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ABSTRACT

Optoelectronic techniques were used to develop a new type of
photon-coupled integrated circuit. This device, called the
photon-coupled isolation switch, uses internal photon generation and
Jdetection to provide electrical isolation between the driving sources
and all other terminals of the switch. The isolation switch combiies a
imonolithic silicon (Si) integrated drivii circuit, a galliu:a arsenide
(GaAs) photon-emitting diode, and a Si phototransistor in a single
integrated-circuit flat package. The driver circuit delivers biuas to the
photon-emitting diode and, with DTL circuitry, provides for up to
10 inputs. The emitting diode 1s optii ally coupled to the electrically
isolated phototransistor which provides the output-switch terminals.

The input-signal requirements for the driver circuit are designed
to complement the outputs of conventional digital integrated
circuits, with an input of one volt or less ensuring non-conduction
between the output terminals and an input of three to six volts
producing conduction. The output terminals conduct up to 10 mA
with less than 0.6 V drop. Isolation between the output and other
terminals is at least SO V with a capacitive coupling of only three pF
typically. Total rise and fall times of ihe isolation switch are less than
10 and 100 us respectively. Unlike transformers, the isolation switch
can be activated for an indefinite period. The supply requirement is a
single 4 + 0.5 V source, with maximum circuit dissipations of | mW
and 200 mW in the non-conducting and conducting states
respectively. The operating case-iemperature range is -27°C to
100°C. The lack of moving parts allows the device to operate in
extreme mechanical ¢nvironments.

As indicated by these characteristics, the solid-state isola’ on
switch is suitable for use in place of mechanical switches, relays, o d
pulse transformers in advanced-design equipment. The new device
can be used to activate power to a number of stages without the
introduction of noise due to grcund loops in the power circuitry.
This development of the isolation swiich represents a further step in
component miniaturization, as the driving and relay functions are
enclosed in a single, small integrated-circuit package.
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SECTION 1
INTRODUCTION

Electrical isolation, such as is obtained using a transférmer, offers the highly desirable
capability to couple signals between circuits operating at different dc potentials and to minimize
grouna-loop currents produced with direct connections. This four-terminal network operation is not
av-lable in most integrated circuits, however, because it cannot be provided effectively with
convention.l processing techniques. A technique which has successtully provided isolation consists
of using photon coupling between a solid-state photon emitter-detector paiur.ll’2 The most efficient
signal coupling between an optical pair has been obtained using a gallium arsenide (GaAs) PN
junction emitting diode with a silicon (Si) PN junction diode, both of which have responses peaking
near 0.9 um at 25°C, The process technologies for these semiconductor materials are also highly
advanced. Devices which have been deveﬂoped2’3 using photon coupling include an isolated-input
transistor, an isolated-gate PNPN-type switch, a multiplex switch requiring no driving transistor, and
an isolated-input pulse amplifier.

Under this development program, photon coupling was used in a new type of device consisting
of a DTL gate having isolated output terminals, This three-chip isolation switch combines a
monolithic Si driver circuit, a'GaAs emitting diode, and a Si phototransistor. Inputs (up to 10) are
applied to the driver circuit which supplies forward bias to the GaAs diode. The emitting diode is
optically coupled to the phototransistor, using a high-refractive-index glass. The output transistor is
thereby electrically isolated from the driving sources. This development program was divided into
two phases. In Phase I the driver circuit was designed and the emitting diode-phototransistor pair
(GaAs switch) was developed. In Phase II the driver circuit ‘was integrated in a monolithic Si wafer,
and the complete isolation switch, combining the driver circuit and GaAs switch, was assembled in a
miniature integrated circuit flat package.

As described for Phase I in Section Il of this report, the basis for the driver circuit design was
paramet.r data measured for another photon-coupled integrated circuit switch, the Texas
Instruments type TIXL106, formerly the SNX1304. A number of circuit arrangements were
considered for the driver circuit. For the selected circuit a worst-case design was performed to
evaluate the available current bias for the emitting diode. A standard type of GaAs emitting diode
was employed for the device, namely, the one used in the TIXL10.. From the calculated values of
diode bias current and known emission-efficiency characteristics, the available photon intensity was
derived. This directly indicated the gain required in the phototransistor, and additional calculations
were made to select the other parameters. Fabricated phototransistors and GaAs switches satisfied
the design goals. Life-test data, as discussed in the section, indicated only small parameter changes
in the GaAs switch for almost 12,000 hours of continuous operation. Proton radiation of rela:ed
devices also indicated that this should have a negligible effect on the isolation switch.
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Phase Il of the program is described in Section Ill. The layout and processing steps for the
driver circuit and assembly steps for the isolation switch are discussed. Test results showed that the
isolation switches met the design specifications.

1N by s
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SECTION 11
DESIGN OF ISOLATION SWITCH AND DEVELOPMENT OF GaAs SWITCH
A. ISCLATION-SWITCH DESIGN
1. Functional Description

A black-box representation of the isolation switch is shown in Figure 1. Ten inputs are
provided to the driver circuit in the preferred configuration. Application of an input voltage, Vi,
above some minimur value to all inputs results in delivery of a significant forward-bias current to
the photon-emitting diode. This is denoted the *“1°° condition. With this bias applied, photons are
emitted which are collected by the phototransistor, increasing the conduction between the collector
and emitter (output) terininals as would an application of a base current. For some small Vy applied
to one or more of the inputs the bias to the emitting diode becomes negligible, and the
phototransistor conducts only its leakage current. This low-current tnode is considered the “0”
condition.

PHOTON-EMITTING DIODE

DRIVER

CIRCUIT
OUTPUT, Vee

CA19350

Figure 1. Photon-Coupled Isolation Switch
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The current which can be conducted by the transistor is the product of an effective base
current and tlie cuirent gain. As with most diffused transistors, the forward common-emitter
current gain is significantly greater than the reversc gain. The transistor is thus substantially a
unilateral switch.

2. Specifications and System Considerations
The design-goal specifications for the isolation switch are given in Table I. It can be noted that

the input specifications complement the output characteristics of standard RTL-DTL-TTL circuitry.
Each of these circuits uses a transistor which saturates to ground in the output; thus they can sink

Table [.  [Isolation Switch Specifications

Value
Parameter Symbol Conditions Min Max Unit
Input Voltage: .
at “1” level Vll 3.0 6.0 \%
at “*0" ievel Vﬂ 0 1.0 \Y
Input Current: /
at 1" level I VII =6V 50 BA
at “C" level I Vu =01V -1.0 mA
Output Saturation (ON) y
Voltage VCES Vll =3V, JIC = 10 mA 0.6 \Y
Output (ON) Current Ic Vll =3V, VCES =06V 10 mA »
Output Leakage (OFF)
Temp.=+25 C 0.1 4A
Temp. = +100°C 20 sA
]\_
Output Breakdown Voltage BVCEO V[I =0V, HC = 100 wA 35 A%
Isolation Capacitance /
(between output and all
other terminals) Ciso freq = 1.0 kHz 10 pF
Switching Times:
Turn ON 4 (See Figuie 2) 10 Ms
Turn OFF ty (See Figure 2) 100 us
Noise Transmissibility v, (See Figure 3) 2.0 \%
Power Dissipation: ’
Switch ON PON vi=3y, IIC =0 200 mW
Switch OFF PoFF Vi=0V,1e=0 1.0 mW o
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currents for the low-input ““0” conditions of the isolation switch, From Table I the “0” input level
is specified as 0 to 1 V, for which the prior stages supplying 0" inputs must sink a total of up to |
mA. The “1” input level of 3 to 6 V requires less than 50 uA from the prior stages. The output
saturation voltage of the phototransistor is a maximum of 0.6 V while conducting up to 10 mA,
With this output-switch characteristic the device could be used to activate power to a number of
circuits. The phototransistor leakage current is a maximum of 20 uA at 20 V, with a breakdown
voltage of 35 V or greater. Capacitive coupling between the output leads and all other terminals of
the switch must not exceed 10 pF. In addition, it is intended that the device be designed to
withstand isolation voltages of up to 50 V. The switching times are specified as a8 maximum turn-on
time of 10 us and turn-off time of 100 us, measured with the circuit in Figure 2. A parameter which
measures the effectiveness of the phototransistor in the “0” (off) state in isolating noise signals
from the output circuitry is called the noise transmissibility, measured with the circuit in Figure 3.
The isolation circuit operates with a power-supply potential of 4 + 0.5 V and over the
case-temperature range of - 20°C to +100°C. Power dissipation must not exceed 200 mW in the “1”
state and 1 mW in the “0” state,

3. Design Considerations

Some preliminary design observations can be made from the specifications. The multi-diode
gates used in the inputs of DTL circuits or multi-transistor gates of TTL, might satisfy the input
specifications of the isolation switch. The generally greater leakage current of the transistor gates,
due to inverse current gain, could preclude the use of this arrangement.

cc +20V

ll@mA

PULSE GENERATOR ISOLATION SWITCH

—p=
—

43V ————

CAf6234

Figure 2. Switching Time Test
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+20V
v
cc 10 K
PROBE CAPLCITANCE < 10 pF
INPUT I £
PHOTONCOUPLE DUAL BEAM
ISOLATION
= SWITCH lE SCOPE l_._
-

PULSE

GENERATOR _L

WAVEFORM AT

6 Vmm — =
EMITTER OUTPUT F Ims —of t =tS 20ns
r

3

|
WAVEFORM AT ve NG
COLLECTOR OUTPUT T Vo

CA16235

Figure 3. Noise Transmissibility Test

Considering the small available supply voltage, a single saturable transistor should be used in
series with the emitting diode. The sum of their voltage drops is likely to be a significant part of the
available voltage. The +12.5 percent supply-voltage range could result in a significantly greater
emitting diode current tolerance.

Diffused resistors have a generally positive temperature coefficient, their values increasing with
increasing temperature, Conversely, the emitting efficiency of GaAs diodes has a uegative
coefficient. Use of this resistor for current limiting produces less current for the emittii.g diode in
the face of a ralling efficiency with increasing temperature, Thus the worst case for photon emission
is at the greatest operating temperature. This situation is offset somewhat by the positive
temperature coefficient of the curient gain of typical Si transistors. The positive temperature
coefficient of diffused resistors also produce the worst case for power dissipation in the “1”
condition at the lowest operating temperature.

4. Driver Parameter Data
a. General

Evaluation of various. potential circuit arrangements can be conducted from a thorough
characterization of the driver circuit components and emitting diode. It is intended that a

triple-diffused IC technique be uscd for fabrication of the driver circuit. Parameter evaluation of
this type of IC processing was conducted on the IC of the optically coupled isolator, TI-type

RN PO T
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TIXL106. The :C of this device has emitter-, base-, and collector-type diffuscd resistors and
enlarged (NPN) transistors as required for the current levels of the isclation switch, The emitting
diode characterized is also that used in the TIXL106. This diode is appropriate for use in the
isolation switch.

b. Resistor Characteristics

Preliminary data for resistors made simultaneously with the emitter, base, and collector
diffusions are shown in Table II. Evaluation of the data indicated preference for the base-type
diffused resistors if a single type were chosen for all resistors in the driver circuit, provided the area
required on the IC wafer for any large-value resistors would not be excessively large. The base-type
resistor has the smallest temperature coefficient of resistance of the three types, which would
permit a greater tolerance for all other important parameters in the circuit. In addition the base
sheet resistance can generally be controlled to a closer tolerance. A more thorough evaluation of
base-type diffused resistors is given in Table 1ll. This consists of 10 base-type resistors measured at
11 temperatures covering the range of tr« n - 30°C to +125°C. The typical resistance-temperature
characteristic for the base-type resistors : . shown in Figure 4. For the values of each of the resistors
in Table [II normalized to 25°C values, the maximum range for all resistors at - 20°C and at +100°C
was only £+0.7 percent. Smaller ranges are indicated at th. temperature points between - 20°C and
+100°C. This indicates the good uniformity obtained with the base-type resistors. From the data,

Table 1I. Resistance at Several Temperatures for Diffused
Resistors in the TIXL106

Emitter Type Base Type Collector Typs

T= ° o ° °

Unit | o | %°C | 100°C -20°c | 26°c | 100°c | =26°c | 28°c | 100°C

A1l 16.4 18.0 199 | 436K | 450K | 498K | 127K | 188K | 246K
A2 18.3 166 18.7 334K | 452K | 504K | 142K | 186K | 278K
A3 16.0 174 18.8 480K | 496K | 582K | 130K | 160K | 263K
A4 156 16.9 18.1
AS 16.9 17.3 19.4
A8 16.9 171 19.4
A7 16.6 16.8 18.7
AB 16.7 16.7 18.1
B1 24.5 26.4 30.5
B2 22.5 245 28.2
B3 24.0 26.1 20.8
B4 23.0 25.1 28.7
85 23.5 25.6 29.3
B6 236 25.9 28.2
87 22.8 24.7 28.1
B8 23.0 246 284

Values in Ohms

T
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Table 111. Resistance in Ohms of Base-Type
Diffused Resistors as Function of Temperature

Temperature
unit | =30°c | =25°c | =20°c | =10°c| o°c | 25°c| 40°c| e0°c| 80°c| 100°c | 125°¢

1 | 1962 | 1956 | 1961 | 1974 [1993 (2069 [2112 |2188 | 2272 | 2364 | 2488
2 | 1828 | 1830 | 1833 | 1846 |1864 1919 |1963 12030 2106 | 2188 | 2301
3 | 2012 ] 2714 | 2019 | 2031 |2044 |2099 |2144 2215 |2286 | 2377 | 2600
4 | 1968 | 1971 | 1976 | 1990 |2008 (2073 |212%1 |2193 | 2277 | 2268 | 2386
5 | 1886 | 1888 | 1892 | 1907 | 1924 [1985 |2033 2102 | 2177 | 2268 | 2386
6 | 1855 | 1957 | 1960 | 1973 [1991 2052 | 2099 12172 | 2262 | 2341 | 2462
7 | 17821 1785 | 1791 | 1808 (1827 | 1888 | 1936 [2004 | 2081 | 2166 | 2278
8 | 2038 | 2039 | 2042 | 2054 |2073 {2136 |2182 | 2265 | 2337 | 2426 | 2548
9 | 1969 | 1972 | 1976 | 1988 | 2003 {2068 | 2102 |2171.| 2260 ; 2337 | 2451

10 | 1978 | 1982 | 1986 | 2002 | 2023 12090 2138 | 2212 | 2287 | 23856 | 2607

the temperature-coefficient limits for design of the driver-circuit (base-type) resistors can be
expressed in terms of the resistances at - 20°C and +100°C, relative to that at 25°C, as follows:

0.948 < R(-20°C)/R(25°C) < 0,962
1.132 < R(100°C)/R(25°C) < 1.149

where R(T) is the resistance at temperature T.

Other approaches, such as the use of low-temperature-coefficient thin-film resistors, could
provide improvements in future modifications of the driver circuit.

¢. IC Transistor Characteristics

Current Gain, Forward, common-emitter current gains for the IC transistors at collector
curtants of 1, 7, and 30 mA at ~20, 15, and i00°C are given in Table IV, Current gains are
substantially greater at the highest tempcerature. This is of importance for the driver circuit, since
the minimum base current also occurs at the highest temperature, due to the positive-temperature
coefficients of the ditfused resistors.
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Figwe 4. Typical Resistance-Temperature Characteristic

Base-Emitter and Collector-Emitter Voltages, Precise evaluation of the base-emitter
forward-diode voltage-drop, VRE, and the collector-emitter saturation voltage, VCE, characteristics
requires consideration of the effects of all three (base, emitter, and collector) transistor currents.
Analysis indicates that a convenient form for the data would be measurements at specific emitter
currents for multiple ratios of collector-to-base currents, due to the fact that VBE and Vcgg are
relatively slowly varying functions of these variables.

The test circuit used to characterize the voltage characteristics of driver-circuit transistors is
shown in Figure 5. In this test circuit, common-base connections of PNP transistors are used as
constant-current sources for the base and collector currents of the transistor under test. Emitter
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Table IV. Forwa-d Current Gain Characteristics
for Transistors on the TIXL106

T==20°C 26°C 100°C

hee | Mee [ MPe | Mee | MPe | Pre | Mee | MPe | Mre
Unit lc- 1TmA | 7mA (|30 mA ‘C' 1mA| 7mA |30 mA lc- tmA| 7mA |30mA
a1 118 118 | 79 162 169 | 114 204 222 | 182
Q2 36 44 | 35 60 70 | 87 119 108 | 102
Q3 133 133 | 86 173 175 | 126 212 260 | 178
Q4 ) 80 | &8 100 109 | 81 147 186 | 119
Qs 70 78 | 86 91 103 | 77 141 160 | 113
Q6 80 77 | 54 102 103 | 76 133 142 | 106
Q7 106 93 | 75 143 162 | 100 222 | 222 | 1858
Veg =2V

0-60 V POWER

SUPPLY TEST UNIT

200 0

.. 250

5 V POWER 4.7 k2 (A

SUPPL.Y

SC09896

Figure 5. Test Circuit for Characterization of Driver Circuit Transistors
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current is measured with meter A. Meter G is an electronic null meter. Resistors Rg and Re are
precision decade resistance units. Voltages Vg and VgEg are measured using a voltm:ier with an
input impedance of 200 megohms. These voltages are measured as functions of the ratio cf
coilector o-base currents I/l and emitter current Ig.

The measurement procedure begins with the selection of lC/IIB. Resistors Rg and R are set so
that RB/RC is equal to lC/lB. Then the variable power supply is adjusted to set the desired emitter
current Ig. The 200-ohm and 25-ohm variable resistors are adjusted to null meter G. Usually, after
the power-supply and nulling-resistor settings are touched up, a group of similar transistcrs may be
tested with no further adjustments, In practice the test units, in an environmental test chamber, are
switch-selected for connection to the external test circuits. Tables V, VI, VI1I, VIII, and IX give
transistor Vogg and Vg results. The particular I and HC/HB values are appropriate to the circuit
analyses for lower- and higher-current transistors, Included are data for very-low-current conditions,
as for the transistor-input gate of the TTL-type circuit.

For a diode-input gate it would be appropriate, for uniform results, to produce the diode from
a similar NPN transistor having the base and collector terminals in common. Leakage data for such a
connection are shown in Table X.

d. Emitting-Diode V-l Characteristics

The forward-voltage-current, Vp-lp, characteristics of typical planar-diffused GaAs
photon-emitting diodes, as used in the TIXL106, are given in Table XIl. The diodes were evaluated
at 6 current levels at - 20, 25, and 100°C,

As will be described in the worst case analysis, the photon emission can be closely 1elated to
the voltage applied to the emitting diode. Shunt impedance effects cause variations in the diode V|,
- Ip characteristics in the low current region but do not affect the Vp-photon emission relation.
Tests on GaAs switches indicate negligible photon emission in the off-condition, and thereby
negligible increase in phototransistoi leakage current (compared to the 10 uA maximum leakage
specified), for diode forward voltages of no more than 0.89, 0.80, 0.70 V at - 20, 25, and 100°C,
respectively.

5. Circuit Design
a. General

There are a muititude of potential driver-circuit arrangements. Many of these are eliminated
with the conclusion, in the following section, that a diode-gate input circuit should be used.
Elimination of additional potential circuits of various arrangements is based on analyses with the
characterization data and confirming measurements with breadboard circuits. No satisfactory
arrangement for a type of constant-current circuit, for biasing of the emitting diode, could be
derived which would operate with the minimum supply voltage of 3.5 V without a significantly
greater power dissipation in the off-condition than the specified | mW, Thus the biasing current is
resistor limited, with a transistor switch in series with the emitting diode which is driven into
saturation, as discussed previously.

11
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Table X. Leakage Currents for Diode-Connected NPN Transistors*

Device °R (nA)

1.0
8.6
8.3
1.1
110
116

G 0O D WN =

*E mitter as cathode and common base and
L]
collector as anode, VR =gV, T=100C.

Table XI. Forward Voltage—Current Characteristics
of GaAs Photon-Emitting Diodes

-

Dﬂ%‘g? Vp (Vi at g (mA) shawn 1*¢)

01 ] 05 | 9 3 10 | 40
100 | 1.09 | 1.12 | 1498]| 120 | 1.26 | =20
1.03 | 1.92 | 1156 [ 1,20 122 | 1.26 | =20
102 | 110 | 1,13 [ 113} 120 | 1.2¢ | ~20
081 ] 14 | 14 |[1.91] 114 | 1,18 25
084 | 104 | 106 | 191 ] i.°4 | 118 25
084 | 1.04 | 1.07 [ 1.12] 114 | 1.20 25
0.77 | 0.88 | 0.83 | 1.01 | 1.03 | 1.1 100
0.80 | 097 | 095 | 1.02 | 1.06 | 1.13 | 100
0.78 | 0.89 | 0.94 | 1.02 ] 1.04 | 1.11 | 100

W N = W N = WN =
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Examples of circuit arrangements considered for the driver circuit are shown in Figure 6.
Circuits 1 through 5 indicate various positions of the GaAs diode and current-limiting resistors with
two transistors, and 6 through 8 indicate three-transistor arrangements. All have the diode-gate
‘rput circuit. Examination of the data taken on the variation in the parameters and their
temperature characteristics eliminated consideration of all but one of the circuits. As illustrated in
the worst-case design of the selected circuit, a complete analysis is fairly complex and lengthy. for
brevity the results of analyses for the circuits in Figure 6 are summarized as follows:

1) Two transistor configurations without the GaAs diode in the ground section of the
circuits are not cut off at any temperature with a 1-V input (specified as maximum
in the off-condition). These include circuits 1, 2, and 3. Resistors in the emilter-base
string, as in circuits 2 and 3, are ineffective for assisting cut-off at the low-current
levels.

2) The inadequate cut-off is also characteristic of both of the three-transistor circuits at
the higher temperatures.

3) Of the remaining circuits, 4 2 ,d 5, circuit S requires greater transistor current gains.
The base voltage of the first t¥nsistor can be at a greater voltage level in the
on-condition, aiid thus less base current can be available through the base resistor.

4) Circuit 4 is marginally on with  1-V input. Slight modifications available to ensure
cut-off include the addition of resistors from each emitter to ground, as shown in
Figure 7. A resistor on the emitter of the input transistor increases by a small
amount the current in that emitter in the off-condition, increasing the emitter-base
voltage slightly. The resistor to the sccond emitter shunts the emitting diode for the
low currents. At the high currents of the on-condition, the logarithinic characteristic
of the diode results in most of the current being delivered to the diode. The circuit
in Figure 7 is that selected for the driver circuit and analyzed in a subs:quent
section.

b. Innut Configuration

Connections for the ten inputs are detailed in Figure 8. Figure 8a shows a
diode-connected-transistor input device; Figure 8b, an active transistor input device. By connecting
each transistor as shown in Figure 8b, the voltage at the base terminal of the following transistor,
Q). can be made smaller than for connection (a) by proper selection of R A and Rg. The object of
this connection is to make certain that the photon-emitting diode current will be small when Vi=1
V. The lower limit for R is set by the requirement (IRA) (Voo max) < | mW when V1 = 0. This
requirement gives Ip o < 0.222 mA for Vee = 4.0 £ 0.5 V. Because the base-emitter voltages for
the input devices are nearly the same for connections (a) and (b), R A and R are equal. For the “1™
state the total resistance between supply and the base terminal of Q1 is Ry for connection (a), and
R + Rg for connection (b). At the lower limits of supply voltage, less base (‘ur)rem is available in
connection (b), requiring a larger minimum gain for Q;.
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"CA19364

Figure 6. Circuit Arrangements Considered for the Driver Circuit
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R3

Q2

* D2
R5 — Q3

5C08885

Figure 7. Isolation Switch Schematic Showing Driver Circuit Selected for Design

In connection (a) the inputs are isolated from each other by a reverse-biased junction when
one input is on and another off. For connection (b) interaction between inputs is possible, as
indicated in Figure 8c¢c. With zero input voltage for transistor Q A and transistor Q4 in saturation,
the base collector junction of transistor Qg is forward biased while the base-emitter junction is
reverse biased. Transistor Qg is thus biased for inverse operation. In contrast to connection (a),
where input currents are limited to junction leakages, input currents for connection {c) can be large
if Vg is large. Note that Vg is the difference between VBE énd VCE of transistor Q4. At 100°C
and lc/llB < 30,Vpr< 043 V.ForVpc= 043V,Ig for transistor Qp can be 60 uA. A worst-case
analysis for this input connection would require Vg .., =0.68 V at - 20°C, Again, about 60-uA
input current could result.

Because of the interaction between inputs and because less base drive is available for Q, the
transistor input connection is not desirable.

The leakage characteristics of diode-connected transistors were describec in Table X. These
data were taken for a diode reverse voltage of 6 V, actually greater than that oxperienced by the
diode-connected transistor in Figure 8a by the amount of the base voltage of Q. The leakages were
all fess than 12 nA at 100°C for the six measured diodes, compared to the specification of 50 uA.
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Figure 8. Alternate Driver Circuit Input Connections
¢. Worst-Case Analysis

The design of the driver-circuit resistors depends on the assignment of worst-case resistor
tolerances based on the resistor sheet rcsistance and geometry variances. The most critical resistor is
R3. For each of two metallization patterns used, the tolerance factor for R3 is 1,06, which will be
taken to mean that the upper limiting value of R3 is 1.06 times its nominal value, and that the
lower limit is the nominal value divided by 1.06. On this basis the tolerance factors for the
remaining resistors are 1.1 for R2, 1.15 for R1, and 1.24 for R4 and RS.

The measurements taken to characterize representative transistors and diodes demonstrated
that saturation voltages and base-emitter voltages are well-behaved functions of emitter current and
the ratio of collector-to-base current. A list of worst-case voltages for extreme values of supply
voltage at - 20°C, +25°C, and +100°C is given in Table XII, with the resulting worst-case voltages
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Table X11. Worst-Case Voltages Assumed for Driver-Circuit Design

Temperature

(-]

«20°C 26°C 100°c

Vee (V) |35 456 |36 46 |36 45

Vee2 (vl {019 020 022 0.22]|025 0.28
VBE2 (vl 088 089 080 084069 0.74
Veer {v} |0.11 006 | 0.1t 0.03}0.13 0.10
Vggq| (V) [081 0.80 | 0./3 072)059 0589
(v} | 1.32 120 1.26 1.14 §1.14 1.06
Vai (vl |049 161|072 1.80 | 1.08 212
(Vi 1119 236 1.3 244 | 1.64 261
Vaa (V) 1199 3.10 | 203 3.14 | 211 3.17

R4 (vl 220 209 | 2,16 198|173 1.79

Vis (vl 1132 1201{ 126 1.14 | 114 1.06

across resistors R1 through RS. Included are worst-case allowable values of GaAs photon-emitting
diode voltages. Combinations of these worst-case voltages with the resistor temperature coefficients
and circuit specifications were used to design the resistors.

Resistors R1, R4, and RS depend on conditions when the GaAs diode is off or
non-conducting. Resistor R1 controls the circuit power dissipation, PofpEs with Vo = 4.5 V and
Vﬂ = (). The worst case occurs at - 20°C, for which ]R]] is minimum (see Figure 4).

POFFypx = 45 V (45 V - 0.7 V)/RIyy ()

17.1 VZ/RlyN
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For the expression above, the voltage across K1 is 4.5 V less the minimum voltage across an input
diode, 0.7 V. Applying worst-case iolerance and temperature-coefficient factors, the nominal 25°C
design value of R1 is given by

= (1.15) (17.1/(0.948)PgEE, in ke for )

POFF in mW

Resistors R4 and RS are designed to limit the maximum voltage across D2, the GaAs diode, for the
vif-condition when the input voltage is one volt. The photon emission from the diode is
approximatecly proportional to exp (qV /k'I‘)4 At 100°C a diode voltage of 0.7 V can be
tolerated. For an input voltage of 1 V, an mput-dlode voltage drop of 0.51 V, Vg of 0.41 V for
llm = 0.036 mA, and Vgg, of 0.40 V for Ig2 =0.10 mA, the voltage across D2 will not exceed 0.7

V, which corresponds to a minimum diode current of 0.01 mA. The room-temp=rature values of R4
andl RS are given by

= (1.1V)/(1.149) (1.24) (0.036 mA), in kQ, (3)
= (0.7 V)/(1.149) (1.24) (0.10 mA - 0.01 mA), (4)

The design values to be used for R4 and RS are

R4
RS

21.4 kQ,
5.46 kQ

The values of R4 and RS are constrained to track the values of R1, R2, and R3 because all the
resistors are diffused simultaneously, and only geometrical errors contribute to errors in the ratios
of these resistors.

Table XIII gives the calculated worst-case values of R4 and R5 and the worst-case currents I 4
and I 5 for the conditions of Table XII.

The critical conditions when the input voltage is high (on-condition) are:

1) The maximum values of the ratios llm/llm and HCZ""B2 for Voo - 35Vand T =
-20°C, which specify the minimum allowable transistor gains.

2)  The maxiinum circuit power dissipation for Vec=4.5 Vand T = - 20°C,

3) The minimum GaAs diode current, Iy5, for Ve = 3.5 Vand T = 163°C,

T e
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Table XIIl. Worst-Case Values of Resistors R4 and RS
and of Currents lR4 and IRS

Temperature
=20°C 25°C 100°C
VCC (V) 3.5 4.5 3.5 4.5 3.5 4.5
R a4 k) | 18.868 22.14 19.90 23.01 22,63 26.44
Rg | k2) | 481 6.656 5.08 5.87 5.76 6.76
IR 4 {mA) 0.117 0.0844 | 0.108 0.086 0.0768 0.0677
“RS E {mA) 0.274 0.212 0.246 C.1942 | 0.1982 0.1556

The design equations which relate these factors will be developed with the following notation:
For T = -20°C
A= dcy/'s1) MAX
B = (ca/1g2) Max

C = (17.1) (1.15)/0.948

D= \‘,Rﬂ MHN/]L]IS = 0.49/1.15
E= VR2 MHN/]I‘]HI = L]lg/ll.]l]l }\
F=Vgs mn/ 106 = 1.99/1.06 ° ’ /

G = 0962 Igq max = (0.962) (2.20)/18.865

H = 0.948

\ I = 1.15 VR]l MAX (]L]lS) (]1.61)

J =1.11 VR2 MAY (1.11) (2.3%)

K= 1.06 VR3 MAX = (1@6) (3,11@)

24
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For T = +100°C

L = Ir4 MaX * Irs max = 0.275

lD = lD2 MIN at 100°C

M= VRﬂ MIN/(]I.]I49) (1.15) = (1.08)/(1.149) (L.15)
N= Vpo MIN/ (1.149) (1.11) = (1.54)/(1.149) (1.11)

P = VR3 MIN/U,H49) (ﬂ.@ﬁ) = (LH)/(]I.M@) (]l,@ﬁ)

The expression for R1, Equation (2), becomes

Rl = C/POFF (5)
The collector-to-base current ratio, Iy / Igy, is given by
A = ER1/DR2 (6)
which is solved for R2.
Similarly, the ratio Ico/lgy is given by
F/R3
B =
D/R! + E/R2 -G )
The maximum power dissipation at - 20°C, Pons is given by
PoN = (VCC/H)(l/Rl + J/R2 + K/R3) (9)

25
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Either equation (8 or 9) can be solved for R3.

F/B

R3 = 10
DPOFF/C + ADPOFF/C -G (10)

K

R3
H PoN/Vee = 1 PoRp/C = § ADPGRp/CE

(1

R3 is eliminated by equating (10) and (11). The minimum transistor gain relation is obtained by
letting B = A (equal transistor gains).

\ A% - (CG/DPgpg - 1 - JF/KE) A (12)

- (FH/KD) (CH PON/H VCC POFF -]l)) =0

This quadratic equation in A is solved, and the minimum gain at 25°C is assumed to be

hFE MIN =2 A (113)

The minimum HD?; at 100°C is given by the sum of the currents in R I, R2, and R3, less the currents
in R4 and R5. The expression is

Ip = M/RI + N/R2 + P/R3 - L (14)

Equations (3), (7), (10) and (14) give

M [ ND PD PD
Ip = [PoFF (1 ¥ yE A+ LE B + 2 AB) (15)
]PCG}
—— B -L
MF
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The final forms of the design equations with B = A given below are :quations (12) and (15) with
the appropriate worst-case values applied.

5.4617 P
- (X2 - 23901) A - 24826 (23602 —= - 1)=0,  (16)
PoFF PoFF .
Ip = 0.03940[P0FF (1 + 1.0682A + 0.4811A%) (17

- 2.6274A] -0.275

This form of these equations allows the circuit design to be performed with selection of any,
two of the parameters PN, PopF, Ip, or A. ForPgn = 200 mW and Popg = | mW, /

35.77

A

Ip = 21.82 mA

Applying equations (5), (7), (10), and (13):

hFEMﬂN = 72
R1 = 20.74 k&
R2 = 1.459 kQ
R3 = 81.61 Q

The circuit layout is designed to give the required resistor values for mominal base-type
diffusion sheet resistances of 97.5 and 109.5 ohms per square. The widths of the resistors are 10.75
mils for R3p4, 2 mils for R2 and R3p, 1 mil for R1, and 0.5 mil for R4 and R5. The design lengths
of these resistors are given in Table XIV, Based on these design values, specified parameter
worst-case values are given in Table XV. The emitting diode worst-case minimum currents are
calculated as 24.3, 24 and 21.8 mA at - 20, 25, and 100°C. Tests described in following sections use
values of 24.5, 24, and 22 mA, respectively, with the values being rounded-off to the nearest,
greater half-mA.

‘
/
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Yable X1V. Design Lengths of Diffused Driver-Circuit Resistors

Sheet Resistance

Resistor 87.8S/o 108.5 ©2/o Unit
R 213 198.5 mils
R2 30 26.5 mils
R3M g 9 mils
R3P 14 mils
R4 110 98 mils
R6 28 © 25 mils

Table XV. Worst-Case Values of Circuit Characteristics
Calculated for Designed Diffused Resistors

Sheet Resistance

Characteristic [97.6 /o0 | 109.56 /0| Unit

Pon 199.08 | 199.45 mW
PorF . 0.999 0.9997 mW
1D2,,,,(100°C) | 21.84 21.75 mA
tee/'aymax 35.72 36.98
B. GaAs-SWITCH DEVELOPMENT
P
1. General Construction /

The optical coupling technique to be used for the cmitting Jiode-phototransistor pair, or GaAs
switch, is similar to that for the TIXL106, pictured in Figure 9. The emitting diode is to be bonded
to the transistor with a thin layer of an Se-S-As glass. Tk s glass, on melting at higher temperatures,
wets both the GaAs and Si surfaces, this being important for gcod optical coupling and mechanical
rigidity. Thus the functions of the glass are a non-conductive cement and a good optical coupling
medium. The requirements for the glass are as follows:

e  Good mechanical adhesion to GaAs and Si

e  Relatively transparent for 0.9-um photons of GaAs

e  Good thermal expansion match to GaAs and Si

e Bonding temperature compatible with fabrication and reliability

¢  High refractive index (~2.5) cpmpared to those of GaAs (3.3) and Si ( 3.5).5

" 28
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These are highly restrictive requirements, Only a few types of glasses can be considered. Two
glasses which to date best satisfy the requirements are in the Se-S-As family. The bonding operation
is performed at approximately 210°C. Tests have been made to evaluate softening within the
operating and storage temperature extremes of the GaAs switch, At 100°C the glasses are
moderately soft, demonstrating no tendency to flow. However, there is some question whether this
would be sufficient at this temperature in a highly vibrating environment, For this reason
encapsulation is desirable. At 150°C the glasses are fairly soft’ with some tendency to flow, The
good wetting characteristics and surface tension of the glasses tend to hold the wafers in stable
positions at 150°C, Encapsulation can also ensure structural integrity at this temperature,

The coupling glasses tested tend to have about the samce temperature range (A 1) for
satisfactory operztion. The above glasses previously exhibited highly stable low-temperature
coupling characteristics to below - 55°C and are presently used in the TIXL106. Other glasses have
shown tendencies to fracture at the low-temperature extremes, causing some variance in the
coupling on temperature cycling. Additional testing is described in a subsequent section.

The encapsulation used in the TIXL106 is a proprietary cpoxy compound which wets the
wafers, coupling glass and glass in the bottom of the header. The epoxy is cured to a very rigid state.,
It is quite firm at 100°C: .t 150°C, when deformed under high pressure, it is elastic. Tests show that
application of this epoxy directly on the entire surface of the phototransitor results in no increase
in high-temperature leakage.

Photons are emitted from the P-N junction region of the diode, which is approximately 10 mils
in diameter. The size of the sensitive region of the transistor must be selected accordingly, with
allowances made for the extreme paths of photons through the materials and an additional small
amount for alignment tolerance. A sensitive region of about 20 mils in diameter is appropriate.

The transistor emitter region is covered with g contacting metal and thus should be outside the
photon path. Portions of the base and collector form the photosensitive regions, The GaAs switc{$
construction is illustrated in Figure 10. Details are discussed in following sections. The package used
for Phase | GaAs switches is the JEDEC type TO-89, 1/8 X 1/4-inch integrated circuit flat-pack.

The thin-glass coupling medium provides an isolation voltage of over 100 volts in the
TIXL106, which is greater than the design goal of S0 V previously indicated. Also, the isolation
coupling capacitance is typically only about 3 pF, compared to the 10-pF maximum specification.

2. GaAs Photon-Emitting Diode

The construction of 4 GaAs photon-emitting diode such as used in the TIXL106 is shown in
Figure 11. The diode is formed with a planar, oxide-passivated, P-type diffusion made into an
N-type slice. Metal contacts to both the anode and cathode are formed on the same side of the
GaAs wafer, with piotons exiting from the opposite side. For the GaAs switch (and isolation
switch), diodes are selected by screening visually under a high-magnification microscope for a
pinhele-free passivation oxide over the planar-diffused PN junction: and for good contact
metallization and also screening electrically for a low-leakage reverse characteristic and a sharp
“knee” in the forward-voltage current characteristic.

30
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Figure 10. GaAs Switch Construction

The diameter o the junction is typically 10 mils, and the outside dimensions of the diode
wafer vary from a 40-mil diameter, as shown in Figure 11, down to about 26 mils squaie. Although
all devices delivered in the program used the 40-mil-diameter wafer, the thermai iesults described
later indicate that the small wafer would be equally satisfactory. Photons are generated
predominatly in an area near the junction in the P-region. No development was required for the
diodes, as they are generally available for fabrication as discrete emitting diodes o: for assembly in
other photon-co :pled devices.

Pertinent photo-emission characteristics for the emitting diode are considered in the designs of
the phototransistor.
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Figure 11. GaAs Photon Emitting Diode

3. Phototransistor Layout

The concept of the phototransistor design is illustrated in Figure 12. The starting matenal
consists of an Nt substrate with about 1 mil of high-resistivity N-type epitaxy. This epitaxial-layer
thickness is of the order of an absorption length6 for the 0.9-um emission ot the GaAs diode for
adequate optical absorption (considering also the minority carrie. diffusion lengths), suitably low

saturation voltage, and good material availability.
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Figure 12. Basic Phototransistor-Diffusion Outline (

Basic considerations for the phototransistor layout are as follows:

\

a)

b)

c)

The base should be of sufficient size to serve as the photosensitive area and, of
course, enclose the emitter.,

The base and emitter should have small areas tor low capacitance as related to speed
and noise transmissibility.

The emitter should have sufficient size to satisfy the saturation-voltage requirement.
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The photosensitive region required for the base car. be determined with reference to the
physical dimensions of the emitting diode and the glass layer and to the respective refractive indices.
This type of analysis indicates the size of the sensitive area onto which a significant fraction of the
available photons would impinge. In the limit, an infinitely large base would be required in
collecting all available photons. A diameter for the base sensitive area of about twice the diameter
of the emitting junction (nominally 10 mils) has been found to be practical for structures of this
size for good photo-cJllection without excessive collection areas. This size also allows for normal
tolerances when placing the diode over the sensitive area.

Based on parameter calculations, such as in the following sections, a phototransistor layout
was made as shown in Figure 13. This layout utilized a 22-mil-diameter photosensitive area (window
in the base oxide) and an | l-mil-diameter emitter (after diffusion). As is discussed in a following
section, high-leakage currents were exhibited by devices made with this structure in the GaAs
switch, Analysis indicated the need for modifications, consisting of a guardring surrounding the base
fsce Figurc 14) and a field relief electrode (see Figure 15). These are later discussed in detail.
Devices made with the second structure satisfied the design goals. For both structures, calculations
of collector-base and emitter-base junction capacitances indicated that the base and emitter areas
were appropriate for both the required speed and the immunity to rnise transmission. In addition,
the emitter in the secend structure was reduced to 10 mils and the base sensitive area to 20 mils to
obtain smaller junction capacitances. These changes were based on data for devices using the first
structure which indicated the need for an additional margin for speed. The compromises were made
considering the highly conservative results obtained for saturation voltage and photon coupling.
Photographs of the modified phototransistor with and without the emitting diode are shown in
Figure 16.

4. Design and Results
a. General

In this scction the considerations made for the various design parameters are discussed.
Following the analysis of each parameter are the test results. Considerable compromising was
requircd among the various parameters to meet the design specifications. Expressions are described
which can be used to examine the trade-offs involved and extrapolate the results for other design
conditions. Both the calculations and test results refer to the use of the modified phototransistor
structure unless otherwise indicated. The Phase | GaAs switches were subjected to a 100-hour
burn-in period prior to final testing, in which 50 mA of forward bias was applied to the GaAs diode
in a 25°C air ambient, For Phase [, ten GaAs switches were fabricated with and ten without the
epoxy encapsulation,

b. Current-Gain Regnirements
The transistor is so resigned that the photons are absorbed in the basec and collector regions.

Photons abvorbed wiihin a diffusion length from the collector-base junction diffuse toward the
junction, thereby creating bias current. This can be measured as a conduction current hetween the
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Figure 13. Preliminary Photc ransistor Layout

35

e amer o R e v T e g



Report No. 03-68-78
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~ Figure 14. Phototransistor Difiusion Lay .rat

collector and base leads, The photocurrent is effectively produced by a current generator acruss
these terminals and thus can be concidered a collector-base bias current. The current available from
the collector and emitter terminals is the product of the effective pase current and the transistor
common-emitter current gain. '

The current gain required can be represented as the ratio of the required collector current to
the available base current. The collector current in the on-condition is specified to be a minimum of
10 mA at 0.6V collegtor-to-emitter voltage, which may be near the saturated bias condition for the
transistor. Using a conservative increase of 20 percent in the equivalent base current as sufficient for
tie out-of-saturation condition for GaAs switches having the lcast overall current gain, the
minimum collector curreni out-of-saturation at 100°C is 12 mA. Allowing an additional 20 percent

36




Report No. 03-68-78

F'ELD
RELIEF

en.ec-rnoos/\
EMITTER

CONTACT

BASE CONTACT

CA 18354

Figure 15. Metallization Layout ,/

factor for both ageing effects in the GaAs diode which might reduce its light emission and in the Si
transistor which might decrease its current gain, the minimum acceptable iritial collector current
out of saturation at 100°C is:

Ie > 12.0 mA
Unsat, 0.80
Initial
100°C

= 15 mA

A temperature of 100°C is specified because this is the worst-case temperature for current gain.
Both the photon-emitting efficiency of the GaAs diode and the bias current for the diode decrease
with increasing temperature. '
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S$C08260 o

Figure 16. Si Phototransistor and GaAs Switch

From past experience with the TIXL106, which uses basically the same type of photon
coupling, the equivalent base current was estimated to be in the range of 20 to 40 uA at 100°C for
GaAs diodes having ‘‘average’ photon emission and operated at the worst-case bias of 22 mA.
The current gain req&ired for 20-uA base current is

15 mA

h = = 750
FE)00°C 20 uA i

and for 40-uA base current, 375. Allowing an additional 20% margin in gain for high utilization of
emitting diodes, the required gain range is 450 to 900. The forward-current gain characteristics of
three high-rain transistors previously fabricated for coupling with an emitting diode are shown in
Table XVI. For a collector current of 10 mA the current gains increased an average of about a
factor of 1.3 for a temperature increasing from 25°C to 100°C. Using this figure, the required
current gain at 25 C should be in the range of 350 to 700. Choosing a design obijective for hgg of
500, gains ranging from about 200 to 700 should be produccd. An arbitrarily narrow range can be
provided by probing of the individual wafers.

Substantiating data for the available equivalent base current were taken for transistors made
witn the initial structure. For a pumber of units the photo-induced current in the phototransisto1
was measured by shorting the coliector and emitter terminals, and measuring the shoru- circuit




Table XVI. Forward Current Gains of Phototransistors
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Unit | hegat hpgat |hggat T

No. |ic=1mA | 6mAa |10mA | {C)
1 417 495 | 488 | =20
2 400 467 | 466 | =20
3 200 206 | 320 | ~20
1 527 641 626 | 26
2 500 618 | 598 | 25
3 263 368 | 396 | 26
1 769 gs4 | 820 | 100
2 769 g2 | 787 | 100
3 386 5913 | 548 | 100

Veg=6V

current between this.connection and the base Jead (brought out for Phase I devices). Initial results
for two batches of emitting diodes are shown in Table XVII. The first group (units 2 through 13)
used GaAs diodes having outputs judged as ranging from “average” to “‘excellent.”” The second
group used GaAs diodes with “poor” outputs. The latter GaAs diodes wer. not considered
sufficiently good for Phase I devices, but were tested to obtain reference values. The data shown
were measured at 25°C. A good estimate for the efficiency of the GaAs diodes at 100°C is 1/2 the
25°C value. For the first group of GaAs emitters the half-values range from 40 to 75 uA, and, for

the second group, 16 to 20 uA. These values are in agreement with the range of 20 io 40 uA
described previously for average GaAs diodes.

Table XVII. Photo-Induced Current in Phototransistor

ll = 22gnA
T=26C
Unit UX 12 IJX
No. (wA) {uA)
2 143 71
3 85 42
7 87 43
8 80 40
10 118 59
11 108 54
13 150 78
Al 32 16
A2 32 16
A3 40 20
A4 34 16
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For a GaAs diode current of 22 mA (100°C worst-case minimum value), the relationships
between the phototransistor collector currents at 25°C and 100°C are shown in Figure 17 for 18
j’ GaAs switches. Included are devices having high and low values of Icgo- No clear-cut correlation
"~ was observed between the change in Ic with tempeiature and IcEQ, indicating that the change in
hgpg with temperature is approximately the same for both high- and low-leakage devices. The hgpg
characteristics at 25°C and 100°C are given as a function of Ic in Figure i8 for representative low
leakage (Unit 23) and high leakags (Unit 19) devices. The fact that Unit 19 has nominally higher
hgg is of no particular consequence. Applying tie 25°C and 100°C values of Ic for each device
given in Figure 17, the ratio of hgpg at 100°C to that at 25°C is about 1.50 for both devices. Also
from Figure 17, the average ratio of I at 100°C to that at 25°C is 0.85. The ratio of these values.

t
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Figure 17. Phototransistor Collector Current, I, at 25°C and 100°C for
GaAs Diode Current Ip=22mA, Veg=1V
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Figure 18. Current Gain Characteristics of Phototransistors
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0.85+1.5 = 0.57, is the ratio of the effective base current at 100°C to that at 25°C. This is close to
the nominal value of 1/2 used previously for the effect of temperature on the emitting-diode
efficiency. No allowance was made for the change in the detection e*ficiency of the phototransistor.

Of the 18 devices in Figure 17, 13 have collector currents of over 15 mA at 100°C out of
saturation for the worst case biasing of the emitting diode. Four of the other devices were built with
transistors having low gains (200<hgpp<400) to provide additional points for the low current
portion of the figure. Thus the 15-mA minimum value appears quite satisfactory for the GaAs
switches on the basis of yield.

Final test data for Phase | GaAs switches are shown in Table XVIII. The collector current IIC

for the worst-case biasing of the emitting diode at - 20, 25, and 100°C is typically well above the

15-mA minimum specification. Values at 100°C range from 16 to 26 mA and, at -20°C, 18 to 45
mA,

¢. Leakage Current .

For good Si planar small-signal transistors the collector-emitter leakage current Icpqg is
primarily the collector-base leakage Icgg times ‘the current gain at that current level. For
state-of-the-art transistors having a collector resistivity of nominally 6 ©-cm (at 25°C) and a base
area approximately that described, HC'BO generally ranges from 1| to 50 nA at 100°C (worst-case
temperature). Life test data with high-temperature storage, high-humidity storage, and full-power
operating tests over several thousand hours indicate for most ot the state-of-the-art transistors that
any increase in lcgg is less than a factor of 2. In a few cases the increase is by as much as a factor
of 4. Again, the current gain at the leakage level could be less than the value at high current
(450<hgg <900 at 100°C). Choosing an initial measurement specification lcpo<10uA would
allow, for Icgg = 50 nA, hgpg <200 at this current level. This gain is probably somewhai low; thus
only units having lower [~g would be acceptable.

As mentioned previously, a major problem was experienced with the leakage-current
characteristics of {ransistors made with the initial transistor layout. An unstable collector-emitter
leakage characteristic was found which was associated with the coupling glass, high temperature and
bias. This effect was only demonstrated by transistors having the GaAs emitter diode and coupling
glass. This also was independent of the epoxy. This leakage effect was initially observed as follows:
typically, if a collector-to-emitter bias current of 100 uA was applied for a few minutes in a 100°C
ambient, the voltaze drop of the unit siowly decreased from about 50 volts to about 20 volts. The
time required for the total change varied greatly, and some units did not demonstrate the efiect
until after a few temperature cyclings. Both Ge-P-Se and Se-S-As coupling glasses were used with the
same results.,
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In ordinary applications the design of the transistor should have been addquate; tests indicated
no instability for the discrete transistor at 100°C. For the GaAs switch (the coupled pair),
characterizations of the leakage effect were made to evaluate its cause. During the leakage tests
above, no external potential was applied to the GaAs diodes and therefore there was no applied
potential across the glass bond. It was suspected that the leakage effects were due to inversion layers
on the surface of the transistor which were related to the characteristics of tire coupling glass. The
effects of changing the field on the glass, by varying the potential between the GaAs and Si wafers,
were studied. The following results for a representative GaAs switch were typical:

In Figure 19, the collector-emitter breakdown voltage for the phototransistor at 100°C is given
as a function of Vg, the voltage across the coupling glass. sufficient time (1 to 10 minutes) was

100

80 [

60 |-
2
w40 -
>

20 |~

UNIT NO. 82

TC = 100 uA
o
T=100C
0 —
20 1 I 1
0 20 40 60 80

8Veeo v)

CA19346

Figure 19. Collector-Emitter Breakdown Voltage versus VG
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allowed for each value to stabilize. A pronounced effect is evident. From these results it can be
deduced that, with no connection to the GaAs wafer, the potential on the wafer initially follows
that on the collector (since this covers most of the area under the GaAs diode), so that the
breakdown voltage is initially high. As the potential on the GaAs wafer slowly drops due to package
leakage paths, the breakdown voltage falls (as shown in Figure 19).

The leakage currents for the collector-base junciion HCBO’ for the collector-emitter junction
with open base IcEQ» and tor the collector-emitter junction with base and emitter shorted Icgs are
given as a function of V¢ in Figures 20 and 21. Transistor supply voltages of 3 and 35 volts
respectively are used. In both figures, for V=30 V, Iceo~hrglcpo and Icgs=Icpor as
expected. For V;>50 V, V(5 has only a small effect on IcBos but both I gy and Iogg experience
rapid increases. The value of Vg for which this occurs is not dependent on the transistor supply
voltage V. This is characteristic of an inversion layer which bridges the base, supplying a conductive
path between collector and emitter.

Also in both cases, for VG<VC - 20 V all three currents increase greatly. In this region
ICEO“hFElCBO and HCESzﬂCBO- This indicates a leakage of the collector-base junction due to an
inversion layer across the collector.

To eliminate the inversion layers, a redesign of the phototransistor was required. Diffusion
outlines for the new design were shown in Figure 14; and the metallization pattern, in Figure 15.
Remedies employed to eliminate the leakage effects include the addition of an N* diffusion
(guardring) surrounding the base as shown in Figure 14, and a contact to the ring which completely
covers the collector-base junction over the oxide field-relief electrode in Figure 15. These
modifications prevent contact to the base of a collector inversion layer. The base surface
concentration was also increased to reduce the probability of formation of an inversion layer on the
base.

Initial testing, to determine whether these modifications were sufficient to eliminate the
effects of the inversion layers on the leakage characteristics, was conducted on standard,
commevcially avalable Si transistors. The Texas Instruments type 2N2484 Si transistor is fabricated
with surface-passivation techniques similar to those above. Three of the 2N2484 transistors were
fabricated with .- ndard ball-bond connections, and GaAs emitting diodes were then bonded to the
transistors using a Se-S-As coupling glass. These transistors are much smaller than the
phototransistor, To prevent shorting of the GaAs wafer to the ball-bonded leads on the Si wafer, a
glass thickness of about 3 mils was used, compared to the thickness 1 to 2 mils used for the
phototransistor. Testing conditions were the same as those used for studying the leakage
characteristics of the phototransistor: 0 to 100 V applied between the GaAs and Si wafers, a
collector-emitter voltage between 3 and 35 V, and an ambient temperature of 100°C,
Collector-emitter leakage currents lopg were the same as before the GaAs diodes were mounted.
This indicated that inversion-free leakage characteristics should also be obtained with the modified
design of the phototransistor.
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Figure 20. Transistor Leakage Currents versus Vi (V- = 3 Volts)
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Diffusion masks for the new phototransistor were then developed and new transistors
processcd, Leakage tests, as described above, were made for the new phototransistor. Low-valued
leakage currents were obtained, without the instabilities demonstrated previously with inversion
layers.

Distributions of Icpo at 20 V and 100°C are shown in Figure 22, These include results for
two batches of phototransistors having the original geometry, type A, and for four batches having
the new geometry, type B. Each device had an Iogg within the incremental current range indicated.
Prior to these leakage measurements, devices were screened on the slice for a collector-emitter
breakdown voltage greater than 40 V, and, after separation of the transistor dice, the transistors
were sorted for common-emitter forward current gain, hgp. There was no prior test for leakage. For
the tests, type A devices did not have GaAs diodes mounted, since this results in the inversion layers
at higher temperatures.

The effect of supply voltage on Icpg and collector-base leakage, logg, at 100°C is shown in
Figure 23 for representative types A and B devics. For the type A devices shown, hgpp ranged
between 400 and 500, as measured at Vog =1 V, Ig = 0.1 mA, and T = 25°C. For the type B
devices, hgpp ranged between 30C and 400, A study of the results in Figure 23 indicates that Iceo
at the specified bias of 20 V is largely independent of hp as defined above. Rather, [cpq depends
on Iogo and the particular influence of supply voltage. As discussed previously for state-of-the-art
silicon small-signal planar transistors, Icgo leakage typically ranges between 1 to 50 nA at 100°C.
This closely agrees with the results obtained for the phototransistors, as shown in Figure 23. In the
Phase 1 data in Table XVIII, the Icgo of almost all devices can be noted to be less than 10 uA. The
maximum value of 12.2 uA is well below the 20-uA value specified.

d. Breakdown Voltage

For a high current gain transistor the effect of current gain on the collector-base breakdown
voltage must be considered. A useful design expression7’8 for an NPN Si transistor is

1

———

4
BVego = BVego (hpp) (18)
where

BV(cpo is the collector-base breakdown voltage

BVeEQ is the collector-emitter breakdown with the base opea-circuited

In this case, BV refers to the bulk breakdown, not necessarily to the measured terminal value,
which might be limited by surface effects. Using this expression and data from J, Shields9, the
graph in Figure 24 of current gain as a function of collector impurity concentration, for several
values of BVog(q, was obtained. The shaded region corresponds to a collector resistivity range at
25°C of 6+2 ohm-cm (concentration of 6.5 X 1014 ¢cm™3 to 1.3x 1015 cm™ 3) and gain ranging
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Figure 23. Leakage Characteristics of New (B) and Original (A) Geometry Phototransistors
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Figure 24. Phototransistor Current Gain as a Function of Coliector Impurity
Concentration and Collector-Emitter Breakdown Voltage

between 350 and 700. This resistivity is practical from consideration of material tolerance
specifications and also of the effect on the several device parameters. The breakdown voltage at
100°C should be slightly less than at 25°C, as gain increases with increasing temperature. It is
reasonable that the current gain should be less for the collector current of 100 uA specified at
breakdown than at the 10-uA level. Thus, the breakdown voltage was expected to be considerably
greater than the 35-V minimum,

As indicated by the Phase I results in Table XVIII, the breakdown results were highly /\-
favorable, ranging from 52 to 72 V compared to the 35 V minimum specification, /

e. Collector Saturation Voltage

With the jsolation switch in the “1” condition, the phototransistor is to be in saturation. The
design specification limits the collector-emitter saturation voltage to a maximum of 0.6 V for a
collector current of 10 mA. The equivalent collector series resistance Rg for the saturation case, as
derived on the basis of the Ebers and Moll'"Y small-signal analysis of junction transistors, and
including the bulk and contact resistances, can be expressed as

RCS = + + RC (19)
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Boltzmann’s constant

absolute temperature

electron charge

common-emitter inverse-current gain
emitter and base currents respectively

collector region series resistance

As discussed previously, for the current requirements in saturation

Thus

At 25°C,

kT

Ic
Ig > 1.2 —
| hpg

Ig Ic+tlg hpg
= < + 1
Ip Ig 1.2

— =~ 0.026 V

q

Also, hpg = 350, as previously described. Thus,

I
Ig

£ < 293,

(20)

2n

and a conservatively low minimum value is 50. It is reasonable that hjp could be very small,

so that

I
Ip

~ 50 » hlE
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A conservative assumption includes a negligible h{g, for which the maximum indicated value for the
series resistance at 25°C is

50 1 1
Ree < 0.026V [ —— —_— =) 4
Cs (IO mA) (401 50) Re 22
Reg < 29 & + Rg (23)

The bulk-resistance portion of R is that contributed by the high-resistivity collector region under
the emitter. Neglecting spreading resistance effects, the bulk resistance R'C is given by

rc tc
> = (,:\E (24)
where
pc = collector resistivity
tc = collector material thickness

AE = emitter area

As described, the phototransistor design utilizes a 10-mil-diameter emitter with an 0.7-mil
maximum collector thickness :::der the emitter. For the maximum o, =16 Q-cm at 100°C the
resistivity is 2pproximately doubie the 25°C value for the antimony-doped epitaxial material, | 1

| i
Ré _ 6 2 cm (0.7 mil) - 561 Q (25)
r (5 mi)? (2.54 x 10°3 cm/mil)

Resistance contributions by the contacts and other regions total less than one ohm, Thus Rcg<60
2. For the collector-emitter saturation voltage,

VCE(SAT) = J[C RCS < 10 mA (60 Q) (26)
VCE(SAT) <06V

Conductivity modulation effects! 2, which result in lower saturation voltages for transistors having a
thick, high-resistivity collector region were, conservatively, not accounted for in this analysis.

Data for saturation voltage in Table XVIII were well below the 0.6 V maximum specified.
Worst-case maximum values were obtained at 100°C as expected. For the worst-case minimun bias
to the GaAs diode of 22 mA at 100°C, VCE(S AT) ranged from 0.16 to 0.24 V. These small values
indicate the possibility of benefit from conductivity modulation effects.
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f.  Noise Transmissibility

In the off-condition, one requirement for the isolation switch is an insensitivity of the voltage
at the collector of the phototransistor to noise pulses at the emitter, In order to establish an
appropriate equivalent circuit for the phototransistor under these conditions, the collector transient
voltages of a number of transistors were measured, using the circuit in Figure 25.

If no transistor action were involved, the expected transistor equivalent circuit would consist
simply of the collector-base and emitter-base P-N junction capacitances (Ccg and Cgg
respectively)., Table XIX lists the measured Cog (at 20 V reverse bias), CeB (at zero bias), and hpg

+20V
10K
Vﬂ
OSCILLOSCOPE TEKTRONIX MODEL 581
TRANSISTOR W‘;:FT:;SBLEPLUG-IN AND (RATED)
UNDER
TEST

6V
I INPUT
v 0

v
P ——‘|1ms‘¢-—

tr=tf< 20 ns

i—o

CA19359

Figure 25. Circuit for Measuring Noise Transmissibility
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Table XIX. Data for Noise Transmissibility Study

| c" 10mA
Veo0 V=20V VCE-SV Meas Cslc
Transistor ces Cce Hee Va Vo
“ (pF) (pF) (v) (v)
2N6661(1) 126.0 28,0 26 2.8 3.0
‘ 2N866(2) 84.0 36.0 18 ) 3.2
2N1807(1) 64.2 125 118 2.2 .2
2N15607(2) 82.0 14.6 167 2.2 2.3
2N1607(3) 63,7 12.1 238 2.1 2.1
‘ ' 2N1711 621 128 141 2,16 2.2
2N3420(1) 860.0 92.0 47 4.2 4.2
| 2N3420(2) 886.0 875 46 4.2 4.2
PCT No. 13 7.2 80 308 1.2 1.2
OPEN 0.33
10 pF 20 ]

(at Ic = 10 mA, Veg =5 V) for several transistors. Also indicated are the measured collector peak
transient voltages, V,,. Practically identical values of V|, were obtained for positive and negative
pulses at the emitter. The values for positive pulses were slightly greater, due to a greater net Cop
for the reduced average collector-base voltage, and these values are given in Table X1X.

Measured V, for an open-jig and for a 10 pF capacitor inserted between the collector and
emitter terminals of the jig are also indicated in Table XIX. The latter were used in determining the
jig parasitic capacitances. The equivalent circuit used in calculating V , is shown in Figure 26. In the

) figure, C; is a jig capacitance and C, combines jig shunt capacitance and oscilloscope probe
T capacitance. These are given by the simultaneous equations
L C
' VN(O) = VP C, +C (27)
1 2
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(‘l + 10 pF
0 pF 2
(10 PR =\ G T ¢, + 10 oF %
l 2
where
V(o) = the collector peak transient voltage for un open jig socket
Yn(iG pF) ~ the transient with the 10-pF capacitor in the jig
vp = the 5-V pulse input '
O PULSE v
COLLECTOR T I OUTPUT n
cca I C2
BASE I - = ]‘—
T~C1
Ces (
EMITTER
V, PULSE INPUT
CA19360 ‘

Figure 26. Equivalent Circuit Used ii: Calculating V
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at the emitter, Using the measured values we obtain, on substitution in Equations (25) and (26), (')
= 1.2 pF and ¢y = 16,8 pF.

A general formula for calculating the peak transient voltage for a transistor, derived from
Figure 26, is

VLC C +C~)+C f‘l
V. = PL™i \“CB EB CB “EB (29)

n (Cn ¥ Cz) (Cce + CEB) + Ccp Cep

Calculated values of V, for cach transistor are given in Table XIX. In Figure 27, measured V, s
plotted against calculated V. The good agreemen* indicates that the equivalent circuit used is
adequate; therefore, only the junction and circuit capacitances need be considered in noise
transmissibility,

For the GaAs switch, there also is a capacitance between the emitting diode and the
phototransistor. A test of the effect of this capacitance was made using PCT No, 13, a high-gain,
low-capacitance phototransistor. For this transistor additional capacitances up to 30 pF were
connected into the circuit between the transitor base and ground. Effects of transistor action were
not observed for either positive or negative pulses, Stray capacitances in the photon-coupled
isolation switch to the base shouid be only about 1 pF, based on measurements on the TIXL106.
The effect of the capacitance between the emitting diode and the collector is to reduce the noise
transmissibility, as the surface facing the transistor is connected to the ground plane. Because C, is
small, the capacitance to the GaAs can have considerable effect in reducing V,,.

Calculations of the transistor capacitances can be used to estimate the noise transmitted. As
indicated by Equation (29), the worst-case condition is for maximum transistor capacitances. Using
a collector potential of 20 volts (for which noise transmissibility is measured), the collector region
depletes!3 about 0.17 mil for a collector resistivity (pc) of + Q-cm. The collector-base junction
area in Figure 14 is about 700 mils2, The collector-base junction capacitance Ccrp is given by

€of (700 mil2) |
o = = 10.8 pF (30)
Ccs 0.17 mil 108 p

where

€of = the permittivity of silicon.

Base capacitance contributed by the expanded collector contact over the base ar “a can be calculated
for the approximately 145 mils? area, 9000 A of oxide and typical 230 pF-A /mi12. For these values
the additional capacitance C"cg = 3.7 pF. Thus the calculated total Cog = 14.5 pF. Measured
values averaged 16.4 pF, including package capacitances of a few tenths of a pF,
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Figure 27, Comparison of Measured and Calculated Noise Transmissibility
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The jig made for measuring the noise transmissibility of the flat-packaged Phase I devices had
parasitic capacitances different from those of the jig used in the analysis. The changes were required
to meet the circuit specifications. The equivalent circuit of this jig is shown in Figure 28. Included
in the figure are the component, oscilloscope (CRO), and jig capacitances, as determined from
direct capacitance measurements and transmissibility measurements, using known capacitances in
place of the phototransistor. For this jig, Cy = 1.8 pF, and Cy = 10.7 pF. The 1.8 pF capacitance
shunting the collector-emitter terminals tends to increase the noise transmissibility slightly. Because
of the complex nature of the parasitic capacitances, no correction was made for this shunt
capacitance in the data. This tends to make the data somewhat conservative. Complicating a
correction for the shunt capacitance is the capacitance between the GaAs light-emitting diode and
the phototransistor. Nominally about 3 pF, this capacitance represents the total coupling to the
collector and base areas. Values to each of these areas cannot be separated easily. Because the GaAs
diode is grounded in the measurement, both capacitances are shunted to ground. This grounded
connection of the GaAs diode simulates the connection of the diode in the driver circuit. The
oscilloscope :#pacitance of 8.4 pF is less than the specified maximum of 10 pF. This capacitance
substantially - " uences the results. The total jig and oscilloscope capacitance shunting the collector
to ac groun.: {which includes the 0.3 pF load resistor capacitance) of 10.7 pF is representative of
that with the GaAs switch or isolation switch assembled in a circuit.

+20V
10K -j_ 0.3 pF
vﬂ
. 4 -O-
_l _cro
—> 1.8 pF aﬁ 2.0pF ~T~/8.4pF
—e
= = =
BV
J L
Lot =10y
CA19362
Figure 28. Noise Transmissibili.~ = st Jig with Parasitic Capacitances
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A rough design value tor Cgp is 1/4 pF/mil7', and, for the 9-mil diameter, the calculated Cgp=
16 pF. Coincidentally, the measured Cgp = 16.3 pF, typically. For these parasitics and the
measured transistor capacitances of Ccp = 16.4 pF and Cgy = 16.3 pF, in Equation (27), we obtain
Vh = 2.4 V, greater than the 2 V maximum specification. However, the capacitance to the GaAs
diode results in a reduction. In Table XVIII, Vn ranges from 1.6 to 1.9 V for the Phase I devices for
positive input pulses. The calculated and measured values are conservative, since the measuring-jig
capacitances tended to increase the values.

Another factor which had to be considered in all the measurements was the effect of the rise
time of the input pulse on the measured transient signal at the collector. The time constant of the
circuit, composed of the 10 k- load resistor and the capacitances, is not insignificant compared to
the rise time of the input pulse, specified to be 10 ns or less. For this reason, highly reproducible
results require the use of a single pulse rise time. Reproducibility between two different types of
high-speed pulse generators may not be better than 10 percent, with greater transient values be:: g
measured with the generator having the faster rise time. An input pulse having a 10 ns rise time was
used for the tests.

g.  Switching Times

The rise time of the phototransistor can be given approximately by the expression

o 0.8 CEE (VCC) . E G31)
R ][B | wT

where

the effective collector-base capacitance during the turn-on transient

@)
@)
w

i

Vee = the supply voltage
Ig = the equivalent base current
hpg = the effective current gain during the transient

'Z.Ti} = the effective angular cutoff frequency of the transistor during the transient.

Effective values are given for several parameters, as their values are expected to change considerably
during the transient. The expression describes the time required for the base photocurrent to charge
Ccp so that the change in the voltage across the capacitor is 0.8 Ve (10 to 90 percent points).
This is approximztely true for large values of Ve The second factor in the expression allows for
the effect of the intrinsic speed limitation of the transistor. An order-of-magnitude value can be
calculated for hpg = 500 and w = 2r(200 MHz), or about 0.4 us; small compared to the total rise
time of 10us maximum as specified. An additional factor in total rise time is the delay time. This
represents the time required for the photocurrent to increase the emitter-base voltage sufficiently to
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produce a high level of collector current, The emitter-base voltage is usually only a few tenths of a
volt below this conduction point, due to the collector-base leakage. For the GaAs switch the delay
was expected to be only a fraction of a microsecond.

The fall time of the phototransistor can be given approximately by

. hpg
tp = 2.2 hFE RL CCB + —— (32)
@T
where
Ry = the collector load resistance
Ccg = the effective Ccp during the turn-off transient.

This expression describes an R-C type (simple exponential) response in which 2.2 R-C time
constants are required between the 10 and 90 percent response points. The effective collector
capacitance which is discharged through the load resistor is the current gain times the collector-base
capacitance. The additional factor in total fall time is the ‘“storage time.” As the base overdrive is
not excessive, probably less then a factor of three, storage should not be a very considerable portion
of the maximum turn-off of 100 us specified.

Switching-speed characteristics were studied for the breadboarded driver circuit and a GaAs
switch (initial transistor structure). The supply voltage and the peak input voltage used were 4.0 V.
For the phototransistor (of the original design), a supply voltage of 20 V and a load of 2 k2 were
used. Delay (0 to 10 percert), rise (10 to 90 percent), storage (100 to 90 percent), and fall (90 to
10 percent) times were measured as a function of capacitance added to what will be the common
junction of the input diodes. Typically, the input-diode capacitance is about 3 pF, or about 27 pF
for 9 diodes having inputs at a constant potential. Measurements were made for capacitances of up
to 200 pF.

Figure 29 describes the switching times for the voltage across the final collector resistor, which
is approximately that for the current in the GaAs diode. Figure 30 describes the switching times at
the collector of the phototransistor. The total rise (tp + tg) and total fall (ig + tg) times for the
circuit and GaAs switch of 3.6 us and 39.6 us respectively at C = 27 pF are well within the
maximum specifications of 10 us and 100 us.

For the particular peak current in the GaAs diode of 31.7 mA, 1y was reasured as 127 pA.
The measurement consisted of shorting the collector and emitter leads and determining the
short-circuit current between this point and the base lead. The collector-base capacitance at 20 V
was measured as 11 pF, but C—C-l; is greater due to the fact that the collector voltage varies between
20 V and about O V during the switching transient, and capacitance increases with decreasing
voltage. Analysis14 of the effective capacitances for the rise and fall transients, with the assumption
of a cube-law C-V relationship, indicates CCB = 1.31 Ccp, Where CCB is the value at 20 V. Thus
CCB = 1.31 (11 pF) = 14.4 pF. Similarly Cog' = 1.55 Ccg = 17 pF. Calculations of the switching
times from the initial terms of Equations (31) and (32) using these values of the effective
capacitances, produce
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versus Loading Capacitance
tR = 1.8 us
tp = 36.2 us

which are reasonably close to the measured values of 2.2 and 32.0 us respectively at the transistor
terminals. The driver circuit contributed about 0.2 us to each of the measured values. For the new
structure, applying the increased factor of 1.5 for Ccps the calculated

2.7 us <
54 us V

tR
tp
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Figure 30. Phototransistor Switching Times versus Driver Circuit Loading Capacitance / f
For comparison, the typical values for the Phase I devices in Table XVIII are
tR = 3.3 MS
tp = 52 us

compared to the maximum specifications of 10 and 100 us respectively.

Additional speed measurements were made on the driver-circuit breadboard, using a diffused 5
resistor between the power supply and base of the first transistor. The resistor consisted of one

17-kQ or 2 series-connected 17-kS} resistors from the TIXL106. Effects for other (diffused) o
driver-circuit resistors are expected to be negligible.
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For large additional capacitance applied to what will be the common junction of the input
diodes, the delay and rise times of collector current in the driver-circuit final transistor were found
to be proportional io the resistance, regardless of whether the resistor was a diffused or a
carbon-composition type. For small additional capacitance, delay and rise times at the transistor
collector were slightly larger, which can be accounted for simply by the capacitance of the diffused
resistors. Time values were proportional to the resistance (and capacitance) value of the diffused
resistors. Indicated delay and rise times with a 27-k2 diffused resistor are 360 and 180 ns
respectively, compared to 180 and 120 ns for the 27-k2 carbon resistor. Storage and fall times were
the same for both resistance types.

For the switching times at the collector of the phototransistor, the delay time for tne diffused
resistor was about 600 ns and 900 ns for the 17-kQ and 34-k§2 values, compared to 700 ns for the
27-k carbon resistor. Rise, storage, and fall times were identical for both types,

In conclusion, the distributed capacitance of the large-value resistor in the driver circuit should
have only a small effect on the sv’itching-time characteristics of the complete isolation switch.

h. Isolation Characteristics

For the Phase I devices the capacitance between the phototransistor collector-emitter terminals
and the other terminals C,;, ranged from 1.8 to 6.4 pF, compared to the 10 pF maximum
specification, The average value was 2.5 pF,

All devices were also required to meet a S0 V isolation.
i.  Environmental Testing

Preliminary devices were subjected to mechanical tests for evaluation. Of the two Se-S-As
optical coupling glasses described previously, the one having the higher softening temperature was
used. Nineteen GaAs switches having epoxy encapsulation, and eleven without epoxy, were
subjected to vibration consisting of 35 g’s of rms vibration swept sinusoidally from 20 to 2000 Hz
and then returned to 20 Hz during a 15-minute period. The devices were hard mounted in each of
three mutually perpendicular planes. All of the devices passed the test without lead rupture or
significant change in the optical coupling. The relative optical coupling was determined by
measuring the collector-base current with forward bias applied to the light-emitting diode.

The devices were then subjected to temperature cycling. Each of 10 cycles consisted of 15
minutes at -65°C, 5 minutes at +25°C, 15 minutes at +200°C, and 5 minutes at +25°C in
immediate succession. The results, for cycling to +200°C, were not satisfactory. Of the 19 epoxied
devices, 7 passed without lead rupture or change in optical coupling. Of the 12 others, one or more
leads were ruptured. Of the 11 devices without epoxy, no lead ruptures were exhibited. However,
only one had no change in optical coupling. The other ten exhibited an optical-coupling reduction
of over 90 percent. For the unepoxied devices, these results are in agreement with observations of
the softness of the coupling glass at high temperatures.
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Additional temperature-cycling tests were performed using both glasses to determine the
reasonable operating-temperature limits for each. All devices tested had epoxy encapsulation. Three
temperature-cycling tests were used: units were cycled ten times between -65°C and +150°C,
-65°C and +175°C, and -65°C and +200°C. After each fifteen-minute exposure to a high or low
temperature the units were placed in the laboratory ambient for five minutes. After each complete
cycling the units were tested electrically to determine whether any leads had opened or there was
any significant change in the optical coupling. Designating the glass having the higher softening
temperature as Glass No. 1, Table XX summarizes the results for 20 units, ten made with each type
of glass, and successively cycled between the temperature limits shown. Failures include those
which experienced emitter or base lead breakage on the phototransistor or a significant change in
the optical coupling. Optical coupling was measured in terms of the collector-base current resulting
for a fixed forward-bias current applied to the light-emitting diode.

Table XX. Temperature - Cycling Results for GaAs Switch

Temperature Limits Cumulative Percentage
of Fallures
Glass No. 1 Glass No. 2

«85°C to +160°C 0 0

=85°C to +176°C 10 30
(-] (-]

=86°C to +200°C 10 70

Using the criteria of no failures in the above tests, it can be concluded that the upper
temperature limit for both glasses is 150°C. Considering this and previous poor results with devices
fabricated without the epoxy encapsulation, it is considered that the best design uses Glass 1 and
the epoxy encapsulation.

Of the 20 GaAs switches delivered under Phase I, ten were internally encapsulated with the
epoxy for added structural rigidity. After lids were welded on each package, hermetic sealing was
tested using Radiflo, which indicated leakage rates of less than 10™ 8 cc/s air, and also using a bubble
test in 65°C alcohol which indicated no gross leakages.

j. Thermal Characteristics
The basic construction of the GaAs switch shown in Figure 10 is identical to that for this

coupled pair in the isolation switch. For both, the thermal path for heat dissipated in the GaAs
diode is through the coupling glass, the transistor, and the package base material to the heat sink.
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Foi a number of Phase I GaAs switches, tests were made to evaluate the temperature rise of
the diode under dissipation conditions. The base ceramic of these devices was larger than will be
described for the isolation switch, but this should not have a significant effect on the results, as
thermal spreading effects in the ceramic should be small. The measuring technique consisted of
using the voltage drop of the GaAs diode at a forward current of 5 mA as the
temperature-indicating parameter. The voltage drop at 5 mA was first measured over the
temperature range of 25°C to 100°C. Because there is little temperature rise at a 5 mA bias level,
these calibration curves provide an accurate measure of the junction temperature of the GaAs
wafers. The GaAs switch integrated-circuit flat packages were then mounted in pressure contact
with a 25°C heat sink, and power was applied to the GaAs diodes. The power was repetitively
interrupted for a brief time for application of § mA, and the corresponding forward drop was
measured with an oscilloscope. The GaAs wafer temperature was then determined using the
calibration curves. The thermal resistance was calculated by dividing the rise in the GaAs wafer
temperature above that of the heat sink by the average power dissipation,

The forward-voltage calibration curves for three GaAs switches are shown in Figure 31, These
devices used 40-mil-diameter GaAs diodes as pictured in Figure 11, For these devices the measured
thermal resistances were 0.31, 0.39, and 0.40°C/mW. Overall accuracy of the measurements was
about t 20 percent. For maximum GaAs diode biasing for the isolation switch of 44 mA at 1.46 V
at -20°C and 34 mA at 1.25 V at 100°C, as given by worst-case analyses, the maximum dissipations
are 64 mW at -20°C and 42 mW at 100°C. For the largest value of thermal resistance measured at
0.4°C/mW, the indicated maximum temperature rise for the GaAs diode above that of the heat sink
at -20°C and 100°C is only about 25°C and 17°C respectively, or a 117°C maximum diode
temperature at 100°C (for no transistor dissipation).

Additional tests were made to evaluate the temperature rise of the GaAs diode for GaAs
switches which use the smaller, 26 X 26-mil GaAs wafer. For these tests, GaAs switches with larger
and smaller GaAs wafers were evaluated which were assembled on TO-5 headers. Thus it is the
additional thermal resistance exhibited with the smaller wafer which is of interest. For two larger
wafer devices tested, the thermal resistances measured 0.23 and 0.33°C/mW, or an average of
0.28°C/mW. For two GaAs switches having the smaller GaAs wafers the thermal resistances
measured 0.33 and 0.43°C/mW, or an average of 0.38°C/W. Thus the smaller emitting-diode wafers
result in a thermal resistance between the diode and case which is 0.1°C/mW greater than that with
the larger wafers. The increase is only 27 percent (compared to the average 0.37°C/mW for the
larger wafer devices), much less than the factor of 90 percent indicated on a wafer-area basis. This
indicates that the heat flow is not transmitted uniformly through the glass layer. Accurate
calculations cou'd not be made because of lack of a value for the thermal conductivity of the glass.
However, order-of-magnitude calculations suggested that the 27 percent increase is reasonable on
the basis of thermal spreading effects; that is, the GaAs wafer has a thermal gradient which results in
a major portion of the heat flow being through the central region. Addition of the 0.1°C/mW
increase to the maximum previous value of 0.4°C/mW indicates a maximum value of 0.5°C/mW for
the smaller GaAs wafer, or a maximum wafer temperuture at 100°C of 121°C. This is insignificantly
greater than the 117°C value for the larger GaAs wafer.
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Figure 31. GaAs Diode Forward Voltage - Temperature Characteristics

Preliminary data for thermal resistance between phototransistor and case gave a value of about
0.1°C/mW or less. The maximum dissipation in the phototransistor for the co::..iions in the test
specifications (Vo= 20 V and IC(S AT) = 10 mA) is 50 mW, for which the preliminary indicated
maximum temperature for a 100°C heat-sink temperature would be 105°C. A dissipation of 50 mW
would be experienced in the phototransistor only in the intermediate switching range (10 V drop
across the transistor), and the 5°C rise could occur only if this bias point were held for a significant
period (~0.1 sec). Normally the maximum temperature rise in the transistor would occur in the “1”
state, for which the specifications would allow only 6 mW dissipation (VCE(,S AT)<O'6 V,Ic=10
mA); the preliminary indicated maximum temperature would be only 100.6°C. In either case the
temperature rise should be added to that of the GaAs diode for an indication of its maximum
temperature. Additional data for the isolation switch are presented in a subsequent section.
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k. Life Test Studies

Life tests conducted on the Phase | GaAs switches totaled 11,843 hours, These tests evaluated
several important design parameters of the isolation switch: the phototransistor saturation voltage
VCB(S AT) conduction current out of saturation, I, and the emitting-diode forward voltage drop,
Vp. The life test conditions consisted of a GaAs diode forward current Ip=30mA at 25°C.

For VCE(S AT) the test results are presented in Table XXI for 31 measurement points for each
of 12 GaAs switches. The test conditions consisted of I~ = 10 mA and Iy = 30 mA. The average
change in VCE(S AT)» between initial and final readings, was an increase of 6 percent; greatest
increase was 14 percent.

The test results for 1~ of the same devices are given in Table XXII for 26 measurement points,
The¢ test conditions were Vog = 0.6 V and Iy = 24 mA, The average change in - was a drop of 7
percent. The worst case was a drop of 22 percent,

Results for VD are given in Table XXIII. The test condition was Ip =30 mA. The average drop
was 3.5 mV, the worst case, 8 mV,

Most of the changes are sufficiently small to make the measuring uncertainty significant.
However, some conclusions can be reached. From a previous analysis the major contributor for
VCE(S AT) Was given as the bulk resistance. Changes, as indicated, would substantiate the benefit of
conductivity modulation effects. These would make the ageing effects more sensitive to other
parameters. The changes in V| are of sufficient magnitude, because V| related to photon-emitting
efficiency, to account for the decrease in I,

In conclusion, these resuits indicate a significant operating lifetime for the isolation switch,
The devices operated satisfactorily for almost 12,000 hours of continuous biasing. In application
some reduced duty cycle would be used. For a 50 percent duty cycle these ageing effects might
correspond to twice the period of operation, or almost 24,000 hours.

C. RADIATION TESTING OF RELATED DEVICES

Measurements were made on numerous devices submitted for proton radiation. The devices
included 15 discrete GaAs light-emitting diodes (5 each of types TIXL02, TIXL06, and TIXLO08), 3
GaAs diode-Si phototransistor pairs (type PEX4001), and § diode-transistor integrated-circuit logic
gates (type SNX1503). The devices were numbered as follows:

Unit Nos. Type
1-3 GaAs-Si Pair
4-8 TIXLO06
9-13 TIXLOS
14-18 TIXLO2
19-23 SNX1503
68
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The proton rasiiation consisted of the following:

Unit Nos | Radiation Dosage
1,5,8,10,11 1.2 x 1010 protons/cm?
14,18,19,20 at 30 MeV
2,4,12,17,21 1.1 x 1010 protons/cm?
60 MeV

3,6,9,15,22 1.1x 1010 protons/cm2
at 100 MeV

7,13,16,23 1.6 x 1010 protons/cm2
at 140 MeV

Table XXIV describes the data for the GaAs emitters, which consist of light-output data,
forward voltage, and reverse breakdown voltage. In each case little or no change occurred.

In Table XXV, data for the emitter-detector pairs include transistor current gains and overall
current gains for several collector currents and saturation voltages. Small decreases in the transistor
current gains are indicated only for the lower current. Transistor saturation voltage data
unfortunately included 2 pre-radiation values which were in error and were excluded. The cne other
set of saturation data (for Unit No. 1) is in close agreement.

Data in Table XXVI for SNX1503 logic gates indicate practically identical results before and
after radiation.

In conclusion, no significant changes in the important device parameters are indicated for
proton radiation.
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Table XXVI.  Characteristics of Diode-transistor Logic Gates-type
SNX1503, Before and After Proton Radiation
Pre-radiation Post-radiation
Device Input Output V1 \'¢ V3 Vi V2 V3
| Lead Lead V) (V) V) V) V) V)
19 9 8 1,22 1.58 0,054 1.18 1.60 0.052
10 8 1.21 1,569 0.054 1.18 1.59 0.052
12 11 1.21 1.59 0.066 1.20 1.60 0.055
13 11 1,21 1.59 0,066 1.20 1.60 0,055
20 9 8 1.22 1.59 0.066 1.21 1.61 0,066
10 8 1.22 1.60 0.066 1.20 1.61 0,065
12 11 1.21 1.59 0.071 1.20 1.60 0.069
13 11 1.22 1.59 0.071 1.21 1.60 0.069
21 9 8 1.24 1.61 0.070 1.22 1,62 0.070
10 8 1.24 1.60 0.070 1.22 1.61 0.070
12 11 1.24 1.63 0.069 1.22 1,62 0.066
13 11 1.24 1.62 0.069 1.22 1.62 0.066
22 9 8 1.22 1.60 0.063 1.21 1.60 0.060
10 8 1.22 1.60 0.063 1.21 1.60 0.060
12 11 1.23 i.60 0.074 1.22 1.60 | 0,071
13 11 1.23 1.60 0.074 1.22 1.60 0.071
23 9 8 1.21 1.60 0.057 1.21 1.60 0.055
10 8 1.20 1.61 0,057 1.24 1,60 0.054
12 11 1.21 1.76 0.055 1.20 1.61 0,052
13 11 1.21 1.74 0.055 1.20 1,62 0.062
VC c” 4,75V V2 - Input turn-on V1 - Input turn-off
threshold, output threshold, output
=V3=0.002V =4,7 V.
above full-on
output
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SECTION I
ISOLATION-SWITCH DEVELOPMENT
A. INTEGRATED-DRIVER CIRCUIT
1. Layout

Seven photolithographic masks were designed for fabrication of the integrated-driver circuit.
These consist of the following:

a) one for diffusion of transistor collectors;

b) one for diffusion of transistor bases and all resistors;

¢) one for emitter diffusion;

d) one for removing oxide on wafer where metal contacts are to be made;
e) one for preliminary metal pattern for probe measurements;

f) two for interconnection metal pattern selected according to tap required on resistors
as described in a following section.

A preliminary composite scale drawing of these patterns is shown in Figure 32, with 14
diode-connected transistors provided on three sides of the wafer. The 4 additional diodes were
included to allow for the possibility that the yield for the input diodes for the first fabrication runs
of the driver circuit may not be high. In that case there would still be the probability that 10 of the
14 would be satisfactory as determined from individual probing. The 4 additional diodes,
accounting for little area on the driver wafer, also allow for future expansion of the number of
input diodes or for future major modifications of the interior lead arrangement.

Each of resistors R1 through RS is surrounded by a separate N-type (collector-diffused) tank
which provides electrical isolation between the P-type resistors and substrate. An appropriate point
on each tank is electrically connected to the point of greatest potential of the associated resistor.
This establishes a reversed-bias condition on the isolating PN junction between the substrate and
tank. Continuity between the resistor and tank also prevents transistor action between the substrate
and resistor which could result in “latch-up” at high temperatures. This condition is characterized
by a high-dissipation, inoperative mode of the integrated circuit. Three of the metal pads provided
on each resistor allow for two alternate resistor connections as required to establish resistor
tolerances less than standard manufacturing tolerances. Additional pads on R1, R2, and R3 were
included to increase the versatility of the driver circuit, allowing operation for a
power-supply-potential design range of 5.0 to 6.0 volts within the present power-dissipation
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specifications. The interconnection patterns as now designed allow for the present specified design
range of 3.5 to 4.5 volts for the power-supply potential. Resistor R3, the most important
component for establishing the current in the light-emitting diode, consists of two separate sections
connected in parallel by the interconnection pattern, depending on the required resistor value. The
width of the larger-area section of R3 was chosen to minimize the effects of mechanical tolerances,
and the area was selected with consideration for the maximum density of power dissipation.
Transistor Q2 (Figure 32) consists of one collector region and four separate base-emitter regions.
This design provides the same type of transistor saturation voltage characteristics as for the devices
evaluated for the design data. Two small emitter-diffused regions near Q, allow for the single
interconnection crossover in the base and emitter lead paths, provxdmg the same base drive
conditions for the two base paths,

Metal pads are appropriately positioned for lead connections between the driver-circuit wafer
and package, as will be discussed in a following section.

2. Processing

Major processing steps are shown in Figure 33. The processing procedure is as follows:

a) Oxidize the slice. Use KMER with mask 1. Perform oxide removal and N-type
diffusion into the P-type substrate. This forms the transistor collectors and
resistor-isoli:tion tanks.

b) Recxidize the slice. Use KMER with mask 2. Perform oxide removal znd P-type
diffusions into the previous N-diffusions. This forms the transistor bases and the
resistors.

¢) Reoxidize the slice, and use KMER with mask 3. Perform oxide removal and N-type
diffusion into the P-diffusions of the transistors. This forms the transistor emitters.

d) Reoxidize the slice, and use KMER with mask 4. Perform oxide removal, revealing
the silicon areas to be metallized,

e) Evaporate metal over the slice. Use KMER with mask 5, leaving only metal within
the oxide windows of step 4, with pads for each for probing. At this point
measurements can be made of the circuit parameters in slice form.

f) Measure the circuit resistors to establish which of two resistance ranges has been
produced within the manufacturing tolerance. Remetallize the slices and apply
KMER. Use either mask 6 or 7 as appropriate for forming the interconnection
pattern and selecting the proper resistor taps.

Many evaluations are made during processing. One important test is concerned with the
forward current gains of the transistors. Following step ¢ a portion of a slice is taken from the lot,
and all oxide is removed. Transistor current gains are measured by probing directly to the diffused
regions. As indicated in step f, measurements of the resistors are needed to set the values within the
range used in the worst-case analysis, The values of most corresponding resistors in an entire
diffusion run fall within a narrow range. A wider production tolerance is obtained when a
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Figure 33. Major Processing Steps for Driver Circuit
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significant number of runs is involved. Establishing the particular resistivity rarge for a given lot
permits a choice between two metallization patterns. This determines the taps employed and the
resistor limits for the lot.

3. Device Results

A completed driver-circuit wafer is shown in Figure 34. Individual components on the wafer
can be identified with reference to the composite drawing of the diffusion masks in Figure 32 and
the circuit schematic in Figure 7.

For the first lot of driver circuits the resistor values were in the proper range, but transistor
collection-emitter breakdown voltages were low. Processing of these devices was continued through
fabrication of sample complete isolation switches. For the second lot of circuits the parameters
were within design limits,

Individual driver circuits were probed on the slice for overall evaluation. A circuit terminal
characteristic in the on-condition, the voltage between the supply voltage terminal and the emitter
of Q2, was measured for values of current of 24 mA and 40 mA. These values corresponded to the
worst-case limits of GaAs photon-emitting diode current for the minimum and maximum values of
supply voltage. The yield of driver-circuit wafers from this and subsequent lots was good.

: \
S S (ol e *s«*f’b'g;‘mg "
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B. ISOLATION SWITCH
1. Packaging and Assembly

Figure 35 illustrates the positioning of the parts in the integrated-circuit flat package. These
parts, shown in Figure 36, include th¢ wafers for the driver circuits, phototransistor, and
light-emitting diode, two ceramic mounts, and a 14-lead TO-84 integrated-circuit header, Other
parts not shown include the high-refractive index glass which bonds the phototransistor and GaAs
diode, bonding leads, and solder preforms. The two metallized ceramic mounts are used for isolating
the driy-r circuit and phototransistor. The ceramics chosen have different heights to allow abutting
of the ceramics without shorting the metallizations. This allows sufficient clearance for the bonding
wires which pass near or over the phototransistor wafer, and minimizes the lead lengths for bonds in
this part of the package.

Bonding-lead connections are also illustrated in Figure 35. The arrangement shown provides
for the ten inputs. An alternate connection of one of the leads provides connection to the base of
Q. The metal pads on the driver-circuit wafer were positioned to minimize, insofar as possible, the
lengths of the bonding leads to the package leads. Use of 10 of the 14 leads of the package for input
leads to the driver wafer limit to some extent the flexibility for positioning wafers and locating
metal pads for minimum bonding-lead lengths.

An assembled isolation switch is shown in Figure 37. The driver-circuit wafer was from the
first run described. The major assembly steps of the isolation switch are seen in Figure 38. The
assembly procedure is as follows:

a) Solder the phototransistor and and driver-circuit wafers to the ceramic submounts.

b) Solder the two metallized ceramic submounts into the header. The positions of the
ceramics correspond to the location of the phototransistor and driver-circuit wafers
in Figure 37,

c) Bond leads between appropriate pads on the phototransistor and driver-circuit
wafers and the header pads.

d) Bond leads to the unmounted emitting diode we =~

e) Mount the emitting diode to the sensitive region «. the phototransistor with the
high-refractive-index glass.

f) Bond the appropriate leads of the emitting diode to the header and driver circuit.

g) Cover the periphery of the emitting diode with ep <y.

14

h) Hermetically can the package.

Preliminary evaluation of this assembly procedure was conducted with isolation switches built
with electrically inferior semiconductor wafers. The most important result of this procedure was a
change in the choice of the integrated-circuit flat package. The first type of package was selected for
its large glass-free wafer-mounting area. There was also a region in the center of the bottom where
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Figure 36. Isolation Switch Parts

Figure 37. Internal View of Assembled Isolation Switch
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DRIVER CIRCUIT
PHOTOTRANSISTOR [ ClRcy

CERAMICS

a.8) MOUNT Si WAFERS ON CERAMICS

b) MOUNT CEHAMICS IN HEADER AND BOND LEADS'

GaAs DIODE

c) MOUNT GeAs DIODE AND BOND LEADS

$A16673

Figure 38. Major Assembly Steps for Isolation Switch

gnld plating was missing. As this package is usually used with silicon chips mounted with glass frit,
the gold-free area is usually unimportant. For the isolation switch, however, metallized ceramic
wafers are mounted to the package bottom using alloy performs. In the first package the alloy
tended to flow to the plated portion of the package bottom, resulting in lumps of excess alloy
around the bottom of the ceramic wafers. The new package was dimensionally identical with the
former package, but the bottom was completely plated. Isolation switches mounted in the new
packages showed no gold lumps.

No significant problems developed in wafer mounting or lead bonding, thus verifying that the
assembly procedure was adequate.
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Bonding in the isolation switch is considerated a monometallic system. Although aluminum
and gold are used for metallization on the phototransistor and driver circuit, respectively, the
corresponding type of bonding lead is used to each wafer. Actually all bonding leads are gold except
for one aluminum lead required for the phototransistor emitter contact. Aluminum metallization is
now employed for the phototransistor because it requires a less complex technique of metal
application for low surface-leak age current.

2. Device Results
a. Preliminary Testing .

Preliminary electrical evaluation was performed on five isolation switches built with good

semiconductor wafers. Circuit parameters, measured at - 20°C, 25°C, and 100°C, are given in Tables

XXVII and XXVIII along with the design specifications and measurement conditions. The ten

input-diode terminals were connected to give worst-case values of the power dissipation in the

off-condition, POFF’ the input diode current in the on- and off-conditions, and the

input-diode-breakdown voltage. For these tests the diode breakdown was determined as the

‘, difference between the input voltage and the supply voltage, less 0.2 V for the drop across the
resistor in series with the input diodes and the power supply, R .

Table XXVII, Preliminary Isolation-Switch Characteristics

Conditions
Specification Device T VCC VR VCE | c
Parameter { Value Unit 1 2 3 4 5 COl MM N |ma)

PON < 200 mW 164 160 165 158 166 25 145 6 - -

PON <200 mW 171 170 172 167 171 20 | 4.5 6 - -

PON <200 mW 144 143 145 139 142 100 | 4.5 6 - - /g

Popp |S1 mw 0.86 0.90 0.90 0.90 0.90 25 (45 | 0 - - /

POFF <1 mW ) 0.86 0.90 0.90 0.90 0.91 20 | 4.5 0 - -

POFF <1 mWw 0.81 0.83 0.83 0.86 0.84 100 | 4.5 0 — —

I <sx10f [ oA | <1 <1 <1 <i <1 5 1as |6 | - |-

I <5x10* | na <1 <1 < <1 <1 2 (45 |6 | - |-

ll <5x 104 nA 24.8 28.0 23.0 42.0 36.0 100 | 4.5 6 — -

Ill <-1 mA -0.189 -0.197 -0.197 -0.195 -0.198 25 1 4.5 0 —_ -
: ll <-1 mA -0.190 -0.200 -0.200 -0.200 -0.200] -20 | 4.5 0 - -
5 ll <-1 mA -0.174 0,178 -0.179 -0.178 -0.1801{ 2106 | 4.5 0 — — )
BVp |>6.5 \' 7.9 8.0 79| 8.0 7.9 51 - - |- |-
BVCEO =135 Vv 72 84 75 70 86 25 — - - 1
lCEO <100 nA 1 1.3 1 1.2 1.1 25 - - 20 -
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Table XXVIIl. Preliminary Isolation-Switch Output Characteristics
Conditions
Specification Device ) T Vee Vl VCE Ic
Parameter | Value | Unit 1 2 3 4 5 o|lm (44) (V) (mA)
ICEO 100 nA 1.4 1.9 1.4 1.8 1.3 25 4.5 1 20 -
Iceo 100 nA | <1 <1 <1 <1 <1 20 | 4.5 1 20 -
. . 20 -
lcgo 10 uA 5.95 4.8 6.3 9.4 3.0 100 | 4.5 1
VcEs 0.6 \Y% 0.14 0.17 0.14 0.17 017 | +25 | 3.5 3 - 10
VCEs 0.6 \% 0.14 0.14 0.11 0.14 0.14 | 20 | 3.5 3 - 10
VCES 0.6 \Y 0.36 0.31 0.23 0.31 0.38 ] 100 | 3.5 3 - 10
VCES 0.6 \Y% 0.4 0.26 0.24 0.30 0.27 25 | 3.5 3 - 15
VéES 06 \Y% 0.22 0.20 0.15 0.23 023 { 20 { 3.5 3 - 15
Vees 0.6 \% - - 0.39 - - 100 | 3.5 3 - 1§
Ie 15 mA 18.5 19.2 27.5 18.5 19.2 25 | 3.5 3 0.6 -
Ic i3 mA 23.0 17.0 31.0 18.2 18.6 20 ! 3.5 3 0.6 -
Ic 15 mA 12.5 13.2 18.5 13.4 12.5 100 | 3.5 3 0.6 -
VH = Pulse VCE IC
Switching Times V) V)  (mA)
Pulse OFF ON
Y4 10 us 10 7.4 6.3 11.6 7.4 25 | 3.5 3 20 10
ty 10 us 6 4.6 4.0 6.6 4.2 25 | 4.5 3 20 10
ty 100 ©s 40 24 42 41 23 25 | 3.5 3 20 10
ty 100 us 43 27 43 45 25 25 | 4.5 3 20 10

The data show that only one isolation switch met all design specifications. Four devices failed
to satisfy the specification for the phototransistor current, IcatVog=0.6 V, Voo =3.5 V. These
parameters are related to the light emission of the GaAs diode, the optical coupling and
phototransistor gain. As indicated by the satisfactory performance of Phase I GaAs switches, these
results were not typicai of those expected for the isolation switches. Selection techniques used for

the GaAs diodes and phototransistors ensure sufficient optical coupling to meet the specifications
for I¢ and t;.

Additional tests of the‘ isolation switch were made at 25°C, using a breadboard connection of
various driver circuit wafers and a representative GaAs photon-emitting diode. The data for six
units, shown in Table XXIX, consist of:
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Table XXIX, Charactaristics of Several 1solation Switches

In2on) Ip2(0FF) Pon BVp) I
(mA) (nA) (W) V) (mA)
Vee=35V | Voe=48V | V=4SV | =10 A | Vgo=4SV

Device vl =6V Vl =1V Vl =6V Vn =0
1 23.8 48 160 8.3 0.192

2 24.3 43 167 8.2 0.196

3 24.4 44 164 8.2 0.190

4 24.8 43 166 8.2 0.198

s 24.3 as 162 8.2 0.192

6 24.6 43 164 8.2 0.196

e  The emitting-diode current, Iy, for a worst-case on-condition (with the supply
voltage Voo = 3.5 V and the input voltage V= 6 V) and off-condition (with Vee =
4.5V and Vi=1 V)

e  The power dissipation Py, in a worst-case on-condition (with Ve =45 Vand Vj
=6V)

e The breakdown voltage of the input diode, BVpi

e  The input-diode current, I}, in a worst-case on-condition (with Vee=4.5Vand Vi
= (0),

Values obtained for Pq, BVDI , and Iy agree closely with those in Table XXVII. From the
worst-case design, the calculated minimum value for Iy, at 25°C in the on-condition, ][DZ(ON)’ is
24.0 mA. In Table XXVI five devices have va'ues of ED2(ON) between 24.3 and 24.6 mA. For one
device Ipy ON) Was 23.8 mA, which is within the measuring accuracy of the worst-case value.
Values in Table XXIX for Iy, in the off-condition, ID2(OFF)’ range from 43 to 48 nA; this current
level results in negligible photo emission and, thereby, photo-induced leakage in the phototransistor.

A primary relationship in the design of the driver circuit for the off-condition is that between
the input voltage and the voltage applied to the emitting diode. A detailed measurement of this
characteristic was made for a representative driver circuit and emitting diode. The results are
described in Figure 39. The relationship between input voltage and emitting-diode current for the
same devices is shown in Figure 40. These results are within the design tolerances.

The isolation switches mounted in the new package for evaluation of the device assembly
techniques were continued through final processing. Preliminary environmental tests were
conducted to examine the units for gross defects. A process lot of 16 units was separated into three
groups, submitted for environmental tesiing, and tested electrically for open or short-circuited leads
and for isolation of chips from each other and the package. The tests performed were:
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Figure 39. Input Voltage - Emitting Diode Voltage Characteristic for
Representative Isolation Switch

Variable Frequency Vibration: 20 to 2000 to 20 Hz at 50 g, three perpendicular
planes, 15 minutes per plane.

Mechanical Shock: 10,000 g, 0.2 ms onset time, all six planes, five blows per plane.

Temperature Cycling: 10 cycles consisting of 15 minutes at - 65°C, 5 minutes at
25°C, 15 minutes at 150°C, and 5 minutes at 25°C.

No failures were noted. These tests support the recommendation based on tests with GaAs switches,

made earlier, that temperature cycling should be limited to - 65°C and 150°C.
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Figure 40. Input Voltage - Emitting Diodes Current Characteristic
for Representative Isolation Switch

Following these tests, four electrically good isolation switches (Nos. 1, 2, 4, and 5, described in
Table XXVII) were subjected to the previously described environmental tests and to acceleration of
20,000 g's for a period of one minute, with units mounted in each of three mutually perpendicuiar
planes, The evaluation tests consisted of operational measurements and tests for isolation. None of
the devices exhibited lead or bond fracture, or change in the isolation or the optical coupling.

b. Final-Test Results
Isolation switches to be tested to the design specifications were first subjected to a 100-hour

burn-in consisting of Voo = 4.5 V and Vi = 3 V (“1” condition). Before fina! testing was started,
preliminary sorting was done to eliminate faulty units. The checks made during this sorting include:
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1) Checking to see that each of the ten input diodes is connected, and that none have
obviously low breakdowns or high leakage.

2) Connecting VCC = 3.5 V to the driver circuit, and checking the phototransistor
collector current to ensure that the collector current is in excess of 20 mA when the
input circuit is open, and that the collector current drops to a low value when the
input circuit is grounded.

Data for thirty isolation switches are given in Tables XXX and XXXI, including the
specification limits. All units meet the specifications. The results are in agreement with the
characteristics discussed in the previous sections,

Measurements were made of the thermal resistances of the isolation switch for comparison
with the previously described results. For the representative isolation switch selected, the thermal
resistance of the GaAs diode (larger-type wafer) to the heat sink measured 0.32°C/mW,
Measurements were also made of the thermal resistance between the phototransistor and the case.
For these tests the collector-base junction was operated in the manner of the GaAs diode described
previously, Calibration curves were obtained of the forward-biased V-l characteristic, Veps s a
function of temperature at a constant current of 5 mA. Higher forward-bias currents were applied
to heat the diode, and these currents were interrupted to measure Vog at 5 mA. This means
dissipating power in the phototransistor with the collector-base forward biased is appropriate, as
under normal biasing conditioiis the dissipation also is primarily in the collector-base junction. For
this isolation switch the thermal resistance of the phototransistor to the case measured only
0.07°C/mW. These results are in agreement with results described for the Phase I devices.

Mezasurements were also made for this device to evaluate the temperature rise of the
driver-circuit wafer, In this case a diode-connected transistor near the prominent heat-dissipating
element, R3, was used in the measurement. The forwarad voltage of this diode was calibrated as a
function of temperature. The driver circuit was turned on and the curresponding temperature rise in
the nearby diode was evaluated. For the worst-case power dissipation in the driver circuit at 100°C
of 144 mW, the temperature rise was measured as only 6.3°C above the heat-sink temperature for a
driver circuit mounted on the ceramic wafer in the flat package, as previously described.

In conclusion, the operating temperatures of the semiconductor wafers in the isolation switch
can be expected to be only nominally greater than the case temperature.
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SECTION IV

CONCLUSIONS

The design goals for the isolation switch were met. The successful develnpment of this device
demonstrates the ability to combine the present integrated circuit, transistor, anc
photon-emission-detection technologies to perform functions not realizable in conventional
integrated circuits. The isolation switch can be used in place of relays, switches, and signal
transformers for better performance in more demanding applications.

The fabrication techniques used were particularly selected to be suitable for practical
production of the devices. Commercial availability is planned for a number of device versions. The
GaAs emitting-diode phototransistor pair (GaAs switch) is now offered in a six-lead TO-5-type
package as the TIXL102 and TIXL103. Plans are being made to offer the isolation switch and also
the Si integrated circuit of the switch as an emitting-diode driver.
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