electrical characteristics.
Device D7s had lower values for current saturation and device conductance but
exhibited the lowest off-state leakage currents of all devices tested during
this program.
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TABLE IX

ELECTRICAL PARAMETERS FOR GaAs JFETs

N8s H6s D7s
E_Lfgl Gate Pinch-Off Voltage (Volts)
-55 : -11.0 -12.0 -12.5
22 ~-11.6 -11.5 -13.0
177-9 -12.4 -12.3 -13.3
251-2 -12.4 -12.8 -13.1

Ipggi (mA) at V, = -0.5V

-55 700 690 520
22 560 570 450
177-9 430 430 350
251-2 370 380 300

DC Resistance (ohms) at
Vg = -0.5V and I_ = 100 mA

D
=55 1.9 1.9 - 2.1
22 2.4 2.3 2,8
177-9 3.4 3.2 - 3.9
251-2 3.9 3.8 4.6
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TABLE X

OFF-STATE LEAKAGE CURRENTS FOR GaAs JFETs

M8s- Hés D7s
Gate Current at Vg (Vp = 20V)
WA Vg(Volts) wA Y (Volts) LA VG(Vblts)
2 -12.4 4 -12.3 1 -13.3
40 -12.4 50 -12.8 10 -13.2
42 -12.0
2.5 ~12.0 4 -12.0 1.5 -14.0
52 -12.0 56 -12.0 13 -14.0
Source-Drain Current at V. (VD = 20V)

1.4 -12.4 1.3 -12.3 0.6 -13.3
2 -12.4 23 -12.8 12 -13.2
28 -12.0
1.4 -12.0 1.1 -12.0 0.5 -14.0
24 -12.0 24 -12.0 10 ~14.0
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5.3 Testing of Transient-Protection Diodes

A GaAs transient-protection diode was required in the photoswitch system
to prevent the GaAs JFET drain from rising to destructively high voltages
during inductive load switching. The highest reverse-bias voltage across the
diode during switching was 20V. For safety a 50V reverse-bias capability over
the operating temperature range was established as a device goal. The highest
possible forward current through the diode was 100 mA (JFET switching current)
which would only be reached under infinitely fast switching. Device integrity
was indicated by the magnitude of the leakage currents near 250°C and at high
reverse bias. For a given diode size, electrial characteristics were very
similar for devices selected for test from the source GaAs wafer; therefore,
the value of high-temperature leakage current near breakdown was a principal
factor in diode selection. The ll5-pm-diameter mesa size was selected for
breadboard application. Using Eq. 3-4 and coil inductance = 0.lH, coil
current = 0.14A, £S= 350 um, frequency = 100 Hz, and ry= 57.5 ym, then a
steady-state diode temperature increase of 50°C would result if all the induc-
tive power were dissipated in the diode. In actual practice the power will be
dissipated in the resistive portioms of the circuit which include the load as
well. Based on the diode forward characteristics and an anticipated load
resistance (20V/0.1A) for the breadboard demonstrator, only a 3°C diode
temperature increase above ambient was expected.

Packaged diodes were tested over the -55°C to 251°C range and were '
selected for delivery based on quality of the measured current-voltage charac-
teristics. The characteristics for one of the diodes are given in Figs. 5-29 -
and 5-30. The reverse -breakdown characteristics are sharp at -55°C and 23°C
with ‘a noticeable rounding occurring at 178°C and more at 251°C. The break-
down voltages at these temperatures are =57V, ~67V, -82V, and -88V respec-
tively, which are above the device goal of -50V. The increase in breakdown
voltage with increasing temperature is characteristic of semiconductor diodes
(Ref. 1, Chapter 2). At 251°C, the reverse current at -20V (the maximum
switching voltage) was 0.8 WA. This value was taken from another I-V charac-
teristic and is negligible compared with an inductive load current of 100 mA.
Figure 5-30 shows the forward characteristics. Since the highest possible
current through the diode is 100 mA, the maximum voltage that can be added to
the JFET drain while dissipating inductive power is the diode voltage at 100 -
mA. This is seen to vary from 1.18V at 251°C to 1.93V at -55°C. This will
add a small amount of JFET source-drain and gate leakage to the values of
Table X, which were obtained at Vp = +20V. The other two deliverable
transient-protection diodes showed similar current-voltage characteristics
(Fig. 5-31). Table XI summarizes the testing results for the three deliver-
ables. The electrical characteristics are very uniform. The noticeable
difference was at 250°C in the rounding of the reverse-bias current-voltage
curves at breakdown which led to more noticeable leakage current variations.
Reverse leakage currents at 177°C were about 1 pA at -Vg and were not
accurately measurable at -20V.
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R83-925312-25 FIG. 5-31

REVERSE DIODE CHARACTERISTICS AT 251°C
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TABLE XTI

ELECTRICAL PARAMETERS FOR GaAs DIODES

(115-um diameter)

Dlg D2s D3s
T(OC) Reverse Breakdown Voltage (VB? Volts)
-54 -57 -55 _ -56
23 -67 —64 . -65
178 -82 -80 ~-81
251 -88 -86 . , -87

Reverse Leakage Current (pA)

~20v v, 200V, -20V Vg
178 - .1 - -1 - ~1
251 , 0.6 5 0.6 6 1 8

Forward Voltage at I = 100 mA (Volts)

~54 1.93 1.94 1.99
23 1.78 _ 1.80 1.85
.178 1.38 : 1.38 1.41
251 1.18 1.20 1.20
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6.0 BREADBOARD TESTING OF PHOTOSWITCH
SYSTEM AND DISCUSSION OF RESULTS

The purpose of breadboard testing was to demonstrate fiber optic
switching of current into a torque-motor load using high-temperature~
capability photoswitch devices fabricated during this program. The switching
was to be compatible with pulse-width modulation techniques used in aircraft
digital electronic control. Breadboard testing included verification of
photoswitch operation between -54°C and 250°C and verification of photoswitch
endurance, 2 hours of continuous running at an ambient temperature of 250°C.

A full description of the breadboard is given in Appendix A of this
report, This apparatus consisted of a table-mounted testing rack to provide
electrical and -optical power, a high-temperature probe assembly tethered to
the rack, and three sets of high-temperature GaAs photoswitch devices. Each
device set consisted of a photosensitive element (GaAlAs/GaAs phototran-
sistor), a power device (GaAs JFET) and a transient-protection diode (GaAs
mesa diode). With a device set mounted on the probe assembly, digital pulsing
of the phototransistor with infrared light from the breadboard IRED was used
to switch current into the torque-motor load. Prior to breadboard testing,
the photoswitch devices passed through a qualification process involving
considerable testing in the required temperature range, especially at 250°C.
These procedures and results were the subject of Chapter 5.0. Of particular
importance for breadboard testing were the pinch-off voltage of the JFET's,
calibration curves of photogenerated knee photocurrents versus optical power
for each of the packaged phototransistors (Figs. 5-18 to 5-20), and breadboard
IRED calibration curve (Fig. A-2). The relevant information is listed in
Table XII. About 1.3 mA of photogenerated phototransistor current was
required on the breadboard. This corresponded to 240 W to 510 uW of optical
power emitted from the fiber inside the phototransistor packages. ' The
recommended breadboard IRED current level was 50% higher than the minimum
calibration IRED current at -54°C. Breadboard operation required that the
following levels were set: (1) the IRED current to give the proper optical
output for the particular phototransistor, (2) the gate voltage for the
particular JFET, and (3) JFET drain current (and voltage) to give rated
current through the torque-motor coils,

The GaAs photoswitch devices were connected as shown in Fig. A-4. The
closest match to the 100-mA switching current goal was obtained by parallel
arrangement of a set of torque-motor coils, which were rated at 80-mA total
current. In order to demonstrate the system's higher-voltage capability, a
resistor was added in series with the torque-motor coils. The resultant load
required 18 to 19V drain voltage to obtain the 80-mA of switched current. The
GaAs JFET's had been qualified for 100-mA operation and +20V stand-off
voltage. The breadboard enabled monitoring of important circuit parameters at
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TABLE XII

PHOTOSWITCH OPERATING PARAMETERS

A. Off-state pinch-off voltage (Vp) for GaAs JFET's between -54°C and

250°C.

JFET Device

D7s

M8s

Hb6s

Yo
-13.0
-12.0

-12.5

B. Calibration values (NOT BREADBOARD OPERATING VALUES) for phototransistors at
each temperature (obtained from Figs. .5-18 to 5-20 and Fig. A-2).

Phototransistor

013a

K11d

Rl4a

Minimum Levels for 1.3 mA Photocurrent
Optical Power (uW) " IRED Current (mA)
250°C 25°C -54°C 250°C - 25°C -54°C
200 210 240 22 23 26
200 210 250 22 23 27
380 410 510 42 46 59

C. Recommended Breadboard IRED Current

Phototransistor IRED Current (mA)
013a 40
K11ld 40
Rl4a 90
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all times during photoswitching. These included JFET gate voltage, IRED
current, JFET drain (coil) current, JFET drain voltage, phototransistor
emitter voltage, and JFET gate current,

The pulse generator used to drive the breadboard IRED was capable of a
repetition rate of 0.1 to 20 MHz with a continuously variable pulse width
between 25 ns and 100 ms. Under actual dynamic operation im control systems
the pulse width could vary with time. The test simulation using the pulse
generator allowed constant pulse widths for a given generator setting;
however, pulse width could be redefined by manually readjusting the generator,
The pulse generator was equipped with a pulse-burst mode of operation which
provided a preselected number of pulses after the receipt of a trigger. This
feature was used to simulate static operation where steady-state conditions
are maintained using a burst of pulses from the control computer. The pulse
frequency could also be varied to allow operation at any frequency above and
below the break frequency of the torque-motor coils. The rise time of the
pulser and speed of all the GaAs devices were orders of magnitude faster than
the maximum anticipated frequency of about 2 kHz for torque-motor switching in
engine control applications. The actual test frequency at which most of the
breadboard data were obtained was 40 Hertz at 50% duty cycle (pulse width of
12.5 msec).

For breadboard testing, each set of GaAs photoswitch devices was mounted
on the probe assembly and placed in an oven at 250°C. When thermally
equilibrated the devices were tested for a 2-hour minimum period at 250°C.
The assembly was then cooled to room temperature and photoswitching was
terminated. After preparation of a low-temperature bath, the photoswitch
assembly was cooled to -54°C and photoswitching and data acquisition were
resumed, After about 15 minutes of operation the photoswitch probe was
removed to room temperature and testing was terminated. Item 2 of Table XIII
summarizes the GaAs device content of each set as well as actual breadboard
test values for Vp, IRED current and estimated optical power inside each
phototransistor package.

During the period of temperature stabilization, device switching data
were accumulated using an oscilloscope. Occasionally the pulse frequency and
duty cycle were changed or pulse-burst operation initiated. Figure 6-1
illustrates switching action using GaAs device Set B at 253°C. The photo-
graphs illustrating breadboard switching at the other test temperatures look
identical to those in Fig. 6-1. Except for the magnitudes of the gate pinch-
off voltage and required IRED current, the two other GaAs photoswitch sets
also showed identical breadboard switching characteristics. When the photo-
transistor was illuminated, there was a near-zero voltage on the JFET gate and
current flowed through the torque motor. Negative voltage (V ) on the gate
(illumination off) terminated current flow through the torque motor.
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TABLE XIII

PHOTOSWITCH BREADBOARD TEST DATA»

1. Electrical Test Conditions

40 Hertz, 50% Duty Cycle
80 mA into Torque-~Motor Load
18-19V off-state JFET drain voltage

2. GaAs Device Sets and Additional Operational Conditions

Optical

Set Phototransistor JFET Diode Vp N Current (mA) Power (uUW)*
A Rl4a D7s Dls  -13.2 to -13.5 95 760
B 013a M8s D3s _12.0 to =-12.5 38 350
c Klid Hé6s D2s —12:5 to -12.8 38 350

3., Temperature Data

[+] . ‘

Set Temp ( C) AID ) VG’On(V) IG’off(uA)
A ‘ 250 0.7 -0.24 ' 27
25 1.0 ~ -0.16 ok
~55 1.2 -0.15 k%
B 253 0.7 -0.23 37
24 1.0 -0.15 *k
-55 1.3 -0.12 ok
C 252 0.7 - -0.24 42
23 1.1 —_— *%

-54 1.3 -0.14 *k

* estimated emission from.optical fiber inside sealed phototransistor package

*% Less than 1 uA (measurement sensitivity)
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JFET drain voltage and current as well as gate leakage current at 253°C
for Set B are shown in Fig. 6-2. When JFET gate voltage was switched to Vs
inductive current was shunted through the protection diode. The diode
forward-bias voltage added to the JFET drain during the time interval of
protection; the slight increase is shown in the upper trace of Fig, 6-2. This
additional voltage (AVp) will vary with circuit current, inductance, time,
and temperature. Its temperature dependence is illustrated in Fig. 6-3, which
shows for device Set B higher—resolution photographs of off-state drain
voltage at the temperature extremes of measurement. An estimate of the time
constant for the breadboard load is 2 msec. Maximum measured values for AVy
are shown in Table XIII for the three device sets for the breadboard condi-
tions. The maximum voltage that could be added to the JFET drain at 80-mA
operation for each temperature can be obtained from data as shown in
Fig. 5-30. ' For diode D3s, the maximum possible values were 1.13V, 1.77V, and
1.92V for 253°C, 24°C, -and -55°C, respectively.  The maximum values observed
on the breadboard were less than the maximum possible values due to the finite
time of the breadboard switching transient. The operating JFET gate leakage
current (Fig. 6-2) is at its highest during the off-state. TFor each device
set, Table XIII lists values of IG,off which have been corrected for current
flowing in the high-impedance probe. A device goal was to keep this leakage
current lower than 100 MA at 250°C. The gate leakage current was observed to
decrease about a factor of two for each of several 15°C temperature decreases
from 250°C.

Another circuit parameter was the value of the on-state JFET gate voltage
(VG,on)‘ This voltage was essentially the value Qf reverse bias existing
across the illuminated phototransistor to supply the roughly 1.3 mA required
by the breadboard circuit. As shown in Table XIII, this value is similar for
the three devices at a given temperature but is temperature dependent. This
voltage drop is less than the knee (saturation) photocurrents on the photo-
transistor current-voltage curves because the breadboard phototransistors were
overdriven with 50% more light than was required to generate the required
1.3-mA photocurrent. ’

The operating values needed for optical power emission from the fiber
inside the phototransistor package were 350 W (Sets B and C) and 760 W4 (Set
A). From Table III it can be inferred that about 650 MWW and 1400 WW, respec-
tively, were coupled into the optical fiber at the IRED while the total
optical emission of the IRED was about 20 times higher. The most accurate
phototransistor photoresponse measurements were made at room temperature and
near 250°C prior to hermetic sealing (Figs. 5-18 to 5-20). Extrapolation to
-54°C (based on fully packaged measurements) showed that 180 WW and 250 WW of
optical power would have been required at the phototransistor to generate a
knee photocurrent of 1.3 mA. The excess optical power emitted by the IRED was
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R83-925312-25 FIG. 6-2

JFET PARAMETERS

GaAs DEVICE SET B AT 253°C
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R83-926312-25 FIG. 6-3

JFET OFF-STATE DRAIN VOLTAGE WITH TRANSIENT PROTECTION
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either lost in coupling, fiber absorption, connectors, phototransistor
coupling inefficiency or set aside for safety during breadboard operation.
The phototransistors that survived to final testing and delivery were not
those with the highest optical gain (see Table VIII and Figs. 5-10 and 5-11).
Lf phototransistor K12d had been packaged, an expected 90 uW optical power
corresponding to an optical gain of 30 would have been required to generate a
knee photocurrent of 1.3 mA at -55°C. This is half the optical power require-
ments of phototransistors Klld and 0l3a. The advantage of using even higher-
gain phototransistors is obvious. Further discussions of improved fly-by-
light designs are given in the reported results of the study phase (Chapter
8.0). ‘
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PART 11

FLY-BY-LIGHT POWER-BY-LIGHT FEASIBILITY
STUDY AT HIGH TEMPERATURE

7.0 INTRODUCTION TO PART II

The objective of the Part-Il add-on study program was to evaluate
different schemes for utilizing optical energy to operate an actuator in high-
temperature environments (up to 260°C). 1In Part 1, a breadboard demonstration
fly~by-light system was designed, fabricated and tested so as to permit
control of electrical power using GaAs high-temperature devices which would
operate between -54°C and 250°C. In Part II of this program improvements in
this basic fly-by-light design are discussed. The major emphasis of the study
program, however, was on power-by-light feasibility, specifically fiber optic
transmission of optical power to a photovoltaic converter which would then
supply the necessary electrical power to operate the torque motor. Important
general areas of evaluation were system. complexity and reliability, fabrica-
tion techniques, optical power budget and system power-conversion efficiency.
The optical power source would be located at the control computer, The active
photoswitch and/or photovoltaic devices would be placed at the high-tempera-
ture site near the actuator. Torque-motor operation could be controlled by
using the pulse-width-modulated output of the control computer.

Two basic power-by-light systems are indicated by the block diagrams of
Fig. 7-1(I). Both schemes require a high-power optical source, the output of
which is converted to electrical energy by a photovoltaic cell or array of
cells. 1In the first case (a), the control and power functions are combined,
i.e., the optical power source is switched on and off in order to turn the
actuator on and off. In the second case (b), an additional low-power optical
source is used in conjunction with a photosensitive device to switch steady-
state derived electrical power from the photovoltaic to the actuator. The
system with the pulsed optical source is more efficient since the source is
utilizing electrical power only when needed. It is also a simpler system to
implement and is therefore preferred. High system efficiency is necessary for
reduction of source optical and cooling requirements. Important factors in
evaluation of a power-by-light system are shown in Fig, 7-2. Factors that
must be evaluated are the efficiency of the optical path to the photovoltaic,
the photovoltaic efficiency, and losses associated with impedance mismatch of
photovoltaic with the load. 1In Fig. 7-2, a subscript has been used for the
first four blocks due to the possibility of using multiple optical sources to
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FIG. 7-1
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meet the power requirements of the actuator. For the case of cw operation of
the source, there is the possibility of electrical storage of the photovoltaic
output during the time the photoswitch has turned off power to the load. The
constraint of operating in the -54°C to 260°C range is a severe one for an
electrical storage system. Capacitor systems are inadequate due to low

storage capacity. As a result of investigations into chemical storage during
this program, there is no worthwhile battery system that could operate over

the entire application range. Electrical storage has therefore been elimi-
nated as a practical option in the rest of this report. The other factors in
Fig. 7-2 have been evaluated.

The basic fly-by-light scheme is indicated in Fig. 7-1(I1) in which
electrical power has been assumed to be available from another source. In
order to take full advantage of the fly-by-light concept, the electrical
source should be located near the actuator. Only a photosensitive switch with
a lower-power pulsed optical source is required to control actuator .power.
Similar evaluation factors (as in power by light) exist for the efficiency of
optical power transmitted to the photodevice (Fig. 7- -3). In a fly-by-light
system, reduction in the optical power required to operate the torque motor is
important to enable use of lower-power solid-state IRED sources. This can be
done by maximizing the efficiency of the light path and gain of the photo-
sensitive device. : '

Due principally to the higher band gap of GaAs compared to silicon,
improved high-temperature performance will result with GaAs detectors and
photovoltaics, and higher output voltage per cell will be obtained with GaAs.
In order to match the optical source with the GaAs absorber, a source wave-
length below about 8700A at room temperature must be used. The closer the
wavelength match of source to the GaAs absorber, then the higher is the system
efficiency. Candidates for optical sources in power-by-light and fly-by-light
configurations are semiconductor emitters, tungsten-halogen lamps and arc
lamps. The lamps emit a wide spectrum of radiation in the ultraviolet,
visible and infrared. The semiconductor devices emit in a discrete band of
energy fixed by the semiconductor band gap. Several families of these are
available including Group-III-V and IV-VI compounds in ternary and quaternary
combinations. Of these, only those near 1.5-eV band gap, most notably Group-
III-V GaAs emitters, would qualify in efficiency of emission and efficiency of
detection. The available semiconductor sources are configured as light-

emitting diodes or injection laser diodes (ILD). The applicability of each of
these sources in fly-by-light and power-by-light applications will be
discussed more fully in respective chapters of this report.
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Several special factors enter into the choice of optical fibers for fly-
by-light and power-by-light systems. Since the active devices must operate
between -54°C and 260°C, the fiber core and cladding must be all glass. The
usual materials that make up the outer covering will not survive the high
temperature. In Part I of this program emphasis was placed on the performance
of the GaAs devices especially at high temperature. In the packaging of
phototransistors, the cable materials were stripped away so that only the
glass fiber entered the high-temperature ambient. The same technique can be
used for more advanced fly-by-light or power-by-light configurations. If
optical cables could be made to withstand the temperature range of operation,
then only that portion of the cable near the package seals would have to be
stripped to expose the glass fiber. The brazing technique to seal glass
fibers for high-temperature application requires that the fiber maintain its
integrity at sealing temperatures between 300°C and 400°C. The glass fiber
does not need to have ultra-low optical attenuation since for airborne appli-
cations the fiber lengths are short (<10 meters). The fibers should be multi-
mode and have high numerical aperture to couple as much optical energy into
the fiber as possible. Very high bandwidths are not required since antici-
pated frequencies used for aircraft control will be less than 2 kHz and again
the lengths are short. . For increased coupling to the IRED, large core.
diameter (200 ym) and high fiber NA (0.4 to 0.55) are required. Edge-emitting
devices (e.g., ILD) can efficiently couple to smaller diameter fibers. Much
larger glass core diameters (1000 um) could be used for coupling to the
lamps.

Optical connectors on the pigtails are used together with a transmission
fiber and connectors in order to facilitate replacement of either the source
or photodevice if need be. The optical transmission loss can be separated
into fiber loss and connector loss. Fiber loss includes dB/km loss as well as
effective reduction of the numerical aperture for lengths in excess of about
200 meters. This latter factor is not important for airborne applications.
Calculations of coupling and transmission losses will be given in subsequent
chapters for specific cases. '

When considering coupling of optical fiber(s) to the photodevice, two
important questions arise: (1) What coupling techniques should be used to
maximize the area overlap of light emerging from the fiber(s) with the device
active area? (2) How should device packaging be implemented to insure long-
term reliable operation from low (-54°C) to high (260°C) temperature? UTRC
device packaging experience for high-temperature operation has been exclu-
sively concerned with mating a single source with a single fiber with a single
photodevice in a single package. Increasing the number of fibers to be
hermetically sealed in a package will result in considerably more difficulty
and lower packaging yield.
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Independent of the optical source, single-fiber emission will have
circular symmetry. In order to maximize the area overlap of light emerging
from the fiber with the photodevice area without introducing the additional
complexity of lenses, the photodevice diameter must be at least as large as
the fiber-core diameter, or correspondingly larger if a fiber array is used.
Ideally, the incident optical energy should be uniform and entirely blanket
the photosensitive area without spilling outside the device. Necessary
metallization on the photodevice active surface will reduce overall device
efficiency. The numerical aperture of the optical fiber requires close place-
ment of the end of the fiber above a given photodevice area. Actual contact
is not recommended due to possible damage of fiber or device, especially
during temperature cycling. Unless the flat end of the fiber is anti-reflec-
tion coated there will be about a 4% light loss at the glass-air interface.
The fiber tip should be well polished to a specular surface using a grit
diameter less than the intended wavelength (~ 8200R) in order to minimize
scattering losses. The photosensitive device should have an anti-reflection
coating to reduce the 307 reflectivity of the GaAs surface to more acceptable
values (less than a few percent).

The photovoltaic or photodetector has to be packaged to withstand tem-
perature cycling between -54°C and 260°C and long-term operation at 260°C,
Mating of an optical fiber with a photodevice severely affects the packaging
procedure not only because of fiber—device positioning requirements but also
because of the need for preservation of long-term device hermeticity while
operating in high and low-temperature ambients. Hermetic device packaging is
very important for GaAs because there is no satisfactory passivating material
available for GaAs as there is for silicon devices (8i0,). Exposed GaAs p-n
junctions and surfaces should be protected from any environmental influence,
e.g., particulates, 0,, H,0, or other reactive gases. Use of high-temperature
epoxys has been avoided principally because of possible high-temperature
outgassing of contaminants from cured epoxy within the package that could
degrade device performance. Instead, technology to hermetically seal glass
optical fibers using cleaner brazing techniques for more reliable and longer-
term device operation has been applied to phototransistors packaged in Part I
of this program. :

In the next two chapters the factors entering into the block diagrams of
Figs. 7-2 and 7-3 will be quantified for various practical cases. The fly-
by-light study effort ended with suggested configurations which represented
next levels of advancement compared to the system delivered in Part I. At the
end of the power-by-light study, a demonstration configuration was recommended
for future work.
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8.0 FLY-BY-LIGHT DESIGNS AND DISCUSSION
OF RESULTS

The high-temperature fly-by-light system delivered in Part I of this
program utilized three GaAs-based devices. The phototransistor was the light-
sensitive element (which also exhibited gain) that caused a higher-power JFET
device to switch current into the torque-motor load. A third device, a p*-n
mesa diode, was placed across the load to protect the JFET from inductive
transients. As shown in Fig. 8-1A, the phototransistor was placed in parallel
with the JFET gate to proVide torque-motor actuation when illuminated. The
system was capable of switching 100 mA at up to 20V stand-off voltage (2W into
load) with from 240 pW to 510 uW (350 uW - 760 uW recommended) of infrared
radigtion exiting the optical fiber inside the sealed phototransistor package.
For the recommended breadboard operation, 650 yW to 1400 uW had to be coupled
into the optical fiber. Group~III-V GaAs solid-state sources are ideal for
fly-by-light application because (1) optical emission is at the proper wave-
length and of sufficient power using a single optical fiber for phototransis-
tor operation, (2) lifetime is in excess of 10" hours, and (3) the sources are
readily pulse-width modulated. The temperature range of application for the
photoswitch devices was -54°C to 250°C. This could have been extended to
260°C with slight increase in required optical power. There are two avenues
of advancement using GaAs devices in the -54°C to 260°C range. The first is
to be able to switch significantly more current into heavy-duty torque motors
or centrifugal motors, and the second is to simplify the photoswitch circuit
and provide greater reliability for switching moderate-to-low currents (less
than about 200 mA).

Higher—-power switching could be accomplished with the delivered fly-by-
light system by either increasing JFET stand-off voltage or current capabil-
ity. The latter approach would require increasing the gate width and there-
fore, area of the device. One criticism of the JFET for high-power switchng
is that this device conducts parallel to the surface in a thin surface layer
rather than perpendicular to the device as in, for instance, a bipolar
transistor., As a result JFET device resistance, area and leakage currents
will be higher for a given switching level. Furthermore, JFET performance is
more highly affected by surface instabilities. Since a suitable surface
passivant is not yet available for GaAs, this is an important factor. Higher
leakage currents that accompany a scaled increase in JFET device size would be
accommodated in Fig. 8-1A by forcing the phototransistor to become more
conductive during the on-state, that is, supply increased optical energy or
phototransistor gain. The GaAs JFET will probably not be useful for switching
more than about 1 ampere at 260°C. Also, JFET stand-off voltage is not
expected to be above about 20V at this temperature without adequate surface
passivation,
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For fiber optic control of electrical power above 10 to 20 watts, use can
be made of a GaAlAs/GaAs bipolar transistor or a GaAs permeable-base FET. A
VMOS or VMIS device requires a passivating insulator layer which can be used
to invert the semiconductor material underneath; however, the proper
insulating material has not been demonstrated for GaAs. The permeable-base
Schottky Barrier FET incorporates a buried metallic grid which is used to gate
current flow through to the substrate. Such a device (or its p-n junction
analogue) is very difficult to fabricate and needs further development
especially for high-temperature use.

A promising candidate for higher-power switching is the bipolar transis-
tor. This device is constructed layerwise in much the same way as the n/p/n
(bipolar) phototransistor (Fig. 3-1) in the delivered breadboard system. In
the case of the phototransistor, the upper GaAlAs layer is a window for the
incident radiation and is highly efficient at injecting electrons into the
p-type base. The bipolar transistor utilizes the GaAlAs to provide the same
high injection efficiency but optical transparency is not required. Both
devices require a thin base layer for high gain. The phototransistor can
operate with base floating (2-terminal device). The bipolar transistor
requires contact to the thin base and is, therefore more difficult to fabri-
cate. For high-temperature application, the design must be such as to
eliminate metal contact diffusion and degradation of the base-collector
junction. As shown in Fig. 8-1B, photocurrent generated in the phototransis-
tor (PT) could be used to operate a high-current-capability bipolar transis-
tor. In the literature, current gains near or in excess of 1000 have been
reported for the GaAs/GaAlAs bipolar transistor at high injection levels
(Refs. 8 and 15). 1In Ref. 15, room temperature saturation currents in excess
of 300 mA have been reported for devices having an area of 1 x 10~ “*em?. It is
interesting to compare these values with saturation currents for typical
JFET's like those used for the breadboard photoswitch system. A typical JFET
saturation current was'500 mA -600 mA (-11 to -13V gate) but the active region
was about 12 times larger than the referenced bipolar device. Thus, the
maximum current density is at least a factor of 6 better for the bipolar
device. One reported operating point was 60 mA of collector current with
100-1A base current. At this point 2.7V were dropped across the emitter-
collector terminals.  If the device area were scaled by a factor of 100 to 1 x
10~ %cm? to conduct 6A with a 10-mA base current, 16 W would be dissipated
across the device. If the power supply voltage were 15V, then 74 watts could
be switched to a load. This illustrates one disadvantage of bipolar devices
compared to FET's and that is the relatively large internal power dissipation.
One problem with extrapolating bipolar device characteristics to larger sizes
for a given base thickness is that base resistance effects will cause a
reduction in point-to-point base current density as the distance from the
contact increases; therefore, important factors in design include base
thickness, carrier concentration, carrier mobility, and contact geometry and
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metallization. Fortunately, the wide-gap emitter will inject electrons into
the base at very high efficiency regardless of majority carrier concentration
on either side of the heterobarrier. Thus, unlike the case of a silicon
transistor, the GaAs base can have a higher doping level than the emitter, and
base resistance can be minimized without a loss in injection efficiency.

The circuit configuration in Fig. 8-1A can be simplified for switching
moderate currents by replacing the JFET-phototransistor pair with a single
phototransistor having higher optical gain. Figure 8-1C illustrates the
simplicity (and consequently greater reliability) of ‘the circuit configura-
tion. Phototransistor gain can be increased by decreasing the base thickness.
Optical gains for p*-base devices at high-injection levels have been reported
in the range, 100 to 200 (Ref. 6). For devices made at UTRC, optical gains in
this range have been measured. As evidenced by the referenced bipolar
transistor work, the optical gain, which takes into account device quantum
efficiency, should be substantially higher with thinner pt bases. An extra-
ordinarily high optical gain (about 5000) has been reported for a phototran-
sistor having a thin base with low p-type doping (Ref. 16). (Since the photo-
transistor operates with base floating, there is no need to worry about
lateral base resistance as in the bipolar transistor.) The phototransistor
with low-p base relies on depletion-layer spreading into the base layer for
enhanced gain. Although reported room temperature photocurrents were quite
high (500 mA), the dark current was also high (30 mA at -5.5V). Since 4V were
dropped across the phototransistor, available power to the load was only 0.75W
(1.5V at 500 mA). This device is more suited for high-current low-voltage
switching. The lower-gain p *_base devices can support -15V emitter-collector.
voltage in the off-state; however, increasing the device gain will cause this
voltage to decrease.

Phototransistor gain can also be increased by increasing the intensity of
illumination. ‘A commonly observed property of GaAlAs/GaAs bipolar devices is
that defect currents exist at the hetero-interface and their relative
influence on device gain decreases as the injection level increases. There
is, therefore, the option of operating lower-gain devices at high optical
power densities using a laser diode. An optical power of 20 mW can be readily
supplied to a photosensitive device using a single fiber optic line and an
injection laser diode. If reference is made to plots of phototransistor knee
photocurrent versus illumination for. fully packaged pt-base devices (see, for
example Fig. 5-18), over 0.2A of photocurrent would be expected at 20-mW
optical power. Device power dissipation would increase to perhaps 2V x 0.2A
or 0.4W. TIf the maximum useful collector voltage were -15V, then 2.6W would
be available for the load. Figure 8-2 shows pre-packaging current-voltage
characteristics of that phototransistor with the highest gain observed in Part
I of this program. (Other data were shown in Figs. 5.5 and 5-7.) It is not

122




R83-925312-25

PHOTOTRANSISTOR CURRENT-VOLTAGE CHARACTERISTICS (K12d)
BASE FLOATING-COLLECTOR GROUNDED
\ = 8499A

26 °C INCIDENT

Dbl ~<«—LIGHT OFF
161 W
EMITTER sl
CURRENT
50 mA
g ~a—| |GHT OFF
- 161uW
EMITTER
CURRENT 331 W
50 mA

EMITTER VOLTAGE

123

FIG. 8-2

ILLUMINATION

83-3-119-30



difficult to extrapolate operation of this device to 200 mA at higher incident
optical powers. Phototransistor operation at high current levels may require
a device with larger diameter than 200 Mm in order to reduce internal power
dissipation. This would require that more optical power be supplied to main-
tain the same optical gain.

The optical path to the phototransistor consists of source with fiber
optic pigtail, optical connector, transmission cable, optical connector and
fiber optic pigtail to the phototransistor package. A summary of power trans-
fer efficiencies for the two types of solid-state diode sources is shown in
Table XIV. These devices were chosen for fly-by-light (as well as power-by-
light) applications because they were commercially available high-power
sources and emitted radiation at the proper wavelength for matching to the
phototransistor. This type of ILD (60-Mm-stripe width) can be driven to emit
over 100 mW per facet with a resultant power converson efficiency of 30%;
however, longer-life operation (up to 10* hours) is possible at the 60-mW per-
facet level (19% power-converson eff1c1ency) The ILD calculations of Table
XIV were based on single-fiber coupling to one ILD facet without back-facet
coating; therefore 507 of the emitted optical power was not usable. An
important operating characteristic of this hlgh*power ILD is that to preserve
lifetime the ambient temperature has to be less than 35°C. An expected
increase in lifetime by one order of magnitude would accompany each 30°C
decrease in heat-sink temperature. The chosen IRED is a slightly higher-power
version of the one used in the Part-I breadboard demonstrator. This device is
a planar surface emitter with a transparent GaAlAs dome for greater fiber
coupling efficiency. It is specified to operate in excess of 10° hours at dc
drive currents under 200 mA before optical output is reduced by 20%. The
operating maximum ambient temperature is 65°C for this IRED.

The primary factors governing efficiency in coupling multimode fibers to
these sources are area overlap and angular overlap. The area overlap simply
involves getting the light into the fiber core with whatever angle of
incidence, and the angle overlap involves that portion of the light arriving
at the proper angle to be within the NA of the fiber. The butt coupled ILD
has very good area overlap with the fibers but the 3:1 astigmatism, which is
due to the high width-to-thickness ratio of the diode junction, degrades the
angle overlap. Because of the lower NA's and consequently reduced coupling
efficiency, standard 62-lm-core fibers were not listed in Table XIV. A lens
can be used to magnify the laser-diode emitting region. This improves the
angular overlap but could only be used with a larger—diameter core, e.g., 200
Wm. Any technique used to magnify the laser—~diode facet will decrease the
area overlap with a 100-um fiber because the 60- m and 100-im areas were
already well matched. Two known astigmatic techniques are applicable here.
One is to grind a wedge shape on the fiber end (Ref. 17) so that the laser-
diode emission pattern is split across the center and each half is moved to
produce an increased angular overlap in the fiber. Likewise, a small cylinder
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TABLE XIV

OPTICAL POWER-TRANSFER EFFICIENCIES USING SOLID—-STATE
SOURCES AND SINGLE FIBERS

Fiber 10-Meter v
Electrical Device ILD*%% Coupling Transmission Two-Connector Overall Fiber
Power E >0 Efficiency Efficiency Efficiency Transmission Efficiency Output
Source Input (%) (%) (%) (%) (%) (%) (mW)
1LD* 320mA-2V 19 50 40 (100,0.3)T 98 50 1.9 12
60 (100,0.55) 97 50 2.8 18
75 (100,0.55,w) 97 50 3.7 24
80 (200,0.55,w) 97 63 4.6 30
IRED** 200mA-1.6V 17 - 4.3 (200,0.55) 97 - 63 0.44 1.4

* A = 8200A, 35°C Maximum Ambient Temperature
** ) 8360A, 65°C Maximum Ambient Temperature
*%%11D Back Facet is Not Coated

]

t (Fiber core diameter, fiber NA)
w = wedge—end polished optical fiber



lens can accomplish the same thing by magnifying the diode junction thickness
(about 1 um) without affecting the 60-pym width. IRED coupling has both poor
area overlap and poor angle overlap, at least for the large-area device being
considered, and little if any power coupling efficiency can be gained with
fiber lenses. For the selected IRED, redirecting the emitted optical energy
for fiber coupling is an integral part of the device. Butt coupling of the
fiber is therefore preferred. For higher-efficiency IRED coupling, a high-NA
large~diameter 200-um fiber should be used.

The efficiency of transmission of the near-infrared radiation through the
optical fibers is high for the short cable lengths contemplated in aircraft
control applications. Connector loss for standard purchased connectors has
been conservatively set at 1 dB and 1.5 dB for 200~um and 100-um-core
diameters, respectively. These are maximum anticipated losses; the range of
commonly observed experimental values can be as low as one-half these values.

The overall efficiency of optical power generation and transmittal can be
as high as 4.6% for the ILD case but is ten times less for the IRED. Up to
about 1.4 mA of optical power (IRED) and 30 mW (ILD) can be obtained as fiber
output for the phototransistor. Depending on phototransistor surface reflec-
tivity, distance from the fiber, fiber NA and diameter, and phototransistor
diameter, the actual usable optical power will be less. The IRED source can
be used with either a high-gain phototransistor to switch large currents at
low voltage or with low-gain devices for lower-current switching at higher
voltages. The injection laser diode could be used with low-gain devices to
switch higher powers. When applicable it is best to use the IRED in a partic-
ular application for ease of use, longer life, and less expense.

In conclusion, higher-current switching under fiber optic control can be
accomplished by using higher-gain phototransistors and/or higher illumination
levels from a laser diode. Phototransistors can be constructed with low or
high p-type base doping to produce (1) high-gain devices with deliverable
power of about 1W for low-voltage application or (2) lower~gain devices
switching less current but at higher voltage. The highest switching power
under fly-by-light control can be obtained with a bipolar transistor triggered
by the phototransistor. Considerable decrease in circuit complexity and
therefore, increase in system reliability can be achieved by replacing the
JFET-phototransistor pair with a single phototransistor. Any of these options
are candidates for future work. The transient-protection diode is still
required for an inductive load, which may be a torque motor or centrifugal
motor.

126




9.0 POWER-BY-LIGHT FEASIBILITY AND
DISCUSSION OF RESULTS

In accordance with the outline for power-by-light evaluation given in
Fig. 7-2, this section is divided into discussions on optical power generaton
and delivery to the photovoltaic device, photovoltaic device design, photo-
voltaic power-conversion efficiency, and photovoltaic impedance matching to
the torque-motor load. After discussion of these factors, a power-by-light
demonstration system is proposed for use over the -54°C to 260°C temperature
range using GaAs semiconductor devices. Suggested areas for additional work
are presented in the last section of this chapter.

9.1 Optical Power Delivery to the Photovoltaic

The approach followed in this program on fly-by-light designs has been to
use GaAs solid-state optical sources that emit at wavelengths which match the
characteristics of the absorbing GaAs device (phototransistor). In such
control situations the photoswitch device acts as a switch for externally
supplied electrical power for the torque motor. The required optical power
depends on circuit configuration (i.e., presence of an additional switching
device and how it is connected to the phototransistor) and phototransistor
gain. The fly-by-light optical requirements can be met using either an IRED
(preferred) or an ILD with a single fiber optic channel. Because of their
long lifetimes and ready applicability to pulse-width modulation, these
sources are natural candidates for fly-by-light control, even if cooling is
required to keep the ambient temperature of present—day sources to less than
65°C (high-power IRED) or 35°C (high-power ILD). One way to cool these
devices would be with thermoelectric coolers which would require two stages
(25% efficient) for the IRED and 3 stages (12% efficient) for the ILD.

In the power-by-light concept, all necessary electrical power for the
torque motor must be supplied first as optical power which is then transmitted
to the photovoltaic converter. As was shown in Table XIV for the solid-state
sources, optical generation, coupling and transmission exact a heavy toll on
system efficiency. As will be shown later, system efficiency is reduced
considerably further by the photovoltaic and its degree of impedance matching
to the load. For the solid-state sources,. a smaller number of f~o lines is
required to transmit a specified optical power using an ILD due to its highly
directed optical emission (more efficient fiber coupling). In order to
optically generate sufficient electrical power for the torque motor, many
sources and fiber optic lines would be employed, and the transferred light
would be incident on an array of photovoltaic cells.
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An alternative way of supplying optical power to the photovoltaic array
is through use of high-intensity arc or tungsten-halogen lamps. Due to their
relatively broad spectral emission, the lamps are not as well matched to the
GaAs photovoltaic as the solid-state sources. 1In order for these extended
sources to compete with the efficiency of fiber coupling to a laser diode, the
use of a fiber optic bundle for each lamp is required. A single lamp is much
less expensive than many laser diodes but other cost and performance factors
must be considered. For instance, the lamps have significantly shorter life-
time compared to the solid-state devices. Estimated source lifetime for high~
intensity arc and tungsten—-halogen lamps are 100-500 hours and 50-300 hours,
respectively, compared to 10% hours for the ILD and 105 hours for the IRED,
As far as overall system efficiency is concerned, the lamps would have to be
operated in a cw fashion in a power-by-light application. Solid-state semi-
conductor diodes can be rapidly pulsed on and off, and therefore, are readily
adaptable to efficient pul se-width-modulation control on aircraft. Arc lamps
cannot be pulsed off rapidly enough. For reasonably short pulse widths
tungsten lamps would have to be electrically overdriven with a smaller fila-
ment but this would degrade lifetime even further, Xenon flash lamps typical-
ly produce pulses much shorter than are usable in a pulse~width modulation
system and are limited in lifetime to 105 to 10% pulses. In order to use the
lamps, optical chopping using a photoswitch would be required in the torque-
motor circuit (Fig. 7-1, Ib). As a result, an additional efficiency factor (~
5-50%) relating to duty cycle and complexity factor for the extra fiber optic
line and electrical circuitry should be considered when making comparisons to
the semiconductor sources.

Of significant concern in usage of lamps is the considerable energy in
the form of heat which must be dissipated to assure continued lamp operation,
While the I2R heat removal problem is readily addressable when solid~state
sources are used, there is greatér difficulty in deriving a system penalty for
cooling purposes in the case of the lamps if these were to be used as aircraft
power—by-light sources. A typical high-intensity lamp operated at room temp—
erature requires either forced air or forced liquid cooling. To be useful in
a 125°C ambient, additional cooling would be required. Liquid cooling is
indicated especially in view of the rarified atmosphere which accompanies an
altitude increase. As a result, assessment of a cooling penalty factor for
the lamps is highly dependent on lamp design and system configuration., Other
factors with lamps are susceptibility to catastrophic demise (explosion) and
lamp orientation, especially for arc lamps. Another consideration is the
optical-source power supply. The least complicated supply would be required
for a tungsten—halogen lamp; the most complicated would be for the arc lamp to
provide both high-voltage ignition and low-voltage dc during operation.
Unwanted arcing can also be a problem at high altitude for the high-voltage
power supply. :
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Efficiency calculations similar to those in Table XIV have been made for
representative commercial arc and tungsten-halogen (W-X,) light sources.
Compact short-arc high-pressure-xenon illuminators are available with a built-
in reflector (2.5-cm diameter) to supply a near-parallel light output. These
emit principally broadband radiation in the visible and infrared and have an
estimated lifetime of 300 hours at rated power. Two W-X, sources, presumed to
have a black-body temperature of 3200°K, were studied. Further calculations
have also been made for the GaAs solid-state sources. Except for the ILD,
coupling of optical energy from any of these sources into a single fiber is
highly inefficient because of the large-angle emission. To maximize efficien-
cy, a lens system must be used to collect as much light as possible from each
source and focus it to within the numerical aperture of a fiber bundle.

Source magnification accompanies angular demagnification, and therefore, the
size of the fiber bundle will depend on fiber NA and spatial extent of the
source. Such an arrangement will require a large number of closely packed
fibers. Coupled optical power will increase with the degree of close
packaging of the fiber cores. The number of required fibers will decrease as
core size increases at constant NA. In the calculations made, two fiber types
were utilized: (1) a soft-glass fiber with a core diameter (d.) of 200 im

and an NA of 0.55 (as used in the hardward phase of this program) and (b) a
fused-quartz fiber having a d, of 1000 'Hm and an NA of 0.3. The latter

fiber will be considerably more expensive than the former and have less
mechanical flexibility. The large-core fiber will couple more optical power
but the optical energy carried per cross-sectional area of fiber will be
larger for the higher-NA fiber.

Due to the highly directional emission of the laser diode, coupling of
one fiber to each ILD facet is efficiently made with specially polished fibers
(Table XIV). A build-up in optical power at the photovoltaic requires the use
of additional laser diode sources, each with one or two coupled optical
fibers. The individual fibers can be collected and distributed at the photo~
voltaic array. In contrast, each lamp and IRED will utilize a bundle of
coupled fibers. The simplest system would involve close packing of each fiber
bundle at a single photovoltaic cell. A more difficult and complex arrange-
ment would be to partition the fibers at the photovoltaic array.

Table XV (in two parts) summarizes calculated system efficiencies for the
selected sources. The focus of this chapter section is on Category I, Optical
Power Generation and Delivery to GaAs Photovoltaic. Reference is also made to
related comparisons in Category IV. Other categories will be discussed in
Section 9.3. Electrical power utilized for the source power supply and source
cooling were not included in Category I of this table.
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The optical emission of the solid-state sources (Item I.A of Table XV).
was set at 8200A. An 8250A upper wavelength limit was required as a result of
the anticipated position of the GaAs photovoltaic absorption edge at -=55°C.
This absorption edge will move to about 8700A at room temperature and 9130A at
260°C as the GaAs energy band gap decreases. An interesting consequence in
the case of the lamps is that a greater percentage of the optical power output
is utilizable by the GaAs photovoltaic at higher temperatures. The efficien~
cies for electrical-to-optical output for the lamps for photon energies in.
excess of the GaAs band gap were obtained from manufacturer's specifications
or through use of a black-body slide-rule calculator. Useful lamp output
therefore increases by about 33% for photovoltaic temperature increases from
-55°C to 260°C. : ‘

In Item I.B.1, the efficiency of optical coupling for the lamps was
calculated using a reflector and/or an additional lens for angular demagni-
fication of emitted optical power to within the acceptance angle of the
fibers. The greater coupling efficiency for the close-packed array of larger-
dismeter fibers reflects an assumed larger area fraction of core to core-plus-
cladding for the larger fiber. The diameter (d¢) of the clad soft glass
fiber was 250 um; the assumed value of d¢ for the fused quartz fiber was
1111 um.. It was also assumed that the glass fibers were in contact for light
coupling with no intervening jacketing materials present. The beam area or
spot size (I.B.3) is smallest for the ILD, considerably larger for the IRED,
and much larger for the lamps. The fiber bundles required for the IRED and
arc lamps were close packed into a circular array; a rectangular close-packed
array was used for the coiled-filament tungsten-halogen lamps. The number of
optical fibers in the bundle is given in Item I.B.2 and can vary from several
tens to several thousands for the chosen lamps. There will also be a nonuni-
form distribution of light intensity within the beam area. This is of little
concern for power-by-light in the case of the ILD since only one fiber is butt
coupled to a particular facet. In the other cases there will be a distribu-
tion of coupled optical power across the fiber bundle. This is especially
true in the coiled-filament tungsten-lamp case and places restrictions on the
way the. fibers are combined at the photovoltaic. The advantage of using the
much-brighter are lamp rather than a comparable-wattage tungsten-halogen lamp
is clearly shown by comparing the spot size and number of fibers. Another
concern is that unless a dichroic reflector is used for the lamps, longer-
wavelength photons will be focussed onto the fiber array and possibly melt the
soft-glass high-NA fiber or any other material used to hold the fiber array
together.

The room-temperature optical power transmission of usable source emission
over a l0-meter path is shown in Item I.C for the two fiber types. Optical
attenuation data for the soft glass as well as for fused quartz (Ref. 18) were
used to calculate a power transmission factor. Fiber attenuation increases as
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wavelength decreases from the near infrared. The ultraviolet portion of lamp
emission was highly attenuated even over a 10-meter Path length. Attenuation
in the soft glass is greater than for the fused quartaz, ‘The connector loss
(1.D) assumed that each fiber—optic line had individual connectors, one at the
source and another at the photovoltaic.

The totals for efficiency of usable optical power generation and delivery
to the GaAs photovoltaic and coupled optical power into the fiber array are
shown in Item I.E of Table XV. On the basis of efficiency, the laser diode
with two coupled fibers is the best choice (9% efficient with delivery of
59 mW optical power to the photovoltaic). High efficiency with the lamps or
IRED can only be obtained using fiber bundles. Efficiency increases as the
number of fibers increases to fill the beam area. When this occurs, the IRED
system shows 5% to 7% efficiency for useful optical power generation and
delivery to the photovoltaic. The corresponding efficiencies for the arc and
W-X, lamps are 2% to 5% and 3% to 6%, respectively. The largest amount of
optical power carried in a fiber (210 mW (-54°C) to 280 mW (260°C)) occurs
with the 300W arc lamp and the 1000-pm-core fiber. A bundle of fifty-five
such fibers could carry over 10 Watts of usable optical power from a single
300W arc source. Unless lenses are used at the photovoltaic, the photovoltaic
area would have to be at least as largé as the beam area for both the lamps
and IRED in order to utilize all the optical power carried by the fiber optic
bundle. '

Source comparisons, previously mentioned, are summarized in Items IV.C to
IV.E. The efficiency factor for thermoelectric cooling of the IRED is higher
than for the ILD because only two cooling stages are required. This IRED can
operate with long life up to about 65°C ambient compared to 35°C for the ILD,
Although the lamps are high~temperature sources, their continued operation
demands that heat be constantly removed. Since the lamps must be operated
continuously, there is a high duty-factor penalty associated with pulse-width
modulation of the photovoltaic output. Lifetime is longest for the solid-

‘state sources. The lifetime of any of the sources can be increased by

reducing their input electrical power.

Further discussion on choice of optical source will be made after a
discussion of photovoltaic design and power-conversion efficiency.
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Category

I.

Optical Power Generation and
Delivery to GaAs Photovoltaic
Source E+0 (Useful for PV)
A < 82508:

A < 67008:

A < 9130K:

A,

Optical Coupling to Fiber(s)
Efficiency

1.

Fiber Transmission-10 meters

Generation and Delivery to PV

1.

2.

(a) d.=200um(NA=0.55)
(b) d,=1000um(NA=0.3)
No. of fibers in array
(a) d.=200um(NA=0.55)
(b) d=1000um(NA=0. 3)

Beam area (cm2)

(a) dc=200um(NA=0.55)
(b) dc=1000um(NA=0.3)

(a) d,=200um(NA=0.55)
(b) d,=1000um(NA=0.3)
Two-Connector Transmission
(a) d,=200um(NA=0.55)
(b) dc=1000um(NA=0.3)
Totals for Optical Power

Efficiency
(a) d.=200um
(NA=0.55)

(b) de=1000ym
(NA-0.3)

A<82508:
187008
A<91304:
A<8250A:
A<87003:
2<91308

Optical Power in fiber

array (Watts)
(a) d,=200um
(NA=0,55)

(b) d,=1000um
(NA=0. 3)

A<82504:
<87003:
A<91308:
1<82503:
A<87008:
1<91304:

TABLE XV

ESTIMATED POWER-BY-LIGHT EFFICIENCIES

ILD0 IRED Xe Arc Lamp - W=X2 Lamp
82004 82008 Short Arc (32000K)
0.64W  0.35W 300W 150W 13W 250W

18.8% 15.7% 18.5% 18.5% 19.5% 19.5%

21.3% 21.3% 22.5% 22.5%
24.0% 24.0% 25.5% 25.5%
80% 52% 24% 20% 26% 26%
60% 63% 30% 25% 33% 33%
2 17 302 210 215 3292
2 3 55 39 39 606
2 x 10‘4 0.009 0.16 0.11 0.12 1.8
103 0.033 0.59 0.42 0.43 6.5
97% 97% 76-81% 77-82% 90-92%  90-92%
99% 99% 95-96% 95-96% 98% 987
63% 63% 63% 63% 63% 63%
75% 75% 75% 75% 75% 75%
9.3% 5.0% 2,1% 1.8% 2.9% 2.9%
2,5% 2.1% 3.3% 3.3%
2.9% 2.4% 3.8% 3.8%
8.5% 7.4% 3.9% 3.3% 4,72 4.7%
4,5% 3.8% 5.4% 5.4%
5,1% 4.3% 6.2% 6.2%
0.059 ~ 0.018 6.2 2.7 0.37 7.2
7.4 3,2 0.44 8.4
8.6 3.6 0:50 9.6
0.052 . 0.026 11,7 4,9 0.61 11,8
13.6 5.7 0.71 13.6
15.3 6.4 0.80 15.4
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TABLE XV (Cont'd)

‘ESTIMATED POWER-BY-LIGHT EFFICIENCIES

ILD IRED Xe Arc Lamp W-X5 Lamp
82008 82008 Short Arc (3200°K)
Category 0.64W 0.35W 300W - 150w 13w 250w
II. Maximum Photovoltaic 0 + E
Efficiency for wavelengths
shorter than the absorption
edge of GaAs
-55°¢: 49% 497 38-367% 38-367% 41-40% 41-407%
259¢; 43% 43% 34-327% 34-32% 36% 36%
260°c: 21% 21% 18-17%  18-17% 18% 18%
ITI. Maximum Overall System
Efficiency (E~E) *
(a) d.=200um ~55°C: 4.6% 2.5%  0.79% 0.677% 1.17% 1.17%
(NA =0,55) 257C: 3.9% 2.1% 0.86% 0.72% 1,22% 1.22%
260°C: 2,0% 1.05% 0.51% 0.43% 0.71% 0.71%
(b) d.=1000um -55°¢C: 4,172 ., 3.6% 1.39% 1.17% 1.88% 1.88%
(NA=0.3) 25%: 3.6% 3.1% 1.46% 1.23% 1.94% 1.94%
' 2609C: 1,8% 1.55%2 0.86% 0.72% 1.12% 1.127
IV. Miscellaneous Comparisons
A, PV Electrical Power Per Fiber
(PV Impedance Matched to load)
(mW/fiber) ’
(a) d.=200um © -55%C: 15 0.55 7.8 4.8 0.71 0.89
(NA=0.55) 25°¢: 13 0.44 8.5 5.2 0.73 0.92
260°C: 6 . 0.22 5.1 3.1 0.43 0.54
(b) d.=1000ym -55°¢C: 13 4.2 76 45 6.3 7.8
(NA=0.3) 25%: 12 3.7 80 47 6.5 8.0
260°c: 6 1.8 47 28 3.7 4.6
B. PV Electrical Power Per
Area of glass at 25°C
(PV Impedance Matched to
load) (W/cm?2)
(a) dt=250um (NA=0.55) ' 26 0.89 17.3 10.5 1.50 1,88
(b) d,=1111ym(NA=0. 3) 1.2 0.38 8.2 4,9 0.67 0.83
C. Source Cooling Efficiency
from Possible 125°C ambient 12% 25% Forced fluid cooling is required
D. Duty-Factor Efficiency 100% 100% 5-50% 5-50% 5-50% 5-50%
E. Estimated Source Lifetime >10% >10° 300 300 75 100
(Hours)

¥(1) Power supply efficiency and source cooling are not taken into account
(2) Assumes no Duty-Factor Penalty for Lamps
(3) Assumes loss—~less photovoltaic impedance matching to load
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9.2 Photovoltaic Design

The choice of GaAs as the photovoltaic material in a power-by-light
‘application was based on (1) the availability of high-power solid-state injec-
tion laser diodes which emit at a wavelength just above the GaAs band-gap
energy and can be readily coupled to a single optical fiber, (2) the value of
the GaAs energy gap in relation to the temperature range of performance and
(3) the relatively high GaAs technology level which permits construction of
photovoltaic solar cells that exhibit high power-conversion efficiency (20-247%
near room-temperature). The essential operating difference between the power-
by-light photovoltaic and the solar cell is the spectrum of the incident
light, which can be nearly monochromatic (solid-state sources) or have some
distribution (lamps). As a result, GaAs solar-cell design, construction and
performance can be used as a starting point for specifying a power-by-light
photovoltaic and for estimating photovoltaic power-conversion efficiency.

During solar-cell operation, incident photon energies less than the
energy gap of the absorbing medium cannot contribute to cell output by way of
electron-hole generation. Photon energies in excess of the band-gap energy
can create the necessary electron—hole pairs but the excess energy will excite
lattice vibrations (converted to heat). For a GaAs solar cell only about 40%
of the sun's energy can be used in electron-hole generation (Ref. 19). 1In the
power-by-light photovoltaic, the wavelength of a solid-state source can be
matched to the GaAs band gap so that not only are all the photons usable but
the energy in excess of the energy gap can be minimized. As a result, overall
power-conversion efficiency will be higher compared to a solar flux. The cell
will operate cooler and have lower series resistance for a given photon flux
or be able to operate at a higher incident flux and electrical output at a
given temperature. As will be discussed later, beneficial changes can be made
in GaAs solar—-cell designs to take advantage of a nearly monochromatic source.
In the case of the lamps, the spectral output will be changed by the absorp-
tion characteristics of the optical fiber. The cutoff for usable energy is
the absorption edge of the GaAs.

In solar-cell fabrication, one goal is to make as large an active semi-
conductor area as possible (e.g., square inches) to reduce the number of cells
in large-scale terrestrial or space applications. In the power-by-light
application, the optical energy could be coupled and transmitted on the air-
craft using a single fiber, e.g., a core diameter of 200 um. Physically, the
photovoltaic area would then be orders of magnitude smaller than the solar
cell, and the sealed package could be constructed with an integral fiber-optic
pigtail for activation with the fiber tip placed closed to the photovoltaic
cell. If 30 mW of optical power emanated from the fiber, then optical power
densities considerably in excess of that due to the solar flux would be
incident on the photovoltaic cell. For a photovoltaic with a diameter of
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300 ym, there would be incident 42 watts/cm? which corresponds to 420 AMI
suns. If a fiber bundle were used to transmit the power, then a photovoltaic
area larger than the focussed beam area (Item B.3 in Table XV) could be used.
If 12 watts from an arc lamp were carried in a bundle to a cell with 0.25 cm2
area, 48 watts/cm? would be incident on the photovoltaic. The use of a lower-
brightness tungsten-halogen lamp would require a much larger photovoltaic area
for the same optical power. The actual photovoltaic area and array distribu-
tion will be determined by cell current-voltage characteristics, cell internal
series resistance, type of source and impedance matching to a given load. 1In
any case, solar cell designs suitable for concentrator systems are partic-
ularly suitable for powe}—by-light photovoltaic designs,

One factor that will ultimately limit the optical concentration that can
be used is the internal series resistance of the cell. High internal resis-
tance reduces the maximum-power output (or fill factor) of the cell. The fill
factor (FF) is an important measure of cell performance and is defined as:

Vi Inp

VOC JSC

FF (9-1)

Here, Vmp and Jmp are the voltage and the current density at the maximum—pqwer
point, V_ . is the open-circuit voltage and Jgo 1s the short-circuit current
density. As series resistance increases in a cell, both Jgc and FF are
reduced. The most important effect is in reduction of FF through lowered Vi
and J . Two important factors in concentrator design are minimization of (f)
sheet resistivity of the surface layer on which the finger pattern is placed
and (2) contact resistance of metallization to the semiconductor surface.
Proper cell design is the result of balances between many conflicting trends.
For example, there is a balance between close finger spacing on the top
surface of the device for reduced resistance and loss of optical real estate
by placing more metallization on the surface. Another trade-off is that as
top layer thickness is increased, the sheet resistivity decreases but there is
an increase in optical absorption before reaching the GaAs p-n junction.
Shunt resistance is a minor factor compared to series resistance and will not
be discussed further.
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Various GaAs solar-cell designs have been reported in the literature.
The two types that are most appropriate for stable high-temperature concen-
trator application are the GaAlAs heterostructure (heteroface) and GaAs homo-
junction cells. Less is known about the per formance of GaAs Schottky Barrier
or Metal-Insulator-Semiconductor cells especially at high temperature. These
are not being considered for this program due to uncertainties in the stabil-
ity of the GaAs surface. Polycrystalline cells are not suitable due to lower
overall cell efficiency. Cascade cells are not required for a nearly mono-
chromatic source, but could be used to boost photovoltaic power-conversion
efficiency for lamp sources. Cascade cells are constructed of two or more
monolithic heteroface cells and were not considered in this study.

Cross-sectional schematics of heteroface and homojunction solar-cell
structures are shown in Fig. 9-1. 1In either case, a GaAs p-n junction
provides the built-in potential barrier for collection of the generated
electron-hole pairs. Absorption is direct in GaAs so that only a few microns
of GaAs are required. The heteroface cell utilizes a Gaj_yAl As layer to act
as a transparent window for absorption in the underlying GaAs and to confine
minority carriers below the interface. This will reduce surface recombination
velocity and increase cell efficiency.. Due to the excellent lattice match
between GaAs and AlAs, the recombination velocity is over 100~times smaller
at the heterojunction compared to a GaAs surface (Ref. 20) and is therefore
beneficial for increased efficiency. For solar application, the aluminum
content, x, is greater than 0.8 in order to extend transparency to as short a
wavelength as possible. Only two layers are grown on the p* substrate; the p-
GaAs layer is formed by intentional diffusion of the p dopant out of the
ternary layer. The complimentary growth heterostructure (N/p/p*) is actually
a heterojunction cell due to lack of n-type diffusion and has not yielded as
high a power-conversion efficiency as the P/p/n/n* structure. Several concen-
trator designs incorporating variations in thickness of the layers, aluminum
atom fraction, carrier concentrations, grid pattern, and alloy contact have
been reported (see for example, Refs. 21 to 25).

In the GaAs homojunction structure shown in Fig. 9-1b (Ref. 26), the p-n
junction is located within about 600A of the surface. Although some absorp-
tion takes place in the n* layer and significant hole recombination may occur
at the nearby GaAs surface as a result, most of the carriers are generated in
the p-layer and can be usefully collected. The sheet resistivity of the thin
nt layer is comparable to the thicker p-type ternary layer of the heteroface
cell in Fig. 9-la.

136




R83-925312-25 FIG. 91

SOLAR-CELL STRUCTURES FOR POWER-BY-LIGHT PHOTOVOLTAIC APPLICATION
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Table XVI contains a listing of power-conversion efficiency for various
concentrator solar-cell designs. Overall cell efficiency can be 20% even at a
solar concentration of 1000. In general, efficiency should increase gradually
with solar concentration and peak as cell internal series resistance becomes
an important factor. The lower the value of series resistance then the
greater is the cell efficiency at high solar concentration. Excess tempera-
ture rise caused by the concentrated sunlight will further increase resistance
and reduce cell efficiency. A broad peak between 30 and 150 AMO suns is -
expected for the heteroface cells with moderate heat sinking (Ref. 27). In
Table XVI one cell exhibited a peak in efficiency at 178 AM! suns (Ref. 23).
The high resistance for the homojunction structure was due to a high contact
resistance. A possible fabrication problem here is forming a good alloyed
contact to a 1000A n*-GaAs layer without disturbing the p-n junction. Another
negative factor is the critical nature of the nt thinness in the active
region. Based on the cell efficiencies in Table XVI, it appears that the
heteroface GaAs structure is a better choice for a high-efficiency power-by-
light cell.

A summary of performance data collected from the literature on open-
circuit voltage, short-circuit current density and fill factor for heteroface
GaAlAs/GaAs solar cells as a function of temperature is shown in Figs. 9-2 and
9-3. Similar temperature dependences are expected for the power-by~light
photovoltaic. These data will be used in discussions on power-by-light (1)
photovoltaic impedance matching to the torque-motor load, (2) photovoltaic
array size, and (3) photovoltaic device size.

Figure 9-2 primarily shows open-circuit voltage data for a variety of
exposure conditions. Shown are two cases (Refs. 2 and 28) for data over a
wide temperature range as well as more limited temperature ranges and fixed
points for representative cells near room temperature. Here the notation, mX,
refers to m times the solar flux for the particular air-mass (AM) conditionm.
AM does not have much effect on cell voltage; however, as solar concentration
increases from 1X, V . and V, will increase, eventually level off, and
finally decrease. V. decreases at high concentration due to heating and Vmp’
£i11 factor and cell efficiency decrease as cell series resistance increases.
For power-by-light application, operation is therefore indicated at as high an
incident optical flux as possible but consistent with internal cell resistance
and impedance matching to the load. The temperature coefficient of V. under
concentration favors the data from Ref. 2. This temperature dependence was,
therefore, used to predict power-by-light photovoltaic high-temperature
performance. The absolute value of V . and V from Ref. 2 are also reason-
able starting points for analysis, but these values could be up to 20% higher
under proper optical concentration. ‘
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6T

Cell Type**
And Area

Heteroface
(Ppnnt)
1 cm

Heteroface

(pPpanhH
0.57 cm?2

Heteroface
(Ppn)
0.79 cm

Heteroface
(Ppn)
0.132 cm

_Heteroface

(Ppnn )
1.26 cm

Homojunction

(n+pp+)
0.47 cm?

* Assume near-room temperature

Power —
Conversion

Efficiency

22.3%
21.8%
21.3%
20.0%

23.3%

247

24.7%
21.2%
20.3%

22.52
22.3%
21.7%

17%
16%
11%

227
17.5%
14%

Output
Power

W/em')

CONCENTRATOR SOLAR-CELL EFFICIENCIES

TABLE XVI1

Solar
Concentration Air

(# of Suns)

197
326
500
1006

945

74
178
270
440

365
596
899

30
100
600

43
312
312

19
325

1.5

1.5

1.4

Mass

T

o

50

65

<100

51
54
200

ambient and heat sinking or pulse measurements.
*% Upper case letter for Gaj_xAl As

Rg :
(ohm-cmz) Reference
0.01 21
- 22
0.02 23 .
0.0005 23b
0.04 24
0.027 25
> 0.1 26
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Short-circuit current density and maximum-power current density are shown
in Fig. 9-3a and FF in Fig. 9-3b. Good fill factors range from 0.8 to 0.86
for GaAs heteroface cells near room temperature. The lower FF for the Ref. 28
data may be due to a higher cell series resistance compared to the other
cells. Some extra data points are shown in Fig. 9-3b for the case of very-
high-efficiency concentrator solar cells. High FF and cell efficiency can be
maintained at high concentration only if cell series resistance is very low
(in this case, Rg = 0.005 ohm-cm? ) Cell current density depends not only
on incident optical concentration but on the particular AM condition. The
current density level will also vary depending on the percentage of the active
area obscured by an ohmic-contact grid. Note that for a given solar flux,
Jsc has little temperature dependence. A slight increase with temperature
occurs due to an increase in minority carrier diffusion lengths and perhaps
energy-gap narrowing. Eventually, cell series resistance will be high enough
to limit output current.

The power-by-light photovoltaic must have high efficiency and function at
up to 260°C. GaAs heteroface solar cells have demonstrated high conversion
efficiency up to 1000 suns, and one has been operated at 14% power-conversion
efficiency at over 300 suns at 200°C (Ref. 25 in Table XVI). Since GaAs band-
gap energy increases as temperature decreases, the highest useful wavelength
for a solid-state source must be based on the energy gap at the lowest appli-
cation temperature, -54°C. Based on GaAs energy-gap data as a function of
temperature (Ref. 1) and solar-cell response data at room temperature (Ref.
23b), about 90% internal collection will commence at about 82504 at -54°C. An
8200A emitter is therefore appropriate. The cut-off wavelength of the photo-
voltaic will increase as temperature increases, and a greater percentage of

the total optical energy output of the lamp will be utilized at the photo-
voltaic. As a result, the lamp could be said to show improved electrical-to- '
optical power-conversion efficiency. Due to lamp spectral output in the
visible, the power-by-light heteroface photovoltaic will be very similar in
epitaxial-layer characteristics to the heteroface solar cell.

When using a solid-state source, beneficial changes can be made in the
design of the heteroface cell. If the source wavelength is 8200A, the
Gaj_yAl As window layer need only contain sufficient aluminum to place its
energy band gap higher than 1.51 eV at 260°C. Using Gaj_,Al As band-gap data
(Ref. 32) and assuming a band-gap dependence on temperature 51m11ar to that
for GaAs, then x should be greater than 0.16. This is substantially less than
the best solar cells where x is near 0.9. As x increases, the resistivity of
both N- and P-type Gajp_ xAles increases for constant carrier concentration.
The effect is quite dramatic for N-type near x = 0.4 and more continually
varying for P-type (Refs. 24 and 33). A closely related problem is that as x
increases, it becomes incresingly more difficult to make ohmic contact to the
ternary layer, presumably due to oxide intermediates. The high resistivity
of thin Ga;_,Al As layers and contact difficulty have led to some
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R83-925312-25 : FIG. 9-3

GaAs HETEROFACE SOLAR-CELL CHARACTERISTICS

a) CURRENT DENSITY AT ONE-SUN ILLUMINATION
36

34

T

32k

301

281

J (mA/cm?2)

26 -

I

24

221

< | } . ] 1 |
b) FILL FACTOR
0.9

4+ A 365X
0.8} ' A 899X

0.7+

0.6F

® AMO, 1X, REF. 2
051 ® AMo, 1X, REF. 28

O ® AM 1.4, 1X, REF. 30, 25
X ® AM 15, 1X, REF. 24

+ @ AMO; 1X, REF. 230

A Q@ am2 ©

{ 1 1 ] l
-200 -100 0 100 200 300 400

FILL FACTOR

0.4}

TEMPERATURE (°C)

82-10—-9—-4

142




solar-concentrator designs where contact is made by using a p*-GaAs layer
under the grid (Ref. 22). Alternatively, contact may be made directly to a
thicker p-GaAs layer through an etched-out grid pattern in the ternary layer
(Refs. 23 and 24). The series resistance problem becomes more serious in some
concentrator designs where the thickness of the Gaj_ Al _As is minimized
(especially in space application) so that a larger fraction of solar photons
with energy greater than the Gaj_yAl,As bandgap can be utilized and radiation
damage effects can be reduced. In the power-by-light cell, the contact
problem will be reduced when using solid-state sources because of reduced
aluminum content. The sheet resistivity will also be lower for the same
reason and because the thickness of transparent Gal—xAleS can be increased.
It may then be possible to increase the separation between fingers of the
contact grid to expose more photosensitive area. Furthermore, only a single
anti-reflection coating would be necessary for the power-by-light cell. Other
factors, such as layer carrier concentration and thickness of p- and n-GaAs
layers would remain the same as for the solar cell. In summary, due to the
nearly monochromatic source, some changes can be made in typical heteroface
solar-cell design to result in reduced series resistance and greater ease of
fabrication. The lower resistance improves cell efficiency under optical
concentration.

Photovoltaic size in a power-by-light application is strongly influenced
by the internal series resistance of the cell. Cell operation under concen-
trated light could give up to 20% higher power-conversion efficiency. To take
advantage of concentration, the fiber(s) should be placed as close as possible
to the photovoltaic active area which in turn should be larger than the fiber
area in order to capture most of the light leaving the end of the fiber (NA
effect). The optical density on the power-by-light cell will have to be such
that the internal series resistance (Rg) is small compared to the ratio,
Voc/Jsc’ in order to preserve cell fill factor and calculated output efficien-
cy. The inequality has to be satisfied at the highest application temperature
since V . is at its lowest and Rg is at its highest values. Extrapolation of
the series-resistance data for the heteroface GaAs cell of Ref. 29 to 260°C
shows that the cell series resistance will be almost 50% higher than at room
temperature. The best concentrator cells have Rg of 0.005 to 0.0l ohm-cm?
at room temperature (Ref. 23b and 21). More often, observed values are 0.02
to 0.04 ohm-cm? (Refs. 23b, 24, and 40). With 21.5 mW incident on a cell at
260°C with an Rg of 0.06 ohm—cmz, Rg will be approximately equal to
Voc/Jsc for a cell diameter of 0.04 cm. Cell diameter has to be appreciably
larger than this value to maintain fill factor and power—-by-light power-
conversion efficiency.
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In order to estimate the effect of internal series resistance on the
power-by-light efficiency of the photovoltaic cells, use has been made of the
formulation by Green (Ref. 34). In this method, the effect of cell series
resistance, temperature and diode ideality factor on cell fill factor can be
calculated for any cell given values of V . and J_.. An important parameter
is the cell resistance factor, r¢ defined as

RS Jsc RS Isc
rf = = (9-2)
Voc ap Voc

where a. is the cell area. 1In Green's treatment the relatively small effect
of Rg on J . for values of rg up to 0.4 were neglected. The diode ideality
factor, ng, is not often cited with published solar-cell data. One

reference that does supply this value for a cell having fill factor and open-
circuit voltage near the Ref. 2 room-temperature data is Ref. 24. These data
were included as singular points in Figs. 9-2 and 9-3. The cited diode factor
was 1.67 and Rg was 0.041 ohm-cm?. The calculated fill factor using Green's
method for the Ref. 24 data agrees with the measured value of 0.82 at room
temperature., If the ng value is representative of the Ref. 2 cell, then
calculations can be made to establish the effect of Rg on cell performance

at high temperature. For these calculations it was assumed that the diode
ideality factor did not change with temperature; some support for this assump-
tion is given in Ref. 28. Figure 9-4 shows plots of the resistance factor
versus fill factor for two temperatures. The theoretical limits for zero
series resistance are shown for each curve. Extra abscissa scales show the
fractional power (fill factor) decrease as rg¢ increases. If the photo-
voltaic cell is impedance matched to the torque-motor coils at 260°C and if an
arbitrary maximum loss in fill factor is accepted, then a maximum rg can be

" picked from Fig. 9-4. Using Eq. (9-2), curves of Rg versus cell diameter

can be plotted. Curves for specific conditions on number of fibers per cell
and maximum acceptable power—conversion-efficiency loss (APCE) are shown in
Fig. 9-5. For this example, each fiber was carrying 21.5 mW (A=8200A). If a
maximum 5% loss in fill factor is set at 260°C for the one-fiber case, then
photocell diameter would have to be at least 2 mm for a cell Rg of 0.06 ohm-
cm?, This corresponds to 0.68 W/ cm? or the optical energy equivalent of 6.8
AMl suns. If a 9% loss figure is acceptable, then the same minimum diameter
would be required for 2 fibers per cell (1.4 W/ em? or 14 AM1 suns). It is
important to note that the cell area must scale with illumination intensity to
maintain a selected fill-factor tradeoff. At the above incident light levels,
about 3-5% increase in open—circuit voltage would be expected over the one-sun
AM] condition; this would partially offset the 5-9% loss in fill factor due to
Rg. At lower temperatures, the rf factor is less and loss will be a lower
percentage. Similar calculations can be made for larger fiber bundles as in
the case of lamp sources.
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In the hardware phase of the program good butt coupling results were
obtained with the 200 um-core fiber and 200-um-diameter phototransistor.
Coupling of single fibers with l-to-2-mm~diameter photovoltaic cells requires
that fiber(s) must be placed far enough from the cell (related to fiber NA) so
as to maintain a specified optical concentration - fill factor balance. With
larger separation, coupling of multiple fibers is more easily accomplished.
Optical power emanating from a fiber end will have a Gaussian distribution,

In general, a distribution of light intensity will exist within a photovoltaic
bundle and across the photovoltaic. Non-uniform light intensity will also
lead to lower cell efficiency compared to the uniform case.

9.3 Power-by-Light Photovoltaic and System Efficiency

According to Table XVI, solar power-conversion efficiencies in excess of
20% are achievable at high solar concentration near room temperature. Using
solid-state sources the power-by-~light cells will have higher efficiency due
to the monochromatic wavelength which is matched to the semiconductor band
gap. An estimate of photocell power-conversion efficiency (n) can be made
using Eq. (9-3) (Ref. 35). Here, n is the ratio of the electrical power
output to the optical power arriving per unit area.

- AV qn, (E )V
n = Q(l-r)(l1-e™**) WP ph_z” mp (9-3)
1 + Avmp Nph Eav
Q Fraction of generated carriers that are collected.
(1-r) Surface transmission coefficient (use anti-reflection
coating).
(1-e%%) Fraction of radiation absorbed
A ~ q/kT
Vmp Voltage delivered at maximum power
q Electronic charge
nph(Eg) Number of photons/sec/area of p-n junction with sufficient

energy to generate electron-hole pairs.
Nph Total number of incident photons

E,v Average energy of incident photons
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The best available literature data for Vy, as a function of tempera-
ture for a heteroface cell were shown in Fig. 9-2. The cell output voltage
versus temperature is principally influenced by changes in the cell dark-
current density, which depends on material parameters such as energy gap,
doping densities, minority-carrier lifetimes, diffusion coefficients, and
carrier recombination. Voltage output will be affected by cell series
resistance and concentration level. Reasonable values for the various factors
in Eq. 9-1 are given in Table XVII with Vmp obtained from Fig. 9-2. Since
all the incident photons can produce electron-hole pairs, then n h(E ) = Nph'
An extra factor (0.90) was used to take account of photons blocked by a
required top-surface opaque metallization grid. The expected photovoltaic
power-conversion efficiencies for quality cells at the maximum-power points
using the monochromatic sources are 49% (-54°C), 43% (25°c), and 21% (260°C).
In actual practice these efficiencies will vary. Operating the photovoltaic
under concentrated light will increase efficiency (up to about a factor of
0.2) but all other mechanisms (e.g., carrier recombination, diffusion, series
resistance, etc.) will decrease cell efficiency. Operation of the cell off
the maximum—-power point of the I-V curve will further decrease power-conver-
sion efficiency. '

Photovoltaic efficiency for the GaAs heteroface cell has also been
calculated using Eq. (9-1) for the arc and 3200°K tungsten-halogen lamp
sources. In Eq. (9-1), the average energy of incident photons will be higher
than for the solid-state sources, Keeping other factors the same as in Table
XVII and estimating the average energy of radiation in 1000A intervals between
the GaAs absorption edge and 3000A wavelength for each source, photovoltaic
efficiencies were calculated at the maximum-power points and the results are
shown in Table XV, Category II. Note that any source wavelength not usable by
the photovoltaic has been accounted for in Item I.A of this table and there-
fore, n, (E,) = N . The emission spectrum of the 3200°K tungsten-halogen
lamp peaks near 9080A and is a slightly better match overall to the GaAs
photovoltaic then the xenon arc lamp with its strong emission bands in the
infrared. A small variation is seen with the lamps due to enhanced shorter-
wavelength absorption by the soft-glass fiber. As a result, the incident
photon distribution is shifted more towards the infrared for transmission
through the soft glass, and the photovoltaic efficiency increases slightly.

The product of values in Categories I and II of Table XV define the
Category-I11 E+E system efficiency (electrical input at the source compared to
electrical output at the photovoltaic) subject to some important assumptions
listed at the end of the table. Higher system efficiency results if the 1000~
um-diameter fiber is used with the IRED and lamps. When ranked according to
efficiency, the order is ILD (best), IRED, W-X, and Xe arc. Respective
efficiencies at 260°C are 2%, 1.55%, 1.1%, and from 0.7% to 0.86%. - An
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TABLE XVII

GaAs HETEROFACE PHOTOVOLTéIC POWER~CONVERSION EFFICIENCY AT
8200 A WAVELENGTH

Temperature
-54°¢ 25°¢ 260°¢C
Q 0.90 0.90 0.90
(1-r) 0.97 0.97 0.97
o (L) 1.2 1.3 1.6
2+ (ym) 3 _ 3 3
(1-e*% | 0.97 0.98 0.99
Vmp (volts) 1.00 0.86 0.45
_— 0.981 0.971 0.907
Eyy (ev) 1.512 1.512 1.512
fph (Eg) 1 1 1
Non
n 55% 47% 23%
49%% 43%% 21%%

* If 10% of active area is masked by an opaque metallization grid.
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interesting difference between the solid-state sources and the lamps is the
efficiency as a function of temperature. The ILD and IRED emission are very
nearly matched to the GaAs photovoltaic at =55°C. The degree of matching and
maximum-power voltage decrease as temperature increases and GaAs energy band
gap decreases. System efficiency should therefore decrease with increasing
temperature. As stated earlier, a greater portion of the lamp spectral output
is usable as photovoltaic temperature increases. The increase in usable
photons offsets the expected decrease in cell efficiency to give a slight
increase in system efficiency for the lamps between ~55°C and 25°C and a
smaller percentage decrease between ~55°C and 260°C compared to the solid-
state sources. '

Category IV of Table XV summarizes other comparisons between the various
sources. Item IV.A shows the resultant photovoltaic electrical power caused
by optical coupling of one fiber to any of the sources. These numbers were
not normalized by the original source power. The ILD value is for the case
with no back-facet coating of the ILD. With the high-NA fiber, the ILD
produces the highest photovoltaic power per fiber (6 mW at 260°C). 1If the
1000-um-diameter fiber is used, the 300-W arc lamp is the best (47 mW at
260°C). The arc lamp also produces over 8-times more photovoltaic power per
fiber than a similar-wattage tungsten—ﬁalogen lamp. In Item IV.B, the '
resulting photovoltaic electrical power is normalized with respect to the
fiber cross-sectional area. The ILD utilizes the glass most efficiently and
would be the system of choice if, for instance, the cost of optical fibers
were the most important factor.

The choice of source for a particular power-by-light system is intimately
tied to trade-offs involving system efficiency, photovoltaic power level, '
11fet1me, cost and experlmental difficulties (e.g., fiber coupling). Although
not all the factors are covered, the data in Table XV can be used as a basis
for this choice. Some of this data is plotted in a useful way in ‘Figs. 9-6
and 9-7. The vertical coordinate is the E+E system efficiency (Category III)
at 260°C using either the 200~um or 1000-um-core fiber. The abscissa
represents the corresponding electrical power delivered into a load that is
properly impedance matched to the GaAs photovoltaic. Each of the source-fiber
systems is represented by a locus of points that correspond to the number of
fibers and sources used. Photovoltaic load power increases by increasing the
number of optical fibers and light sources. When the maximum number of
coupled fibers (Item I.B.2 of Table XV) is reached for each source, another
source at rated power is added to the system and the system efficiency is
halved. The figures conveniently show the number of sources and fibers
(ranked according to efficiency) that would be required to produce a given
electrical power in the load with the GaAs photovoltaic at 260°C. Barring
additional factors it is clear that for below about 200 mW delivered photo-
voltaic power, the solid-state sources are preferred. The system efficiency
is high and a relatively small number of fibers are required. The IRED is
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most competitive with the ILD if the 1000-um-core fiber is used; however,
twice as many sources and three times as many fibers would be required for a
given photovoltaic output. For delivered power in excess of 1 watt, the
higher-power lamps approach the system efficiency of the solid-state sources
at 100% duty cycle. Primary concerns are lifetime differences and costs
involved in, for example, providing 100 ILD sources and individual fiber optic
lines compared to a single lamp with many coupled fibers. Due to the bright-
ness of the arc lamp, its use would be preferred over a tungsten-halogen lamp
to minimize the number of fiber optic lines, but tungsten—halogen lamps are
cheaper and easier to operate.

At the photovoltaic there are operational differences that must be noted
when using the various sources. Due to the distribution of light in the fiber
arrays, each fiber bundle should be associated with one photovoltaic cell.
This factor is important when photovoltaic cells are placed in series, since
the current output of a series photovoltaic array will be limited by the cell
with the lowest output. When using more than one source, balancing of source
outputs will be required. This would be done on a per-fiber basis for the ILD
and on a per-fiber~array basis for the other sources. Another point is
efficient utilization of the photovoltaic surface area. The cross—sectional
area of the fiber array is determined By the beam area (Item I.B,3 of Table
XV). Barring the use of additional lenses, each GaAs photovoltaic cell would
have to be at least as large as the fiber array area. This factor alone would
dictate using as high an NA as possible with the lamps, i.e., the 200-um fiber
in these comparisons. The most efficient use of glass and photovoltaic real
estate occurs with the laser diode.

On the basis of efficiency and suitability for pulse-width modulation,
the laser-diode system is the likely candidate for a demonstration power-by-
light system requiring under about 200 mW. 1In the near future, as technology
advances the state of the art, expected optical power output from modulation
doped laser diodes should be up to ten-times higher. These devices will not
be that much more efficient than present day ILD's but the effect will be to
push the ILD curves in Figs. 9-6 and 9-7 to the right and extend the useful-
ness of laser diode power-by-light systems to photovoltaic outputs of 1 or 2
watts. Above about 2 watts, use of an arc lamp would be more appropriate.
Other problem items such as lifetime, source cooling, reduction in efficiency
due to duty-cycle penalty, and experimental difficulties associated with, for
" example, establishing and maintaining a source-fiber lens system and managing
fiber arrays, will have to be faced. The effect of increasing the lamp
wattage will not necessarily increase efficiency since the beam spot size will
increase and the number of fibers will approximately scale with source power.
Overall system efficiency, at best, will still be near 0.8% to 2% at a photo-
voltaic temperature of 260°C.
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9.4 Photovoltaic Impedance Matching to Torque-Motor Load

An important assumption in the efficiency calculations of Table XV is
that all the electrical power that can be supplied by the photovoltaic cell
(or cell array) when illuminated is actually delivered to the load. In order
for this to occur, each photovoltaic cell must be operating at the maximum-
power point of its current-voltage (I-V) curve. Cell I-V characteristics
change with temperature, and the load impedance will be a function of tempera-
ture and time. It is the job of an impedance matching device or circuit to
continually establish matching at the highest efficiency possible, ideally
100%, to obtain overall system efficiencies listed in Table XV. The impedance
matching system must be capable of operation between -54°C and 260°C at elec-
trical powers of 5 mW to 5W (Figs. 9-6 and 9-7).

Assuming series and shunt resistance effects are negligible,'the max imum
electrical power output of the GaAs photovoltaic is affected principally by
the change in output voltage with temperature. Between -54°C and 260°C, V
decreases from 1.0V to 0.45V, (Fig. 9-2). This dependence is expected regard-
less of source type although higher incident intensities will increase V
over the entire temperature range. Solar-cell data has shown that I is
relatively insensitive to temperature (Fig. 9~3a); the same is expected for a
monochromatic source with a GaAs cell., Because the GaAs band-gap narrows with
increasing temperature, lamps with appreciable near—-infrared emission should
show larger increases in I  as temperature increases (see Item I.A in Table
XV). Since the cell output current is directly proportional to the incident
photon flux, the cell I-V curve and maximum~power point will also change with
fluctuations or intentional changes in the optical power output of the
source(s).

An advantage of a low-frequency torque motor is that its operation is not
overwhelmingly dominated by inductive reactance. Unlike some electrical
loads, such as centrifugal motor armatures, the inductive reactance of a
torque motor is not large enough to cause severe changes in the input
impedance during start-run-stop cycles. Electrical matching of a power-by-
light cell to a centrifugal motor load requires precise temporal matching
during switching to provide a low-voltage high-current condition during start
up and a high-voltage low-current condition during normal running. Alterna-
tive impedance matching techniques are available when using a torque-motor
load.
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The torque motor is a current sensitive device. Since the response of a
servovalve in which it is mounted is flat above the rated current (voltage),
it is only necessary to assure that voltage is above the rated operating point
to realize a stable situation. The required voltage is determined largely by
the positive temperature coefficient of resistance of the armature coil. If
the room temperature resistance of the coil copper wire is R.pilg» then
resistances at -54°C and 260°C will be 0.68R ;i1 and 1.94R. ;14 respectively.
In order to maintain rated current into the torque-motor coil if directly
connected, the cell voltage would have to increase with temperature, not
decrease as experimentally observed.

Examples of power-by-light cell requirements for selected torque-motor
loads are shown in Table XVIII. For purposes of simplification, a solid-state
laser diode has been chosen for use as the optical source. The type of
torque-motor selected was one that was available in two-stage hydraulic servo-
valves, These required full-stroke current ranging from 4mA to 80 mA (~.32 mW
electrical power at room temperature). Optical power was supplied from indi-
vidual solid-state sources so that each fiber optic line delivered 21.5 mW to
the GaAs photovoltaic. With a maximum power-conversion efficiency of 21% at
260°C, then a maximum photovoltaic output of 4.5 mW (10 mA at 0.45V) is
expected for each cell. This corresponds to a matched~power load resistance,
R.,s of 45 ohms per cell. 1In order to resistively match to the torque-motor
coils at 260°C (parallel-aided configuration), 14 cells connected in series
with the load would be required. Series connection of the cells is the
simplest approach to meeting the voltage requirements of the torque motor.
Summaries of cell requirements at each temperature for 10, 20, 40, and 80-mA
coil currents are shown in Table XVIII. These currents require 1, 2, 4, and 8
optical fibers per photovoltaic cell. Since individual cell output voltage
and power increase and coil resistance decreases as temperature is lowered,
the fractional number of required series cells for matching over the tempera-
ture range decreases by about a factor of 6, Unless cells are removed from
service or optical power is reduced by some other means at lower cell temper-
atures, overall system efficiency will be less than the calculated values of
Table XV due to impedance mismatch. Eventually, in Table XVIII, as incident
optical power increases, more electrical power can be provided by one cell (at
lower temperatures) than is needed by the torque motor. At this point it
therefore makes no sense to further increase optical power at the photo-
voltaic, '

Impedance matching between source and load in a photovoltaic power system
is generally accomplished by a dc-dc voltage converter, a device which can be
thought of as a variable-turns-ratio dc transformer. The converter requires a
logic circuit with signal inputs from sensing elements in the photovoltaic
cell and load to work properly. The sensing elements monitor changes in

155




9¢T

TABLE XVIII

POWER-BY-LIGHT CELL REQUIREMENTS WITH TORQUE-MOTOR LOADS

Optical Vmp Rmp* Required . Required
Power Per Per Number of Output
Per Cell : Cell Imp Cell Reoils** Series . Voltage
(mW) T°C -(Volts) (mA) (ohms) (ohms) Cells (*%%) (Volts)
21.5 260 0.45 10.0 45 611 . 13.6 (14) 6.30
21.5 25 0.86 10.8 80 315 3.9 (&) 3.44
21.5 =35 1.01 10.4 97 214 : 2.2 (3) 3.03
43+ 260 0.45 20.0 22 155 6.9 (7) ‘ 3.15
43 25 0.86 21.5 40 80 2.0 (2) 1.72
43 -55 1.01 20.9 48 54 1.1 (2) 2.02
86++ 260 0.45 40.1 11 39 3.5 (&) 1.80
86 25 0.86 43.0 20 20 1 @ 0.86
86 -55 1.01 41.7 24 14 0.6 (1) 1.01
1724+ 260 0.45 80.3 6 9.7 1.7 (2) 0.9
172 25 0.86 86.0 10 5 0.5 (1) 0.86
172 =55 1.01 83.4 12 3.4 0.3 (1 1.01 .
* = Vmp .
Rup = + 2 fibers/cell
Imp

K% Parallel-aided coil configuration + 4 fibers/cell

Kk Next highest integer 4 8 fibers/cell



max imum-power-point current and voltage and allow the logic controls to take

corrective action on the dc transformer-turns ratio and re-establish the best
impedance match. The approach to stabilizing power transfer in a generator-

load pair is often referred to as maximum~power tracking.

In the examples of Table XVIII, a voltage converter has to be used with a
current regulator to maintain torque-motor current at the rated value. The
converter also has to be able to handle the factor-of-6 impedance mismatch
over the temperature range of application. As temperature is changed, the
voltage converter would establish best imedance match and change the level of
optical power incident on the photovoltaic cells and generated primary
current, In this way, the minimum optical power would be used at each temper-
ature to operate the load, and efficiency values of Table XV could be
approached., Of course, impedance matching and current regulation will require
additional electrical power which must be factored into overall system
efficiency., Furthermore, additional fiber optic feedback is required to
change optical power sent to the photovoltaic array.

Solid-state dc voltage converters with efficiency as high as 957 are
readily available for photovoltaic power systems operating at hundreds of
volts and power levels of one kilowatt or more (Ref. 36). Special converters
can be designed for systems at 24V levels at 100W (90% efficient) (Ref. 37).
As output voltage and power decrease further, however, conversion efficiencies
of commercially available voltage converters fall off rapidly. Developmental
devices that will operate with efficiencies of 50%-85% at power levels below a
few milliwatts and at voltages as low as 0.9V, have been reported (Refs. 38
and 39). High conversion efficiency was in part due to the use of capacitor
networks instead of resistor networks to achieve bias control of individual
devices. It must, however, be pointed out that only high-~impedance loads
(> 100 kobms) were tested with this converter and power efficiencies decreased
as the load impedance decreased. It remains to be seen if a similar kind of
converter can be made to operate well with moderate-to-low-impedance loads as
shown in Table XVIII,

A basic requirement of impedance matching in the power-by-light applica-
tion of this study is that the circuit itself must operate over the =54°C to
260°C photovoltaic temperature range. This would require use of GaAs-based
devices rather than the usual silicon or germanium devices. A special design
and development effort on a voltage converter based on GaAs would be required
to accommodate (1) both low and high-temperature operation (2) matching of low
electrical powers (5 mW to 5W) at low voltage into relatively low-impedance
torque-motor loads, (3) rapid response under pulse-width modulation (up to 2
kHz rate), and (4) high efficiency. In addition, optical feedback would-
require a high—temperature optical source, adequate coupling into a return
fiber and added electronics at the control computer. A current regulator in
the secondary circuit could also be constructed using GaAs devices.
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Since photovoltaic current is not strongly affected for a given photon
flux (especially for the solid-state sources) by temperature variation between
-54°C and 260°C, and the required torque-motor current is temperature insensi-
tive, an alternative power-shedding technique could be applied as the tempera-
ture was lowered from the 260°C matched condition. Using a switching network,
one photovoltaic cell after another could be progressively disconnected and
optical power turned off to the cells. This technique would require feedback
using some kind of temperature sensor and optical fiber to the control
computer which would then disconnect cells via additional fiber optic lines to
photosensitive switches in the cell array. Alternatively, power~shedding
logic incorporating GaAs devices could be on site and be separately powered by
fiber optic lines. The control would be stepwise rather than continuous. As
in the case of the dc-converter approach, implementation would add greatly to
system complexity and cost, and additional efficiency factors would have to be
included in overall system efficiency. Another possibility is photovoltaic
array switching which would involve changing the cell configuration from full
series to series-parallel and full parallel as the temperature is lowered.

The required switching network in this case would be even more complex than
that needed for power shedding.

From the preliminary survey into the question of full-temperature
impedance matching between photovoltaic cells and torque-motor loads, imple-
mentation will require substantial development, be expensive, and will add
considerable complexity to the power-by-light system. Centrifugal-type loads
will require a converter approach that can quickly handle large inductive
impedance swings. Torque-motor loads can also utilize a power-shedding
scheme. The efficiencies of Table XV will be reached only if impedance
matching and current regulation (if needed) is 100% efficient. In the next
section another possibility for a power-by-light demonstration system using a
torque-motor load is discussed.

9.5 Recommended Power-by-Light Demonstration System

In order to achieve system efficiency and thereby reduce optical power
requirements, a technique for establishing impedance match between photo-
voltaic and torque-motor load is required as temperature changes. This is
necessary because photovoltaic output power (at a given optical flux) and
required coil power change with temperature. Section 9.4 had addressed
factors which must be considered in various impedance matching techniques for
changing optical excitation and delivery to the photovoltaic based on cell
characteristics and the needs of the load. Power-by-light system requirements
are such that considerable increases in cost and complexity will result for
contemplated impedance matching schemes. This section addresses the conse-
quences on system efficiency of single-temperature impedance matching of a
GaAs photovoltaic array to a torque-motor load.
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Photovoltaic power output is at its lowest point at the highest applica-
tion temperature, 260°C. This is due to voltage output. For the solid-state
sources the generated curreat will be more or less fixed as a function of
temperature by the optical power arriving on the cells. Because of GaAs band-
gap narrowing, lamp sources are expected to produce larger increases in
generated current as temperature increases. The torque motor requires a
certain value of current for proper functioning, but could withstand a 150%
overdrive in power without damage. Due to a positive temperature coefficient
of coil resistance for the copper wire, maximum electrical power is required
at 260°C. If the photovoltaic cell and torque motor are resistively matched
at this highest application temperature, there will be sufficient power avail-
able at lower temperatures for operating the torque motor. Use can be made of
the I-V characteristics of the cell at lower temperatures to prevent large
current increases.

With no active impedance matching device placed between photovoltaic and
load, these can be simply connected as in Fig. 9-8. A GaAs transient-protec-
tion diode is required to prevent inductive voltage spikes from damaging the
cells. For purposes of illustration a torque-motor requiring 10 mA was
selected as load along with individual laser-diode-~coupled fiber optic lines,
each capable of delivering 21.5 mW of optical power (A = 8200A) to a photo-
voltaic cell (Table XVIII). Resistive matching at 260°C requires that 14
cells be connected in series to provide the 10 mA of current into a set of
torque-motor coils (parallel-aided configuration). With the help of the

Ref. 2 data in Figs. 9-2 and 9-3a and calculated photovoltaic power-conversion
efficiencies for the laser diode source, photocell current-voltage curves have
been sketched in Fig. 9-9 using the maximum-power point (x) and endpoints for
each temperature. Also shown are the torque~motor demand lines at each
temperature (coil inductance has been ignored). The intersection of each line
and the corresponding I-V curve is the operating point for the cell. As
temperature decreases from the 260°C matching point, the cell is placed in a
more short-circuited condition by the coils. Although there is the
possibility of 10-14V maximum-power voltage outputs at the lower temperatures,
the loaded cell can only respond with sufficient voltage to maintain current
near the rated requirements, i.e., the photovoltaic cell is in effect a
current regulated power source. The slight current increase that is generated
at lower temperatures will not pose an operational problem for the load. The
overall effect of single-temperature matching at 260°C is that the higher cell
efficiencies potentially available at lower temperatures by operating at the
maximum-power points can not be realized.

Figure 9-10 summarizes power-by-light efficiencies if (1) 260°C is the
ambient temperature at which the cell and torque motor are resistively matched
and (2) cooling is not required at the ILD to maintain a maximum 35°C source
temperature. The efficiency of optical generation and delivery to the photo-
voltaic can be as high as 4.5% or 9% depending on whether one or two fibers
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are coupled to each ILD. The maximum anticipated photovoltaic efficiency is
shown for the case where operation is at the cell's maximum-power point over
the entire temperature range; i.e., if the cell and load could be matched at
all temperatures without utilizing any additional electrical power. The
uppermost curve shows the temperature dependence of an efficiency factor
resulting from single~temperature matching and reflects the ratio of the cell
operating current-voltage product to the maximum electrical power available
from the cell., The overall photovoltaic efficiency is the product of these
two factors and is shown in the figure and also given in Table XIX. The lower
curves combine optical supply and resulting photovoltaic efficiency for the
case of single-temperature matching. For an ILD with two coupled fibers,
system efficiency should increase from 2% at 260°C to 4.6% at -55°C; however,
with single-temperature matching, system efficiency would fall a factor of 2.5
to 0.8% at -55°C. The factor-of-six resistance mismatch over the temperature
range shows up as a factor-of-six lower system efficiency at -55°C compared to
that possible if full-temperature (and lossless) impedance matching were in
effect,

It is important to note that if a GaAs dc-dc converter could be developed
for high and low~temperature use, its efficiency would have to be greater than
457 over the entire temperature range to offer an overall improvement in
performance over single-temperature resistance matching. Under this condi-
tion, the cell power-conversion efficiency multiplied by converter efficiency
would be 9 to 227%, the same range (but in reverse order) as for matching only
at 260°C (last column of Table XIX).

A significant reduction in the number of required series cells and
increase in system efficiency at lower temperatures will result if the maximum
allowable photovoltaic temperature is reduced from 260°C. If the photovoltaic
is fuel-cooled so that its temperature does not exceed 150°C, calculations
similar to those shown in Figs. 9-9 and 9-10 can be made for single-tempera-
ture matching at 150°C. Table XX summarizes conditions for single~temperature
resistance matching for these two cases. The most notable effect is that the
required number of GaAs photovoltaic cells has decreased from 13.6 (or ~ 14)
to 7.3 (or ~ 7). 1In Fig. 9-11, the expected current-voltage curves are shown
between 150°C and ~55°C along with torque~motor demand lines. Figure 9-12
shows the effect of single-temperature matching at 150°C. The efficiency
factor (upper curve) only decreases about a factor of 3 compared to the factor
of 6 for 260°C matching. With respect to overall system efficiency, signif-
icant improvement is observed at 150°C (about 50%) and -55°C (about 100%)
compared to Fig. 9-10. The reduction in the number of optical lines from 14
to 7 is an attractive feature of restricting photovoltaic cell temperature to
150°C and below. A small bonus is also gained in reduced photovoltaic
diameter in this case.
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TABLE XIX

POWER~BY-LIGHT EFFICIENCIES USING ILD SOURCES

Impedance Resistance
Matched At Matched At
Item CT(°0) A1l T (%) 260°C Only (%)
(a) GaAs Photovoltaic 260 21 21
Power Conversion 125 33 19.9
Efficiency 25 43 14,1
-55 49 8.6
(b) System Efficiency 260 _ 2.0 (1.0)* 2.0 (1.0)
125 3.1 (1.5) 1.9 (0.95)
25 3.9 (1.9) 1.3 (0.65)
-55 4.6 (2.3) 0.8 (0.4)
( )* -one fiber (f) per ILD
TABLE XX

CONDITIONS FOR SINGLE-TEMPERATURE RESISTANCE
MATCHING OF GaAs PHOTOVOLTAIC CELL TO TORQUE MOTOR

Maximum Ambient Photovoltaic

(Based on Rg = 0.04 ohm--cm2
at 25°C)

164

Temperature
Matching Temperature 260°C 150°C
Required Current 10 mA 10 mA
DC Resistance of Coils 610 @ 470 Q
Number of Series GaAs Cells : 14 7
Incident Optical Power 21.5 mW 21 mW
per Cell (A = 82004)

Voltage Output Per Cell

Open Circuit 0.58 V 0.77 V

Maximum Power 0.45 V 0.64 V
Suggested Cell Diameter 2 mm 1.5 mm
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POWER-BY-LIGHT EFFICIENCIES (II)

150°C — MAXIMUM PHOTOVOLTAIC AMBIENT TEMPERATURE
35°C — MAXIMUM ILD AMBIENT TEMPERATURE

100 — RELATIVE EFFICIENCY DUE TO
SINGLE-TEMPERATURE (150°C)
IMPEDANCE MATCHING
GaAs
PHOTOVOLTAIC
EFFICIENCY
10 2 FIBERS/ILD
Q OPTICAL
;’ SUPPLY
5 n 1 FIBERALD
>
w
Q
2 _
LL .
w SYSTEM EFFICIENCY
— 150°C MATCHING
: ONLY .
1 .0 — / R
0.1 L | \ | ] |
-100 0 100 200

TEMPERATURE (°C)

82-12~-2-3

166




Up to this point, no consideration has been given to the effects of
torque-motor inductance on the switching characteristics of the photovoltaic
array. When cells and load are directly connected as in Fig. 9-8, at the
instant the cells are activated, a large inductive reactance will be present
which will impede current flow. The situation is illustrated in Fig. 9-13 for
the simple case of an inductor and series resistance representing a torque
motor with L. ;15 = 0.015 R, ;i For purposes of illustration, the ac cell
resistance was assumed to be small compared to R, ., . For several time
constants after initialization of the light pulse, photovoltaic output current
will increase and approach the dc¢ torque-motor demand current, in this case
I, Since array power output during the transient is not at its maximum
vafue, I, Vmp’ system efficiency will be less than predicted and will depend
on the va?ue of time constant. and the duration of the pulse.

In conclusion use can be made of single~temperature resistance matching
of torque motor to photovoltaic at 260°C and the built-in current regulation
of the photovoltaic to demonstrate power-by-light switching down to -55°C.
This technique offers the advantages of reasonable performance, low cost,
simplicity, and greater reliability compared to more complicated impedance
matching or power-shedding techniques. For a system using laser diode
sources, the overall system power-conversion efficiency, that is electrical in
at optical sources to electrical power consumed at the torque motor, will be
at most in the range, 0.4 to 2%. This does not include source cooling or
optical~power-supply efficiency.

9.6 Suggested Areas for Future Work on Power-by-Light

A summary of power-by-light efficiencies using a semiconductor laser
source was shown in Table XV. 1In the optical power generation and delivery
train,lthe lowest efficiency factor occurs at the source. The laser diode
source was selected for power-by-light control application because of the long
lifetime, high efficiency of coupling to individual fibers, and high system
efficiency under pulsewidth modulation. The ILD E+0 power-conversion effi-
ciency is not expected to improve much above about 207 for a high-power
source. As GaAs and related Group III-V technology advances, progress will be
made in increased LD optical power output and temperature of operation.

Higher optical output is important for generating increased electrical current
in the load. Such sources (quantum-well structures) will be commercially
available in the very near future. Higher LD operational temperature is
important for increased efficiency because the listed laser diode would have
to be cooled to less than 35°C (if the ambient temperature were higher) in
order to preserve the 10,000-hour lifetime. If a maximum ambient temperature
of 125°C is specified for the laser diode, a three-stage thermoelectric cooler
is estimated to be about 12% efficient in removing internally generated heat
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from a thermally insulated ILD placed .in this ambient. Two specific areas for
future work would be (1) development of an efficient method for cooling the
laser diode source (e.g., a microelectronic refrigerator) and (2) development
of technology for higher-temperature LD operation with good efficiency at
high-power levels.

As GaAs III-V semiconductor device technology advances, there is the
possibility that shorter-wavelength solid~state sources can be used in a
power-by~light application. An advantage in using such an optical source
matched to a shorter=-wavelength photovoltaic is that higher voltage output is
possible due to the larger band gap of the absorber. Also, it is possible for
the percentage change in output voltage with temperature to be less with a
higher-band-bap photovoltaic. This would lead to a smaller percentage change
in load resistance with temperature for operation at the PV maximum—-power
point. Balancing these trends is the trend that short-circuit current density
will decrease with increasing band gap. The product of open-circuit voltage
and short-circuit current defines the upper limit of power extraction from a
PV cell, Pushing high-power solid~state laser operation to wavelengths below
7500A will be a difficult task., This is due principally to much more diffi-
cult materials technologies associated with candidate Group III-V ternary and
quaternary materials. Even with a 7500A emitter and a matched photovoltaic,
only about a 0.1V increase in V__ and a 0.l-factor increase in photovoltaic
efficiency at 260°C are expected compared to an 8200A emitter and a GaAs
absorber. Shorter wavelengths would bring additional benefits; however, the
probability of fabricating visible high-power solid-state lasers in the short
term is extremely low. Any additional work on solid-state sources is best
spent on developing present 8200A emitters so that they can operate at higher
optical output and/or higher ambient temperature. Another negative factor in
implementing shorter-wavelength optoelectronics is that glass fiber losses
increase strongly with decreasing wavelength. At 6000A, attenuation in silica
fibers is a factor of 2.3 higher than at 8000A and at 4000A it is nearly a
factor of twenty higher (Ref. 18)., On the other hand, the relatively short
distances typical of aeronautical power-by-light systems and the low attenua-
tion to begin with would not make fiber losses of serious concern unless wave-
lengths were well below 6000A,

The highest power-by-light system efficiency is obtained for the laser
diode and matched photovoltaic converter., The laser diode considered in Table
XV can emit 120 mW of optical power at 8200A using both diode facets. The
electrically generated optical power must be transmitted and converted back to
electrical power. Optical-to-electrical conversion efficiency at the photo-
voltaic will probably not exceed 25% at 260°C or 50% at —-54°C. After fiber
coupling, fiber transmission, and PV cell conversion, the electrical power
available to the load is down to 12 mW (two coupled fibers) at 260°C. Even
with possible advances in ILD output power by an order of magnitude, a single
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channel (source, fiber and PV cell) will be limited to approximately 60 mW of
matched electrical power to the load. If load powers in excess of a few watts
are required, use will have to be made of lower-efficiency lamp sources. Due
to having to operate the lamps and photovoltaic continuously, a large system
efficiency penalty results under pulsed operation., If this penalty is
acceptable, additional work on lamps and coupling to optical fibers is
suggested. It would be interesting to demonstrate whether the values in Table
XV and Figs. 9-6 and 9-7 for the arc and W-X, lamps can be’expérimentally
reached. Future work could involve (1) improvement in the lifetime of the
lamps, (2) optimization of the spectral output of the arc lamp to more closely
match the GaAs photovoltaic, (3) optimization of lamp geometry for high-
efficiency and uniform coupling into fiber bundles, (4) design of appropriate
cooling of the lamps on aircraft, and (5) development of techniques for
coupling a large fiber bundle to a photovoltaic cell for operation between:
-54°C and 260°C. Of particular relevance for a lamp-based power-by-light
system would be electrical storage over the operating temperature range. This
would reduce the duty-factor penalty since electrical power not switched to
the load could be stored and used at a later time. A suitable storage system
is not presently available for operation between -54°C and 260°C.

At load powers in excess of 10 watts, the fiber optic bundle becomes too
large to be practical using lamp sources. New ways to utilize the optical
energy directly, or in the form of heat, may possibly provide higher efficien-
cy and a simplier system or allow use of higher-power sources. One approach
would be to consider use of coherent sources capable of much higher coupling
of optical power into a fiber. Sources such as CO, lasers are attractive in
this respect., Photomechanical effects are known but have been little studied,
and those that have been studied appear to be very weak. Thermomechanical
effects are, however, well known and well understood.” In addition, optical
energy can generally be converted into thermal energy with high efficiency.

If one could develop a thermomechanical actuator instead of an electromechani-
cal one, an infrared power-by-light system built around a 10.6-ym CO, laser
source might be feasible. One noteworthy advantage would be freedom from
impedance matching, either temperature or load induced. A serious drawback is
that special infrared fibers are required. Infrared fibers are non-silica
based and are constructed from materials such as ZnCl,, T1BrI, and KCl which
are much more difficult to fabricate into fibers and use than fused silica.
Protection from moisture is an important conmsideration. Present-day fiber
attenuation is high; however, there is the promise of much lower attenuation
in the future. A further problem is that some form of compensation would have
to exist at the thermomechanical actuator to differentiate between thermal
changes caused by laser radiation and changes caused by a varying ambient
temperature. Another possibility to utilize CO, laser derived thermal energy
would involve thermoelectric generators; however, existing thermoelectric
power converters suffer from low efficiency (a few percent) at elevated temp-—
eratures,
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The calculated photovoltaic efficiencies in Table XV can be achieved if
impedance matching to the intended load is established and there is no expen~
diture of power in the matching circuit, Presently, there is no efficient way
of impedance matching at power levels of 5 mW to 5W using a low-impedance
photovoltaic over the -55°C to 260°C range. Special circuitry and use of GaAs
devices would be required in a dc-dc converter and current-regulator approach.
Such matching would be an absolute necessity for centrifugal armature-type
motors. Torque motors may utilize laser~diode power shedding or electrical
storage as photovoltaic temperature decreases. Implementation of these tech-
niques will add significantly to system complexity. A demonstration system
that utilizes direct connection of cell array to torque-motor load and
impedance matching at the highest temperature will lead to decreased low-temp~
erature efficiency compared to predicted values. This approach has ‘the advan—
tages of simplicity and reasonable performance. Whether continuous or step-
wise impedance matching would be more efficient (and at what price in complex-
ity) constitutes an area of study and development.
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10.0 SUMMARY OF RESULTS (PARTS I AND II)

This report described work aimed at advancing the use of fiber optics and
GaAs high-temperature photoswitch devices for aircraft control systems. The
program was divided into two parts: (1) a developmental program for design,
fabrication and testing of GaAs devices for demonstration of fly-by-light
switching between =54°C and 250°C; (2) a follow-on feasibility study program
on power-by-light -and improved fly-by-light designs for pulse-width-modulated
fiber optic switching of actuator loads. GaAs is better suited for higher-
temperature operation compared to silicon because of its higher energy gap.
The ability to operate at higher temperatures will lead to reduction or elimi-
nation of system cooling requirements for a photoswitch system based on GaAs
devices,

In the hardware part of the program, the breadboard photoswitch circuit
utilized the following GaAs high-temperature devices: (1) a heterojunction
phototransistor (the photosensitive element), (2) a junction field-effect
transistor (JFET) (the power switch) and (3) a junction mesa diode (transient-
protection device). The phototransistor was chosen because it could exhibit
gain (and therefore reduce optical source requirements) and it was readily
fabricated using existing GaAs technology. The JFET device was used because
it had a proven record of high-temperature testing at United Technologies
Research Center and was compatible with pulse~width modulated switching., The
optical path consisted of a high-radiance infrared-emitting diode (A=8360A)
coupled to an optical fiber, two optical connectors, a transmission cable (10
meters), and a fiber optic pigtail for delivering optical power to the
GaAlAs/GaAs phototransistor. High-temperature gold-germanium eutectic brazing
to a metallized optical fiber was used in the process for hermetic fiber
sealing within the phototransistor package.

For demonstration of optical switching, the phototransistor was placed in
parallel with the gate of the JFET power switch, When illuminated, the photo-
transistor exhibited gain and generated sufficient photocurrent (about 1.3 mA
through a 10K resistor) to reduce JFET gate voltage and switch current into a
torque-motor load. The photoswitch system was able to switch up to 100 mA of
current with a stand-off capability of 20V, For optical switching over the
~-54°C to 250°C range, the required minimum infrared emission from the optical
fiber inside the phototransistor package was 240 uW to 510 pW. If allowance
were made for an extra 50% safety factor for operation and for losses in the
optical path, then 650 uW to 1400 pW of optical power had to be coupled into
the fiber at the infrared-emitting diode. If other available phototransistors
with higher gains had been packaged, optical requirements could have been
reduced by a factor of two. Each of three sets of GaAs photoswitch devices
was operated over the specified temperature range and at 250°C for two hours
at 50% duty cycle at 40 Hertz.
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In the follow-on study effort on fly-by-light designs, the same high-
temperature photoswitch design as demonstrated in the hardware phase was
explored further. Improvements could be made to either increase the electri-
cal power switched to the load compared to the demonstrated capability (100 mA
at 20V, or 2W) or simplify the photoswitch circuit for switching at near the
same electrical power for greater system reliability. In both cases the
GaAlAs/GaAs phototransistor remained the key photosensitive device. For
switching up to 0.5A to 1A (10-20W) into a load, higher-current-capability
GaAs JFET's could be used in the delivered system. For optical control of
higher electrical powers (e.g., 6A, 70W) bipolar transistors, similar in
epitaxial-layer construction to the phototransistor, could replace the JFET
power switch. For simplification of the present fly-by-light circuit, the
phototransistor-JFET pair could be replaced with a higher-gain phototransistor
with the option of using higher optical power for activation. Single photo-
transistors could be constructed for switching up to 0.2A (2.6W) or up to 0.5A
(0.75W). The GaAs transient-protection diode would still be required due to
the inductive load.

For a power-by-light system the electrical power required at the torque-
motor must be generated as optical power and transmitted via optical fiber(s)
to a photovoltaic array for conversion 'to usable electrical power. GaAs was
chosen for study as the photovoltaic material because of (1) its high energy
band gap, which leads to higher output voltage per cell compared to silicon,
and (2) the high technological level which allows fabrication of efficient
concentrator solar-cell structures. High system efficiency reduces source
optical-power and cooling requirements. The factors which impact system
efficiency and which were addressed during the study effort on power-by-light
were optical power generation and transmission, photovoltaic design and power-
conversion efficiency, and photovoltaic impedance matching to the torque-motor
load. Electrical storage was not considered due to lack of a system which
could function adequately between —54°C and 260°C.

Optical sources for power-by-light application can include solid-state
emitters and lamp sources like arc and tungsten-halogen lamps. The injection
laser and infrared-emitting diodes can be easily switched on and off in frac-
tions of a microsecond, if necessary, and are directly applicable to pulsed-
width-modulation actuator control. The lamps would have to be operated
continuously and would require an additional fly-by-light optical line and
photoswitch for control of current in the torque-motor circuit. This would be
a more complex arrangement and without an energy storage capability would be
less efficient. Coupling of infrared optical power from each injection-laser
facet is readily accomplished with a single optical fiber. 1In order to
approach their maximum efficiency, the lamp sources and infrared-emitting
diode must be coupled to a fiber bundle with the help of external lenses. Two
fiber types were considered: (1) a soft-glass fiber (core diameter = 200 um,
numerical aperture (NA) = 0.55); (2) a quartz fiber (core diameter = 1000 um,
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NA = 0.3). For the selected lamps the fiber bundle consisted of several-tens
to several-thousands of optical fibers. Calculations were made of the
efficiency of generation and delivery of usable optical power to a GaAs photo-
voltaic absorber for the matched high-power solid-state sources and for
representative xenon short-arc and 3200°K tungsten—halogen lamps. Accounts
were taken of electrical-to-optical pbwer conversion at the source, coupling
to the fiber(s), 10-meter fiber transmission, and loss through two connectors
for each optical path. The highest efficiency, 9%, occured with the laser
diode source. The other sources (and efficiencies) were infrared-emitting-
diode (5%-7%), tungsten-halogen lamps (3%-6%) and arc lamps (2%-5%). Although
the laser diode system was most efficient, it could only deliver 30 mW per
fiber to the photovoltaic. The largest amount of optical power per fiber was
for the case of a 300W arc lamp coupled into a 1000-pm fiber (210 mW at -54°C
photovoltaic temperature to 280 mW at 260°C). This increase with temperature
results because a greater percentage of lamp output is usable by the photo-
voltaic as the GaAs band-gap energy decreases with temperature.

GaAs concentrator solar-cell design is particularly suitable for a high-
temperature power-by-light photovoltaic. The best design has a P/p/n
epitaxial-layer (heterostructure) configuration. Internal cell series resis-
tance is an important factor in determining cell fill factor, power-conversion
efficiency and restrictions on the optical density that can be incident on the
photovoltaic. For solid-state rather than solar sources, some minor changes
in ternary layer composition and thickness or front-contact grid spacing can
be made to produce lower cell series resistance or to expose more photosensi-
tive area compared to the solar cell,

Photovoltaic optical-to-electrical power-conversion efficiency for wave-
- lengths shorter than the GaAs absorption edge decreases with increasing temp-
erature principally because of decreased cell output voltage. The maximum-
power voltage decreases from 1,00V at -54°C to 0.45V at 260°C. The best
photovoltaic power-conversion efficiencies are obtained with matched-wave-
length solid-state sources. At 8200 wavelength, expected efficiencies at the
cell maximum-power points are 497 (-54°C), 43% (25°C) and 21% (260°C). For
the lamps there is a spectrum of wavelengths below the GaAs absorption edge;
therefore, photovoltaic efficiency for usable photon energies is necessarily
less than for the matched-wavelength case.

System efficiency (electrical input at the source compared to electrical
output at the photovoltaic) is highest for the case of the injection laser
diode (2% at 260°C). Best efficiencies at 260°C for the other cases are 1.55%
(infrared-emitting diode), 1.1% (tungsten—halogen lamp) and about 0.8% (xenon
arc lamp). System efficiency for the solid-state sources continually
decreases as temperature increases from -54°C. Because of the increase in
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usable photons from the lamp sources as GaAs temperature increases, the system
efficiency for the lamps increases slightly between -54°C and room temperature
before decreasing at higher temperature. On the basis of maximum electrical
power that could be generated at the photovoltaic due to coupling of omne fiber
to any of the selected sources, the laser diode is the best when using the
200~-ym-diameter fiber (6 mW/fiber at 260°C). The use of a single 1000~-um
fiber and 300W arc lamp can cause 47 mW of electrical power generation at the
photovoltaic. A similar-wattage tungsten—halogen lamp would produce about a
factor-of~8 lower photovoltaic electrical power per fiber optic line compared
to the arc lamp.

In selecting a source for a particular power—by-light application,
consideration must be given to system efficiency (including a duty-factor
penalty for the lamps), photovoltaic power level, source lifetime, source
cooling requirements and power-supply efficiency, and system costs. Experi-
mental difficulties, particularly with optical coupling, management of fiber
bundles, and matching of optical power to series photovoltaic arrays must also
be carefully considered. For up to about 200 mW photovoltaic power, laser
diode systems are preferred. With expected future advancements in laser diode
output power (modulation-doped structures), laser diode system applicability
could extend to lW or 2W photovoltaic pbwer. 1f higher electrical powers are
required, the arc lamp would have to be used.

Calculated photovoltaic efficiencies are attainable only if each cell of
the array is operating at the maximum-power point of its current-voltage curve
with respect to the torque-motor load. As temperature changes, the power
demands of the load and generating capability of the photovoltaic array
change. As a result, some impedance matching device or circuit is required to
re—establish matched conditions as well as regulate current to the torque

‘motor as temperature changes. Conventional photovoltaic impedance matching
utilizes the approach of maximum-power tracking using a dc-dc voltage
converter placed between cells and load; however, there is no available system
that can be used in the power-by-light application considered here. Such a
converter would have to (1) operate between =54°C and 260°C, (2) match at low
electrical powers (5 mW to 5W) at low voltages into relatively low-impedance
loads, (3) have frequency response capability up to 2 kHz, (4) handle up to a
factor-of-6 resistance mismatch over the temperature range, and (5) have high
efficiency. Optical feedback to the control computer would also be required
to change optical power sent to the photovoltaic cells. A torque-motor
current regulator capable of full-temperature operation would also be
necessary. Presumably, an impedance-matching system and current regulator
which utilized GaAs devices could be developed for power-by-light use. A
technique for coarse impedance matching is power shedding. In this case,
optical sources could be turned off and cells removed from the array one by
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one as temperature was lowered. Implementation of any active impedance-
matching technique will greatly increase system cost and complexity. Also,
additional electrical power would have to be generated at the photovoltaic to
operate the impedance-matching circuitry and resident optical source for fiber
optic feedback to the computer.

In view of the difficulties associated with full-temperature impedance
matching, another option investigated was to resistively match photovoltaic
and torque motor at a single temperature, 260°C. At this temperature power
demand by the torque motor is at its highest value and photovoltaic output is
‘at its lowest. As temperature is lowered, the cell current-voltage character-
istics could provide some degree of current regulation for the torque motor.
This is especially true for the nearly monochromatic sources., For an 82004
laser diode source, system efficiency would decrease from 2% at 260°C to 0.8%
at -54°C. This is in contrast to an expected increase in efficiency to 4.6%
if impedance matched at -54°C, The simplicity of this approach is such that a
near—term demonstration of power-by-light for low-frequency torque-motor
control at up to 260°C would be possible,
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APPENDIX 1

BREADBOARD DESCRIPTION

A requirement in Part I of this program was delivery of breadboard
apparatus to demonstrate optically activated switching of current into a
torque-motor load. The hardware delivered to NASA employed GaAs devices which
could operate without the benefit of cooling at up to 250°C. Most of Part 1
of this report is devoted to discussions on the GaAs devices required to '
accomplish this task. This section describes the essential items of the
breadboard. The actual testing procedures and results are described in
Section 6,0,

The demonstration hardware consisted of three major items: (1) a table-
mounted test rack which contained the necessary electronics and fiber optics,
(2) the photoswitch probe assembly, and (3) three sets of GaAs high-tempera-
ture photoswitch devices. A two-meter long wire harness connected the bread-
board to the probe assembly, which could be inserted into an oven or environ-
mental chamber. ’

A front panel photograph of the test rack is shown in Fig. A-1l. The
following items were mounted on the test rack:

Pulse generator for the InfraRed Emitting Diode (IRED).
. IRED in UTRC mount and fiber optic (f-o) pigtail.
Transmission optical cable with f-o connectors.

Storage reel for f-o cable.

Dual dc power supply for JFET gate and JFET drain.
Electrical circuitry for optical switching.
Torque-motor subassembly in housing.

-

.

~N oW N =

1. Pulse Generator

The pulse generator could deliver up to 320 mA into a 50-ohm load. The
breadboard IRED required up to 100 mA of current which was easily supplied
from the pulse generator. . Frequency (0.1 Hz to 20 MHz) and pulsewidth (25 ns
to 100 ms) were adjustable as desired. The photoswitch devices were tested at
40 Hz and 50% duty cycle. The unit was equipped with a pulse-burst mode to
deliver a preset number of pulses to the IRED.
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2. IRED (D2)

The IRED emitted radiation at 8360A., Maximum operating current was 200
mA but less than half was required for sufficient optical output to operate
the GaAs photoswitch devices. The IRED was soldered into a brass housing
which was mounted onto the breadboard panel. Electrical connection to the
pulser was made using a teflon connector (J3) to the device package leads on
the back side. A protection diode (D1) was placed across the IRED to protect
‘against negative voltage transients. A pigtail arrangement for coupling opti-
cal output from the IRED into the breadboard transmission cable was made by
epoxying a polished optical fiber at a position 20 pm above the dome of the
IRED. A calibration curve for the optical power output versus drive current
for this IRED is shown in Fig. A-2. The data were obtained by measuring the
optical power output from the breadboard transmission cable plus another 3-
meter cable and connector to simulate the phototransistor pigtail. The
measured values were the best estimate of the optical power emission from the
fiber inside each phototransistor package.

3. Fiber Optic Cable and Connectors

The optical cable and connectors were located on the front side of the
" breadboard rack. The panel optical path consisted of IRED, IRED pigtail,
connector sleeve, 10 meters of transmission optical cable, and connector
sleeve for conmecting to the phototransistor pigtail,

4, Storage Reel

The ten meters of optical cable were wrapped around a plastic reel on the
front panel for storage.

5. Dual dc Power Supply

This power supply provided both JFET gate voltage (left side of supply)
and JFET drain voltage (right side). Breadboard operation required -12 to
~13V on the JFET gate (depending on device) and about +18V on the JFET drain
to provide 80-mA rated current to the torque-motor coils and load resistor
(R3).

6. Electrical Circuitry for Optical Switching

The circuitry for optical switching was located on the back side of the
panel. A ribbon connector (J1) on the lower right side of the front panel
provided contact to the probe assembly by way of an intermediate extension
harness. The breadboard circuit diagram is shown in Fig. A-3, and listings of
principal electronic parts and J1 pin designations are shown in Tables A-1 and
A-11,
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R1
R2
R3
R4
R5
R6
D1
D2
D3
s1
J1
P1
J2
P2
J3
J4
J5
P5
Ju-1

TABLE A-1

PHOTOSWITCH BREADBOARD ELECTRICAL PARTS

30-ohm IRED load resistor

10-ohm IRED current-monitoring resistor

190-ohm Torque-motor load resistor

9.9-ohm Drain-current-monitoring resistor

10K-ohm Gate resistor

998-ohm Gate-current-monitoring resistor

IN4450 Reverse-bias protection diode for D2
Hitachi HLP-50 IRED (X = 83604)

1N4450 Phototransistor protection diode

Rotary switch for JFET selection

Female chassis connector

Male cable connector

Female cable connector

Male connector on high-temperature probe assembly
Teflon socket for IRED

Cable end from pulse generator

Female connector mounted to the torque-motor housing
Male cable connector to torque motor

Jumper to select diodes in TO-5 package

Torque Motor Coils ~ 32 ohms each coil
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TABLE A-I1

J1 PIN DESIGNATIONS ON PHOTOSWITCH BREADBOARD

Pin Function

1 [

2 Ground for diode TO0-5 package

3 GaAs diode substrate (common cathode)
4 GaAs 5-mil diameter diode (anode)

5 GaAs 7.5-mil diameter diode (anode)

6 GaAs 10-mil diameter diode (anode)

7 GaAs JFET drain (small device)

8 GaAs JFET drain (medium device)

9 GaAs JFET drain (large device)

10 ———

11 ———

12 ———

13 Ground for wire braid and high-temperature probe assembly
14 Ground for JFET TO-5 package

15 Ground for phototransistor assembly
16 GaAlAs/GaAs phototransistor collector
17 GaAsAs/GaAs phototransistor emitter
18 GaAs JFET substrate gate (common cathode)
19 GaAs JFET source (small device)

20 GaAs JFET source (medium device)

21 GaAs JFET source (large device)

22 ——

23 ———

24 —-——
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Figure A-4 shows the configuration of breadboard devices used for
demonstration of optical switching. Current through the torque motor was
controlled by switching the voltage on the JFET gate. A negative gate pinch-
off voltage of =12 to -13V was required for the supplied JFETs to switch off v
drain current; a near-zero voltage turned the JFET into the on-state. The
off-state resistances at 250°C for the phototransistor and JFET were used to
determine the value of R5 (R5 = 10K) so that at 250°C all but a maximum of
1 volt of the gate power supply voltage could appear at the JFET gate and
emitter of the phototransistor. This corresponded to a maximum of 100 pA of
offstate current that could flow principally through the JFET gate. If off-
state currents were to increase, then R5 would have to decrease to maintain a
proper off-state power supply voltage at the JFET gate. When the photo-
transistor was illuminated, its resistance decreased and photogenerated
current, up to about 1.4 mA, flowed through the phototransistor and R5. With
sufficient illumination, the emitter voltage dropped below -0.5V as the photo-
transistor resistance became much lower than R5. This pulled the JFET gate to
the same voltage value and turned the JFET switch on. From this discussion,
it follows that the higher the value of R5 that can be used, then the lower
the optical power requirements at the phototransistor. The one-volt drop
across R5 was arbitrarily set and represents the maximum JFET gate overdrive
for lower-temperature operation.

In order to protect the JFET drain when current was switched off to the
inductive load, a GaAs transient-protection diode was placed across the
torque-motor coils and R3. R3 was added to demonstrate the voltage capability
of the photoswitch system. Not shown in Fig. A-4 but included in Fig. A-3 and
on the breadboard was an optional silicon diode, D3, which was placed across
the phototransistor terminals at the breadboard to protect against positive
voltage transients at the emitter terminal. Positive voltage at E will damage
the phototransistor. The drain current was obtained by measuring the voltage
across R4; JFET gate current was obtained by a differential high-impedance
voltage measurement across R6.

7. Torque-Motor Subassembly in Housing

Actually, this part was a torque—motor projector-jet feedback spring
subassembly used in Abex valves. The coils were wired in parallel to give an
overall 16 ohms dc resistance. These coils were rated at 40 mA each or 80 mA
total. Since there was no restoring force on the spring, one was artifically
provided by placing an iron slab at the base of the coils. The position of
" the slab could be adjusted with respect to the coils to control the oscilla-
tion. Breadboard photoswitch testing was carried out at a coupling level so
that wand oscillation was visible through the cylindrical lens without being
driven against internal electromagnet stops.
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8. Three Sets of GaAs High-Temperature Devices

A device set for demonstratlng photosw1tch1ng into inductive loads
consisted of a photosensitive element (GaAlAs/GaAs phototransistor), the power
device (GaAs JFET) and a GaAs transient-protection diode to protect the drain
of the JFET device. One device set was shown in Fig. 4-6. The GaAs JFET and
diode were sealed into TO-5 packages. The phototransistor was mounted on a
TO-5 base which was sealed to a stainless steel cap assembly having an inter-
nal, metallized, fiber-to-tube, hermetic seal. The end of the fiber was posi-— -
tioned just above the photosensitive area of the phototransistor. Fiber pro-
tection tubes extended away from the cap to the room—temperature end where the
f-o pigtail was internally sealed to the tube with epoxy. A chromel~alumel
thermocouple was also spot welded to the phototransistor T0O-5 base. The
photoswitch system was fully qualified for operation between -55°C and 254° c.

In each TO-5 package for the GaAs transient-protection diode and JFET,
there were three possible devices, referred to as small, medium, and large
(size). 1In the case of the diode, the device that was tested on the bread-
board was the small diode (115-pm mesa diameter), which had been set by jumper
JV-1 (see Fig. A-3). 1In the case of each of the three JFET packages, only the
small JFET device was .usable; the medium and large JFET's were either not
wired or not functional. There was a JFET selector switch on the front panel
of the breadboard which had to be set to S (small) to connect the proper JFET
leads to the breadboard circuitry.

9. Photoswitch Probe Assembly

Figure A-5 shows the probe assembly including mounted photoswitch
devices. The phototransistor assembly sat inside a slot on the probe. The
thermocouple leads ran out along the fiber protection tubes. A brass clamp
(not shown) held the tube and probe at a position just before the shrink tub-
ing on the outer protection tube. A stainless-steel cover tube locked onto
the probe over the devices. The probe was designed so that the cover tube
would fit inside a temperature-controlled environmental chamber, oven or low-
temperature dewar. An opening with a diameter of at least 2.9 cm was required
for the probe. Only the cover tube and a small length of the larger-diameter
stainless-steel protection tube were to be heated or cooled. The aim was to
keep the epoxy-fiber-seal area at the brass clamp to as near room temperature
as possible.
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APPENDIX II

LIST OF SYMBOLS

ampere(s)

angstrom(s)

JFET junction area

air mass

photovoltaic area

phototransistor collector current
continuous wave'operation

JFET drain contact

diameter

decibel(s)

direct current

fiber core diameter

diameter of base of light core, 100 pm away from fiber end
fiber diameter, cére plus cladding
phototransistor emitter contact
average energy of incident photons
electrical-to-electrical conversion
electrical-to-optical conversion

optical fiber with core diameter of 1000 um
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LIST OF SYMBOLS (Cont'd)

f optical fiber with core diameter of 200 um
FET field-effect transistor

FF photovoltaic fill factor

f-o fiber optic

G JFET gate contact

g : phototransistor optical gain

h Planck's constant

1 electrical current

Ip JFET drain current

14 defect current at heterojunction
Ipgat JFET saturation drain current

Ig emitter phototransistor current

Ic JFET gate current

I v phototransistor emitter-base injected current
ILD injection laser diode

Imp ; photovoltaic maximum-power voltage
Ip phototransistor photocurrent

IRED infrared-eﬁitting diode

Ioc photovoltaic short-circuit current
I-v current-voltage

1R power dissipation through resistor
JFET junction field-effect tramsistor
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LIST OF SYMBOLS (Cont'd)

Jmp photovoltaic maximum-power current density
Jse | photovoltaic short-circuit current density
K thermal conductivity
k Boltzmann's constant
Kg dielectric constant
L diffusion length of minority carrier
L semiconductor absorption depth
Leoils inductance of torque-motor coils
LD | laser diode
Lg distance through substrate to infinite heat sink
N GaAlAs electron carrier concentration
n GaAs electron carrier concentration
-t GaAs electron carrier concentration (degenerate)
NA numerical aperture éf optical fiber
ng diode ideality factor
Nph o number of photons incident on photovoltaic
nph(Eg) incident number of photons/second/area of p-n junction with
sufficient energy to generate electron—hole pairs
P GaAlAs hole carrier concentration
p GaAs hole carrier concentration
p+ GaAs hole carrier concentration (degenerate)
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PR

PT

PV

coils

rd

rf

LIST OF SYMBOLS (Cont'd)

photovoltaic power-conversion efficiency
electricai power dissipation in diode
optical power incident on photodevice
photoresist

phototransistor

photovoltaic

fraction of photogenerated carriers collected in
photovoltaic

charge of current carrier

reflection coefficient

reéistance of torque-motor coils

radius of protection diode

resistance factor for photovoitaic cell

JFET gate resistance (dc) to source
photovoltaic maximum-power load resistance (dc)
resistor in Case-I photoswitch circuit
photovoltaic internal series resistance (ohm-cm? )
resistor in Case-II photoswitch circuit

JFET source contact

second(s)

temperature
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th

tp

tq

UTRC

VMIS

VMOS

LIST OF SYMBOLS (Cont'd)

thickness

thickness of phototransistor base layer
thickness of n-type material in channel of JFET
thickness of n-type material under drain of JFET
depletion thickness of p*-n junction

United Technologies Research Center

volt(s)

diode breakdown voltage

built-in voltage of p-n junction

JFET drain voltage

JFET gate voltage

vertical metal~insulator-semiconductor (device)
vertical metal-oxide-semiconductor (device)
photovoltaic maximum—-power voltage

photovoltaic open-circuit voltage

JFET pinch-off voltage

watt(s)

atom fraction of Al in Gal_xAles

halogen

JFET gate width
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0l3a
Klld
Rl4a
D7s
M8s
Hés
Dls
D2s
D3s

See Table A-I for symbols used in the breadboard circuit diagram (Fig.

absorption coefficient for light in semiconductor

transistor common-emitter current gain

LIST OF SYMBOLS (Cont'd)

permittivity of free space

~ q/KT

wavelength

ratio of photovoltaic electrical power output to optical
power arriving per unit area

frequency

ohm(s)

Delivered High-Temperature Photoswitch Devices

GaAlAs/GaAs phototransistor
GaAlAs/GaAs phototransistor
GaAlAs/GaAs phototransistor

GaAs
GaAs
GaAs
GaAs
GaAs
GaAs

JFET
JFET
JFET
transient-protection diode
transient-protection diode
transient—prbtection diode
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