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1. SUMMARY

The main ohjective of this program has been the development of
device design and processing techniques for the fahricarion of an
augmented power transistor capable of fast-switching and high-~voltage
power conversion, The major device goals have been susiaining voltages
in the range of 800 to 1000 V at 80 A and 50 A, respectively, at a gain
of 14. The transistor switching rise and fall times were to have been

hoth less than 0.5 usec.

An important aspect of this program has been the development of
a passivating glass technigue to shield the device high-voltage junction
from moisture and ionic contaminaunts. One other major task has been the
development of an isolated package that separates the thermal and
electrical interfaces. A new methnd has been found to alloy the

transistors to the molybdenum disc at a .elativelv low temperature.

The measured electrical performance compares well with the
predicted optimum design specified in the original proposed design. A
40 mm diameter transistor has been fabricated with seven times the

emitter area of the earlier 23 mm diameter da2vice.
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2. INTRODUCTION

It has been well established that the bipoiar transistor is the
preferred power—-switching component for a large number of power electronics
applications. It is a fast and efficient switch and relatively easy to
manufacture when compared with other devices which have similar perfor-
mance capabilities. Presently, there are two important trends in the
transistor industry. One trend is to increase the device area so that
high currents and higher voltages can be achieved. The second trend
involves improvements in characcerization methods and an understanding
of the turn-on and turn-off process., Only a few years ago the bipolar
power transistor was vieved as a mature device with little opportunity
for major technical advancements. Since the late 1970s, high~voltage
fast-switchiné transisto~s have progressed from the 1 cm2 (D60)
conducting area to the p-esent 7 cm2 area, which represents an increase
in current-handling capa)ility of seven times. Increases in sustaining
voltage can also be made using this area factor, although the factor is
governed by a square law relationship which makes it more economical to

switch power at high currents than at high voltages.

This report describes work which makes us2 of results obtained
under previous NASA contracts, NAS3-18916, NAS3-21380, and NAS3-~21949,
to develop a 40 mm diameter bipolar transistor. The device uses the
well-developed triple~diffused process which combines high current
densities with the ability to operate at high switching frequencles.
With a collector-emitter sustaining voltage VCEO(sus) between 800 V and
1000 V, the device i{s capable of a power-switching product of
approximately 60 KVA with an hFE of 14 at B0 amperes.

A new glass passivation method has been developed for this

device, capable of shielding against ionic contaminarts with excellent

S : —(



humidity resistance. 1In addition, the glass passivant, containing a
negative charge, permits a large bevel angle at the slice edge resulting

in a considerable saving in fusfon area.

An added feature of the design i{s the ecncapsulation of the
transistor into a power module that separates the electrical and thermal

interfaces and dissipates at least 1100 watts of power.

This fast-switching device 1s expected to be used in high-power,
pulsewidth-modulated applications where efficiency, size, and weight are
at a premium. Some typical applications are motor speed control, 20 KHz
arc welding, and pulsewidth-modulated voltage regulators. Transistors
with very large current-voltage products are also desirable for urban
mass transit vehicle auxiliary power supplies where small size and low

weight improve the competitive position.




3. TRANSISTOR DESIGN

3.1 Background

The power-handling capabiliry of a bipolar transisror is limited
by its sustaining voltage and curreni-handling capacity. 1lts perfor-
mance when operated as a high-power switch can be characterized by the
device current gain, current density, saturation voltage, and switching
times. A transi{stor design model dsveloped during previous NASA
programs has been used to predict minimum emitter area and collector
material parameters for the designated voltage and current range. Newer
design models have also been developed to predict forward safe-operatlng
area, edge-termination field characteristics due to glass passivation,

and device packaging and mounting constraints,

3.2 Design Procedure

The design of a high-power :ransistor sw!tch must neet a number
of requirements besides those of hijh-current gain and sustalining
voltage. Limits must be imposed on switching times, peak current gain,
reverse junction currents, steady-state power dissipation, and second
breakdown performance, Many of these requirements can be met by making
adjustments in the device design or processing, leaving the transistor
optimization primar{ly dependent on the base impurity density, the
cocllector councentrailon and widih, and emitter areca. With the transis-
tor design model that was used, the optimization technique has been
narrowad .to a simple quadratic equation. This, along with the collector
breakdown voltage relation, is used to find the minimum emitter area for
a particular combination of device veriables. The minimun area in some
cases may conflict with switching times and peak current gain and, when

applicable, priorities must be assigned.
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Under conditions of hase widening for a highly interdigitated
emitter, the current gain in the common emitter configuration is given

by Equation I(l) as

h
Peg = 0 IFEO (1]
o ¢ o
trg (vt - 2)
B o I¢

where I, ic the maximum collector current, Gg is the total acceptors per
em? 11 the metallurgical base region, and h is the peak curreat gain.
The quantities 1, and Q, are related to the collector-emitter voltage Vg
where:

I, = Ao a vy Np Veg/u, (2]

and
(IO = "In wn (a VCB/[‘KT) . [3]

ia the above expressione Ap is the effective emitter area, N, is the
cnllector impurity concentration, NN is the collector-basewidtl, aand Y]

the electron mobility. The collector voltage VCE is then:

Vee = Ve ~ Vg [4]

where vhe is the has~»-emitter voltage.

Substitution of Equations 2, 3, and 4 into 1 yields the
quadratic in Ag which can be solved to yield an optimum emitter area for
a given collector current and gain. The input data and optimum design
are shown in the computer output of Figure 1. Tn the output listing it
can be seen that for the 1000 V sustalining voltage design, the effective
emitter area is 7.68 cmz. Table 1 shows the complete listing of
materfial variables for both the 1000 V and 800 V design. A compromise

in the design has to be made to be able to fahricate devices in the

STV, L L ‘



New Input Data

Vop=2.5V I, = 50.0A
Vego (588 = 10000V h= 14.0

Tj = 25.0°C T=50.0ps
DC = 23.0 cm?/s AE = .050 eV

At Ref, Temp. the Program Uses:

Heg (25.0°C) = 13000 cme/V-s
Ge = 7.48F +013 cm /s

AtT ] These Values Apply:

oo (25.0°C) = 1300.0 emZ/V-s
Ge = 7.4%F + 013 cm~ /s

Optimum Design

AE = 7.68E+000cm® h.. = 28.9

=3 FEO
NC = 5.69E + 013 cm m= .75
WC = 133.6um BV = 2095V

CBO
Rho, C = 84.50hm-cm 1 = 50.0ps

Figure 1, Input and output parameters for 1000 V design.

parameters are different for each voltage and current range. The higher
resistivity was chosen for the backgrourd material so that the larger
voltage was achievable and both collector-base thicknesses were

processed to obtain the desired current levels at a gain of 14,

In the interest of knowing what performance can be obtained with
the existing fusion area, an optional analysis was performed for this

device by determining the maximum current possible for a current gain of
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14 and 1000 V sustaining voltage. Figure 2 shows the computer output
for the fixed emitter area showing the required collector parameters to
obtain this maximum collector current. Using this analysis then, a
curve of maximun collector current with respect to sustaining voltage
was determined and is shown ir Figure 3. The dotted curve shows the
penalty that must be paid in current to offset the effect of current
crowding in the emitter. The curve shows the family of devices possible
with this fusion diameter; however, at currents above 100 A, some
alteration of the emitter fingers must be made along with a means of
reducing the voltage drop in the base due to the very high base
currents. A narrowing of the emitter fingers would also require an
adjustment in the emitter preform and the base drop could be reduced by
the addition of a base insert (see contract # NAS3-18916). Photolitho-
graphy and emitter patterning techniques also become more difficult as

the maximum I, is increased and emitter fingers become narrower.

3.3 Mask Design

To determine the mask layout for a high-current transistor it is
necessary to know how the emitter current density varies over the fusion
area; this is determined in first-order approximation by the sheet
resistances of the base and emitter metallization and base diffusiocn.

In reality, a uniformly current-distributed emitter never occurs bhecause
base current flow under the emitter results in current crowding at very
high collector currents. An optimally designed emitter will be wide
enough to be within the resolution of the photoresist and accommodate
the emitter preform, and narrow enough to make the fingers efficient in
the current-crowded mode. For the 80 A device which has a current
density of 1l.5 A/cmz, au emitter finger width of 20 mils will make the
most efficient use of the available area and be able to accommodate an
emitter preform with fingers slightly narrower than the emitter metalli-
zation. For no change in the 7.68 cm2 emitter area, any increase at all
in the emitter current must be accompanied by a decrease in emitter )

finger width depending on the current value. The periphery of the total
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New Input Data

= 2.8
VCE .5V
chtsusl = 100G.0 V
1) = 25.0Dcqg. C
DC = B.07m"2fs

At Ret, Temp. the Program Uses
yC0(25.0C) = 1300.0 cm™2/v—s
Ge = 7.48€ + 013 cm™—d—s

AL TJ These Values Apply-
pC0125.0C) = 1300.0 cm™~2/V—s
Ge = 71,48 +013 cm™—~4—s

Optimum De<ign
IC = 4,95t + 001 Amps
NC = 5.69E +0'3cm”™ =3
WC =13.6urm
Rho, C=84.5 Cam-cm

IC {5 Amps/Div}

Ae = 7.6cm
H_ =140

™= 90.0us
& = ,050eV

hFEO = 289
m= 7%
BVCBO = 2093 V

T = 50.0us

hF[O( 10/Div)

Figure 2. Maximized curve

of collector current for 1000 V case.
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Curve 743957-F

1 1 1 { I | i ] L
— Sustaining Voltage 7
= vs Maximum Current -
i for 40 mm Diam Fusion _
g Emitter Width =20 mils _
=14 - :
amnd w -
i _ — ith Current Crowding _
~ Justme
B -~ nt for.C~urrent medlng-
! ] ! 1 ! ! 1 1 1
0 50 100 150 200 250 300 350 400 450 500
Ic Amps

Figure 3. Sustaining voltage versus maximum current.

area for the 80 A design is approximately 3 meters in total length;

) therefore, any decrease in emitter width will require an increase in

this periphery to accommodate the same effective area as calculated in

the original computer output.

A 40 mm mask set has been designed using the above 80 A design
rules, although this set can also be used on the 50 A device since the
current level is lower. The metallfzation mask shown in Figure 4 is
designed with 4 mil wide base fingers, a 3 mil separation between base
and emitter, and a 30 mil trunk width. These are adequate to reduce the
base contact voltage drop and‘deliver the required current to the emitter
region. A 10 um thick aluminum metallization is also required to

implement the above design rules. This metallization is approximately
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Figure 4.
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Metallization mask showing 40 mm layout.
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]

twice the thickness of the aluminum used on previous fusions fabricated
by the bipolar process. An allowance in mask dimension was made to
compensate for the etch factor on this thickness of aluminum. A
reinforcement bar was also included on the emitter preform mask for

added support of the larger mnlybdenum disc.

3.4 Junction Termination

Power semiconductors with base regions extending to the device
edge require some method for reducing the electric field and passivatin,
the junction at the semiconductor surface. Various junction terminatio:
methods are available that reduce the surface avalancle breakdown below
that of the semiconductor bulk breakdown. Contouring or shaping of the
edge of the semiconductor has been done by many in the past to spread
the voltage and reduce the field at the junction surf:ice. With a
negative bevel, the surface is mechanically grouna so that it intersects
the plane of the jumction at an acute angle, usually 6° or less for
breakdown voltages less than abouut 800 V, depending on the resistivity
of the background material. Fo: higher breakdown voltages, however,
much shallower bevel angles are required and these tend to be very
wasteful of surface area. For example, a 1° bevel which is required for
a 1000 V. ,(sus) bipolar transistor will consume approximately 2 cm2
more area than a 6° bevel. Since the total emitter area for this device
is 7.68 cmz this represents an approximately 25% increase in the

’
s %0
current rating of the transistor if a 6 bevel is used rather than the

One method(z)

that requires very little area of the available

top surface of the fusion is the substrate etch technique shown in Figure 5.
The etch technique proceeds from the substrate side of the wafer requiring
only a very narrow isolation etch at the top surface of the device. Figure 6
shows the breakdown voltage of a junction with and without the substrate etch
groove. The upper curve is the breakdown of the junction with the isolation
groove only and the lower shows the improvement in hreakdown voltage provided

by the substrate etch.

12
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Figure 5. Substrate etch geometry for reducing surface field.

The main disadvantage of this method is the high loss in yield
attributed fo breakage at the edge of the wafer. This breakage is due
primarily to the strain put on the fusion during the compressive force
applied when the devices are packaged. A number of devices were made
using this technique with sustaining voltages above 1200 Vv, but yields

were very low due to the breakage described above.

A higher yield process achieves the same high blocking voltage
using a 6° bevel and a negatively charged passivating glass. The glass
contains several metallic oxides and when fired to the silicon surface
produces a spreading of the voltage at the surface reducing the maximum
field. This has the same effect as a negative bevel such that in
reducing the field it transfers the breakdown of the junction to the
bulk-limiting condition. When used in conjunction with the 6° bevel, a
breakdown voltage at the junction of 1800 V is possible for a background
resistivity of 85 ohm-cm. An example of the improvement in breakdown

voltage using this glass is shown in Figure 7, which shows the junction

13
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Figure 6.
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With Isolation
Groove Only

With Isolation
Groove and
Substrate Etch
Groove

Breakdown before and after substrate etch groove.
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Edge Termination With Bevel and Glass

Figure 7.

Breakdown before and after glass passivation.
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breakdown before and alter the application of the glass. As seen, the
breakdown voltagze {8 increased from 1300 V to 1800 V by the negative

charge in the glass.

The effect of this glass can be analyzed further by calculation
of the potential distribution at the junction coa:ed with glass with the
edge perpendicular to the plane of the junction. The objective is to

solve the Poisson equaticn in two dimensions using

2 2 - ’ A
3 \2’ + 3 g - q an("’y NA\X,Y)_» ’ (5]
Ax dy €0 €5
in the semiconductor huli, and
2 2
3V v 1
5 * 2 T TE e (QG) (6]
Ax<  dy 0 G

i» the glass,

where €, is the dielectric constant of free space, €g Is the dielectric
constant of silicon, €z is the dielectric constant of glass, and Q. 1is
the charge density in the glass. Standard numerical methods are used in
the calculation of the potential distribution Iin a glass with zero charge
and a glass with negative charge. Potential distributions calculated for
the two cases are shown i1 Figure 8 and Figure 9, which also show the
equifield lines. 1In Figure 8 for a glass dielectric constant of 10,
reverse bias voltage of 1500 V, and zero glass charge, QG = Q, the
maximum field occurs at the surface so that breakdown will occur there
rather than in the bulk. Tn Figure 9, Qg = -2 x 1014 cm"3 and the
maximum field occurs within the bul¥; thus, the breakdown will take
place in the bulk. As for an exact breakdown voltage determination, it
is difficult to predict a specific fi<ld distribution; however, we do
know how the fleld is distributed for a particular negative charge.
"hen the negative bevel is added along with the negative glass, the

distribution aleo “ecomes verv complicated and it becomes even more

difficult to predict the breakdown voltade of the junction.
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P Electric Charge
140 KV/c ’lﬁikllf'_“_z__’_ in Glass=0
\ 100 Kv/cm rf'//
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50 ' —
— 185 KV/em 47—
- - -__,—f
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100 = N |1000V
100 KV/cm ]
150 | . 1500V
Nt
200 L

Figure 8. Equipotential and equifield lines at vapp = 1500 V for
glass with no charge.
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4. PROCESS INVESTIGATION

4.1 Diffusion

The ability to combine 2 high—voltage breakdown and high current

density while switching at high speed stems for the most part from the

triple diffusion process. Two different methods of base diffusion were

investigated during the course of this program with the aim of using the
process giving the highest yleld and best device characteristics. The
closed-tube aluminum gallium process was used primarily because of the

success obtained with this process in the diffusion of bipolar transis-

tors on previous developnent programs. An alternate diffusion method,

tre open—tube gallium prccess, was 3also investigated because of its

potential saving in process steps. This process also has the added

advantage of higher yield because of the limited amount of slice

handling as compared to the closed-tube process. The disadvantage with

this process, however, is the low lifetime that is usually obtained.
Lifetimes such as 50 usec and 100 usec are routinely obtained with the

closed-tube process, but lifetimes over 20 usec are difficult to obtain

with the open-tube process. A minimum of 25 usec is required in order

for the emitter to be efficient enocugh to produce the desired current
gain., Getterirg methods which increase lifetime by removing impurities
from the bulk material have been used with some success, although time

did not allow further study of this diffusion.

4,2 Junction Termination

In order to avoid the problem of premature surface breakdown
while using the least amount of surface fusion area, two different

junction termination schemes were investigated. Tn cne method, the

subsirate etch tecknique, a group of slices of 90 ohmcm resistivity

19
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were first diffused with a 3 mil deep phosphorus diffusion, then lapped
to remove the "t region from one of the sides. Into this N~ region a

30 u deep p~type region was diffused to form a function in the N region
capable of supporting 1800 volts when breakdown is not limited hv the
surface edge. By means of a photoresist mask, a narrow isolation groove
was etched into the top surface to a depth of 3 mils. An edge profile
of the etched sifice In Fizure I0 shows both the isolat{on groove and the
lower substrate etch. For the lower substrate etch groove to he
effective it must be deep enough to penetrate the upper depletion layer
before the layer reaches the lower N* diffused region and must be at
least as wide as the N  region. The y parameter and x parameter must
then both be greater than 3 mils. The primarv advantages of this method
are that the technique requires no more surface area than needed for the
upper isolation groove and also that the lower etch groove can he
mechanically etched with no need of registration with other surface
geometries. The main disadvantage is the loss of device yield bhecaust
of breakage at the edge of the slice when pressure is applied at the
surface during encapsnulation. This strain is concentrated at the elct
grooves when the slice is alloyed and the slice and molybdenum backing
disc are placed in compression and the combination assumes approximately

a ]l mil bow.

An alternate junction edge-termination technique which also does
not require an unusually large amourt of fusion area is a negative bhevel
used in conjunction with a negatively charged glass. The giass has the
effect of repelliﬁg electrons near the surface thereby lowering the

electric field. This effect has been described in Section 3.4.

4.3 Glass Paasivation

Glass passivation has been utilized in the past at the
Semiconductor Division production facility for passivating high-voltaeec
diodes and thyristors; however, conventional types of organic resins
(alizerim, RTV, ete.) are still beineg used to passivate the high-voltage
bipolar transistor. Due primarily to the high cost ard processing

20
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Figure 10. Slice edge profile showing substrate etch and junction
1 isnlation groove.

complexities, thls process has not been used although it is highly

desirable. There are a number of requirements for a glass passivant to

be an effective barrier against ionic contaminants and moisture, yet not

, be sensitive to device temperature and processing procedures. Alkali

ions in concentrations as low as a few hundredths of one percent,

especially adjacenc to the junction, result in serious instability of the
. junction. Along with this the coefficient of thermal expansion of the

glass must match as closely as possible that of silicon to prevent
cracking of the glass at the silicon interface.

D I P
b, e BV SRR

il

An ordinarily useful
silicon dioxide film has a glass network structure that is very porous

1
&

and is not a good barrier against moisture or alkali ions. If we were

to use just simple glass, this substance would be attacked very easily
because of its porous structure.

3
i

7 g

With the addition of several metallic
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oxides such as PbO and Zn0, the glass network is made very fine and

mobile ionic free carriers and moisture can he kept freec of the surface.

Gla<ses that ccntain a high percentage of zinc oxide have been
used successfully as a passivating glass in the fabrication of the 40 mm
transistor. The glass 1s a composite and also contains proportional
amounts of boron oxide, alumina, and lead oxides to make it very closely
match the thermal coefficient of expansion of silicon. The thermal
expansion of silicon is very low (3.3 x 10"6/°K) and, generally, glasses
matching this thermal expansion have melting temperatures far too high
for semiconductor devices. The thermal coefficient of expansion of this
composite glass is 3.6 x 10-6/°K and can be fired at 720°C with no harm
to the silicon. Table 2 shows different glass tvpes and some of their
characteristics that make them attractive as silicon surface passivants.
As seen in the table, one of the disadvantages in the use of thi:z glass
is the susceptibility to attack by acids. These are normally prc¢sent in
the aluminum and oxide removal steps, and the glass must be protected by
some covering such as photoresist to prevent attack and in sowe c:ises a
dry etch (plasma) must be used. The photoresist is then removed “y a

dry plasma etch or burned off during the fina! aluminum sintering step.

Anoth;r process constraint when using glass is that the melting
temperature of the glass cannot be exceeded during the subsequent alloy
step that bonds the fusion to the molybdenum backing disc. Reflowing of
the glass tends to upset the firing-annealing cycle, which would be
difficult to control during the alloy sten. This problen can be avoided
if the glass firing is done before the alloy and the alloy is carried

out at 2 lower temperature.,

4.,3.1 Glass Application

The application of the glass to the silicon interface can be
done in any of the number of ways shown in Figure 1l. S{lkscreening has
been found to be the most efficient means of applying the glass for the

following reasons:
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~ Spinning

- Doctor Blading
- Sedimentation
- Centrifuging

- Electrophoresis
~ Screen Printing

~ Hypo Needle

Figure 11. Methods of glass application,

selective application,
low incidence of voids in the mixture, and

production-oriented process.

An automatic thick-film screen printer which {s used to apply

the glass to the slice edge is shown in Figure 12, The glass is

transferred to the slice in the form of a 1.5% solution of cellulose in

butyl carbitol mixed with the glass powder. A small printing void in

the glass near the junction can have a serious effect on the breakdown

voltage of the junction., Given below are some of the common screen-

printing problems along with their solutions.

Composition of Materfal. Voids and pinholes are caused by
poor screen snap—off and clogged screens. Low-viscosity
glass will result in poor screen peel from the surface as
well as pinholes. Clogged screens are the result of allowing
the glass to dry on the screen between applications.
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e Printing Screen. The principal way to obtain correct glass
thickness is to use the screen with the correct mesh count,
wire diameter, and emulsion thickness. Generally speaking, a
wider mesh will give a thicker glass but jmage resolution is
better on narrower mceshes.

The glass film screen-printing process contains many variables

that must be controlled to obtain optimum results.

After the glass is applied to the surface and baked, the mixture
is fired to bind it to the silicon interface. The temperatu-e firing
cycle and time interval are shown in Figure 13. The critical parts of
the cycle are the glass-firing step and the annealing step, which
relieves the stresses formed during cooling. Annealing of the glass is
only needed to improve electrical results and lower current leakage
levels. Shown in Figure 14 are some reverse breakdovn characteristics
relative to the firing cycle and their probable cause. The breakdown
voltage characteristics of thc junction before and ajter glass
application are shown in Figure 7. It can be seen that the breakdown
voltage is raised from 600 V to 1200 V after application of the
negatively charged glass.

4.4 Alloying and Substrate Bonding

After the glass has been fired, an 80 mil thick molybdenum disc
is then fastened to the bottcm of the fusion by means of an alloyed
aluminum contact. Aluminum 10 um thick is evaporated onto the mating
surfaces of the fusion and molybdenum then alloyed at a temperature
below the glass-firing temperzture. The attachment of the molybdenum
disc to the fusion produces a warping or bimeiallic effect between the
two members that is dependent on molybdenum thickness, silicon thick-
ness, and solder-freezing temperature. The optimum thickness for the
molybdenum can be determined from solution of the Navier equation as
shown in Appendix I. Figure 15 shows the amount of bow and the
resulting stresses in the silicon plotted against the molybdenum
substrate thickness. The silicon interface stress remainsg relatively
constant no matter what the molybdenum thickness, but the surface stress

varics great.y. It 1s actually zero at a moly thickness of 15 mils when
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720°C
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’ Critical
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Figure 13. Glass-firing cycle.

it changes from being in tension tc being in compression. Figure 16
shows the amount of bou versus moly thickness with the device diameter
as a running parameter. A measured reading of .00l inch on the 1.5 inch
diameter combination compares favorably well with calculations.

Alloy bonding of the slice to the molybdenum disc also presents
the problem of an uneven solder penetration. The temperature and time
cycle are shown in Figure 17 with the process being performed in a
vacuum furnace. To reduce the penetration of aluminum into the silicon,
the temperature excursion from 570%C to 600°C must be made as quickly as
possible.

Excellent physical and electrical bonds have been made with this
method shown by the ultrasonic scans in Figure 18. Good bonds are
evidenced by an all-black image; any voids in the alloy appear as white
spots in the scan. 01 the left the silicon wafer broken away from the

moly verifies these particular measurements.
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Curve 743953-A

Ieao[
Firing Below 720°C
or Too Short Annealing Cycle
10-20pa |-~
Veso
fesor
Firing Much Longer Than the
5-10 Min at 720°
VeBo
ICBO —

Correct Firing Time and
Temperature With Long

Annealing Time,

50-100 pa . J

Veso

Figure 14. Reverse breakdown characteristics and their probable cause.
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Figure 15. Amount of bow and stress versus molybdenum thickness.
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Figure 16. Effect of diameter and moly substrate thickness on

device bow.
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S5« DEVICE FABRICATION

The 40 mm device fabrication process consists of a four-mask
sequence witb'the process that essentially was de;eloﬁéd under previous
contracts such as NAS3-18916. Changes have been made in this process to
accommodate the different glass passivation and alloy steps explained in
the previous sections. A flow diagram indicating the various steps and
appropriate cross sections is shown in Figure 19. The starting material
in this case is an 85 uhm-cm n~type substrate 15 mils thick. The slices
are as sawed and do not require any special surface finish. Into this
slice is diffused a 3.) mil deep phosphorus dopant which serves as the
lower n+ collector vcentact. After deep diffusion, one 3 mil region is
removed by lapring and polishing to expose the n region for diffusion
of an Al-Ga base diffusion. This is followed by a boron diffusion to
increase the surface concentration and prevent conversion of the surface
during the emitter diffusion. After the base diffusion, the slices
undergo a photoresist step and phosphorus emitter diffusion deep enough

to provide the desired hpgy of 30.

After the diffusions are completed, the slices are edge bevzled
to a 6° angle then spin etched and put through a screen~printing glass
deposition step. Processing the slices further, the glass is fired
after which an aluminum evaporation is performed on the back of the
slice and one surface of the molybdenum disc. The slice and moly are
next alloyed and another photoresist mask is used to open base and
enitter contacts. An aluminum evaporation is again performed on the
surface of the slice and anotner photoresist mask is applied to
delineate the device contacts. Sintering of the contacts takes place at
550°C, then a molybdenum preform i{s attached to the emitter contacts to
complete the process. A picture of the completed fusion is shown in
Figure 20.
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A 40 mm fusion.

Figure 20.
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b. PACKAGING

OUne of the main contract goals was that of packaging the device
into an encdapsulation that pnysically separates the transistor thermal
and electrical interfaces. Originally the packaging task was contracted
out to an outside vendor, Thermal Associates, Inc., to encapsulate the
fusion into their size-18 isolated, modular, epoxy-bonded package. Th's
vendor after a ccnsiderable length of time was not able to deliver a
packaged device within the electrical specification; the coantract

agreement was therefore terminated.

As ar alternate approach, the following device delivery
conditions were agreed to by NASA.

(a) Delivery ot ten devices packaged into a modified
Westinghouse T7S0U unit that will conform to the orijinal .
packaging contract goals.

(b) Dbelivery of 3U fusions packaged in a Westinghouse Y-size
flat package to pass ail specifications other than the
isolation requirement.

(c) Delivery ot ten unpackaged devices to pass all specifica-

tions as measured in the fusion test package.

The modular power semiconductor described in (a) provides
electrical isolation of the contained semiconductor while providing
thermalliy conductive paths to the case. A sketch of the modified unit,
which utilizes the "CBL™ approach to mounting the fusion, double-side
cooling, and an insulation system to provide up to 250V VAC (min), Hi~
pot case isolation is shown in Figure 21. A photograph of the package
is also shown in Figure 2i, and the specifications for this unit are
shown in Table 3. For option (b) the cathode of the Y9-size package was
machined to fit the emitter pretorm ot the 4U mm device and a tetlon

locator was added to center the device on the anode stage. - -

JOTR.
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Teble 3
T7S0 Device Specifications

Hi-pot (case isolation)e. . « « « o 2500 VAC (min.)

CDIV (corona)e o o « « ¢ o o « o o« 1000 Vpyo (min.)

Rosc (afir-cooled design) « « « « . 1°C/watt (ma=:.)

Size {air-cooled)e ¢ ¢ o o o ¢ o o 3,77 W x 2,75" H x 5.33" L
Other Features

Thermistor temperature monitor each device, isolated (2500
VAC) penetrations)

«50" dia. electrical connections (penetration)

Gate, gate potential leads (penetrations)

Internal hermetic devices

> 1" strike and creep between terminals

0 0@

Air-cooled design to be capable of 25C through 550 ARMS, < 1600
volt device

Design must use UL materials

38
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7. ELECTRICAL PERFORMANCE

7.1 Current-Gain Data

The electrical characteristics were measured for each device to
reveal the hg., VCEO(SUS), VCE(sat), and Voo.. Switching measurements
and FSOA were also made on typical devices and were found to be

reasonably close from run to run.,

Filgures 22 and 23 show three levels of current transistor
characteristics for the 80 A and 50 A, respectively. The curves were
obtained using a 576 Techtronix curve tracer and high-power puls:
attachment. It can be seen that a gain of 14 is evident at both the
80 A and 50 A level. For both curves it can also be seen that the
VCE(Sat) is less than the 1 V design goal that 1is specified.

To show how these transistor parameters compare with the design
goals, a curve of measured current gain versus collector current for
both devices is shown in Figure 24, and for comparison the G = hpg IO
asymptote for each device is also shown. As can be seen, the measured

curves are above the asymptote at the 50 A and 80 A current levels,

Figure 25 shows the distribution of hFE Ic versus vcao(s“S) for
two runs each of different collector-base. thickness. The curve shows
the profound influence of the collector-base thickness on the high
current gain and sustaining voltage. More importantly it is also
evident that these values agree very closely with the predicted values

from the computer readout of Figure 1,

7.2 Switching Measurements

Switching measurements were made on these devices using a test

circuit which simulates the waveforms seen in a typical switching

39
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Device #
12D2-2

High Current

Mediun: Current

Low Current

Figure 22. Collector characteristics for the 800 V device.
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Figure 23.
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OF POOR QUALITY

Device #
12D4-20

High Current

Medium Current

qéﬁﬁwnzawﬂ

Low Current

Collector characteristics for the 1000 V device.
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Curve 743955-A
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Figure 24. Current gain versus collector current for 1000 V and

-800 V device.
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4 Curve 743949-A
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Figure 25. Mecasured and theoretical current gain product versus
sustaining voltage.
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regulator circuit. The base-switching square wave pulses are at low duty
cycle permitting steady-state conditions to bhe teaphed i{n the inductor
during switching and keeping turn-on and turn-off losses and temperature
fluctuations very low. Turn-on and turr-off switching waveforms are shown
in Figure 26. Both curves show the 10% to 907 rise and fall times to be
less than the contract goal of 0.5 psec. Measurements were made at

Vee = 300 V, In = 50 A, and Iggy and Igapp = 5 A as specified by the

test. Figure 27 shows the turn-on delay and storage tiwme for.the same
device. The upper curve shows turn—-on delay to be less than .l usec;
however, storage time is approximately 5 usec, which i{s somewhat higher
than the design goal. High storage times can be attributed to the
exceptionallv high lifetime characteristic of the closed-tube, triple-
diffusion process. The low-lifetime/low-storage time combination con-
flicts with the need for high-lifetime/high-emitter efficiency. A compro-
mise must be made here since lifetimes greater than 50 usec only serve to

increase storage time with very little increase in emitter efficiency.

For a more realistic picture of device performance, switching
energies were also measured. The switching energies are more descriptive
of device performance tecause measurement does not need to take into
account tho shape of the collector current and voltage waveforms.
Measurement 1s made by integrating the power curve. The power turn—-off
waveform shown in Figure 28 is a worst-case situation in which the peak
power is in excess of 15 kW (50 A at 300 V). The energy dissipated here
during turn-off is approximately 5 mJ, which permits switching frequencies
to 50 KHz at 50 A collector current.

The turn-on and turn-off energies have been measured for values of

peak collector current up to 80 A as shown in Figure 29,

It has been shown in previous work(3) that the safe operating

frequency for a transistor can be defined by

JMAX A
SOF T = Py 81/ (Egy + Eopp) (7)

Resc + Reca
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Device 12D-1-10

V.. = 50 V/Div
VCE CE :
IC IC = 10 A/Div

t = 1us/Div

VCC =300V

Turn-0On Waveforms for Transistor 12D1-10

VCE = 50 V/Div

I. = 10 A/Div

C
t = 1us/Div
CE VCC =300V

Turn-Off Waveforms for Transistor 12D1-10

Figure 26. Turn-on and turn-off waveforms.

45

RM-684




ORIGINAL PAGE 1S
OF POOR QUALITY

c= 10 A/Div

I
I, =1A/Div
On

t = 0.2us/Div

VCC =300V

IC = 25 A/Div

IB =1 A/Div
On

t=25us

I = 5A
On

VCC =300V

Turn-0Off Waveform for Transistor 12D1-10 Showing
Storage Time

Figure 27. Turn-on delay and storage time for typical transistor.
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t = 1us/Div

Figure 28. Power turn-off waveforms for typical transistor.
whera
TJ = junction temperatur:
TA = ambient temperature
ROJC = junction to case th:rmal resistance
Rpcy, = case to ambient
Poy = conduction power
8 = .9

As an example we consider the case where Ic = 50 A, TJ max = 150°C, and
ch(sat) = .5 at 150°C; then SOF = 50 KHz, which assumes a conduction

vower of 22 watts.

For the 80 A device the SOF = 30 KHz because of

increases in EOFF and EON as well as conduction losses. It must be

remembered that EON and EOFF as well as the conduction losses are all

subject to the Ig,y and Ig,pp base currents.

7.3 Forward Safe-Operat..ig Area Measurements

The device parameters which are important in determining the

forward safe-operating area are the emitter and base resistarnce, the
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Curve 743959-6

1
10 T T T T T T 1T ]
| vcc =300V _
- on E i
- lb =4A off -
oft
- T=24°C -
- .
Eon
T .0
- .
m"1 i I [ A
10 10°

Figure 23, Turn-on and turn-of{ energies versus collector current.
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magnitude and temperature dependence of hpp, and the thermal resistance
of the device and heat sink. The theoretical FSOA curves for the 8-size
bipolar transistor are shown in Figure 30, These curves were calculated
using measured transient thermal impedance data assuming that the device
become; unstable at a designated junction-to-case temperature. A two-
dimensicnal model has been developed by Hower(A) which gives good
agreement with measured results. Figure 30 shows the calculated forward
SOA for a typical device as well as a measured point at low current.
These curves were calculated for Rg = +55 nfl and a Rogc = «023, both of

which have been verified by measurement.
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Curve Jul4254-A
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Figure 30. Forward SOA for different pulse times.
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8. CONCLUSIONS

We have successfully fabricated bipolar transistors with
VCEO(SUS) in the range of 800 to 1000 V at current leveis of 80 A and
50, respectively, at an hpg of 14. A permanent-type passivation glass
has been developed that will not only shield the device from ifonic
contaninants and moisture but will also aid in obtaining higher voltages
and current by reducing the amount of area needed for junction
contouring, 1In addition, a new low-temperature molyhienum to silicon
alloy has been developed that will decrease wafer bow and thereby
increase yield. A viable package has been used to provide heat transfer

and the electrical isolation of the collector up teo 2500 V RMS.

A total of 50 transistors have been supplied that meet the
target goals and a complete listing of the measured test results is

given in Appendix II.
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APPENDIX 1

! Solution of the Navier Equation for Radius of Curvature

The radius of curvature R is given by:

- 1 ( 2 -1 2
' R=%= (ts + E;) afes #+ tm) +(z ts T2 tm)
- Z where:
§
: ooty = thickness silicon, moly
§
a = (expansion coeff difference) x (temp. change)
= (ayo = Og4) X 8T
=
Z /“(sts
) Mhtm
2uE
M 4y ~ E
Voo
M = Poisson's ratio for each material
E w(3X + 2u)
A+ u
A = Rigiditvy modulus for each material

As a general rule, if t > tgs the radius of bevel is given
approximately by:

M +t 2

m m

R = 6 aMt
S 8
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APPENDIX II

¥easured Test Results

I5(A)
Transistor

No. Verofsus)  Vogg(Y) 50 80 Vep(sat)(V)  hpe
Nonpackaged
8-size
12B2-6 1020 1400 3.0 38 16.6
12D3-1 1008 1480 3.8 4N 14,0
12B3-2 1000 1000 3.8 42 14.0
12C1-7 1030 1450 3.2 52 16.0
12B3~-6 1200 1320 3.0 «38 16.6
1282-2 1020 1100 3.2 W42 16.0 (Etch Groove)
12B1-8-2 1300 1450 3.5 35 14,0
12B1-8-3 1040 1400 3.5 .40 14,0
12C-1-2 1200 1300 3.2 35 15.6
12h~1-4 850 950 5.1 60 15.7
12n-1-9 820 1200 4.8 55 16.7
12B2-3 200 200 3.2 40 15.6 Dummy
12D1-6 200 200 2.8 .65 17.8 YHummy
Packapged 8-Size in T7S0 Package
12C4-2 1020 1250 3.5 40 14,2
1282-5 1000 1100 3.5 42 14,2
12€2-2 1000 1100 3.6 «50 14.0
12C2-1 1100 1300 3.8 «52 14.0
12€3-3 1100 1280 3.4 42 14.7
12D3-7 850 980 5.6 A2 14.2
12D3-4 800 1000 5.8 44 16.0
12n3-6 880 990 5.3 .55 15.0
12D3~-2 850 900 5.8 50 14.0
12n3-8 823 1050 5.8 .38 14.0
Packaged 8~-Size in Flat-Pak
12D1-11 860 1380 4.8 .70 16.6
12n1-10 850 1300 4.8 .70 16,6
12B3-) 1300 1180 3.5 495 14,2
12R3-2 1200 1300 3.0 .35 1.6
12R3-4 1080 1580 2.8 40 17.8
1283-S 1000 1620 3.5 42 14,2
12R3-3 900 1000 5.2 « 20 15.3
12n4-1} 1000 1600 3.5 40 14,2
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I5(A)
Transistor
No. VCEo(sus) Vepo(V) 50 80 VCE(sat)(V) hep
12D4-3 1050 1580 3.0 25 16.6
12D4-4 1100 1450 3.8 Py 14.0
12D4-5 800 1200 5.2 .90 15.3
12D4-6 1100 1450 3.0 «22 16.6
12p4-7 1050 1400 3.0 «20 16.6
12D4-10 1005 1425 3.2 «20 15.0
12D4-11 1050 1480 3.1 «20 15.0
1204-13 1080 1350 3.2 .28 15.0
12D4~14 1000 . 1220 5.6 1) 14.1
1204-17 1087 1200 3.5 .20 14.2
12D4-18 1400 1630 3.0 «20 16.6
1204-19 1010 1230 3.0 .20 16.6
12n4-20 1020 1238 3.0 .20 16.6
12D2-1 800 1380 5.0 .80 16.9
12p2~-2 950 1500 5.0 .60 16.0
12p2-3 840 1650 S.1 .70 15.7
12D2-4 820 1480 4.6 .60 17.4
1202-5 800 1450 5.1 .80 15.7
12D2-6 795 1200 5.2 .90 15.0
12p2-7 860 1500 5.8 .70 14
12p2-8 840 1500 5.8 .80 14
12D2-9 850 1600 5.8 70 14
)
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