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ABSTRACT

AlliedSignal Inc., Federal Manufacturing & Technologies (FM&T), was provided
with production capability assurance program (PCAP) funding to develop,
characterize, and qualify purchased product components for use on the PRESS-A
program. The SA3654, N-Channel, Power MOSFET was identified as a
component needing such activity to support PRESS-A. This report presents the
characterization activities and results for the SA3654.

SUMMARY

The SA3654 is a radiation-hardened, N-channel, metal oxide semiconductor field effect transistor
(MOSFET). The SA3654 is manufactured by International Rectifier Corporation, El Segundo,
California. The SA3654 consists of International Rectifier’s 7450 die packaged in a TO-254AA
hermetically sealed package.

This report presents electrical characterization data gathered on the SA3654 from testing at
+25°C, -55°C, and +125°C. This report also briefly discusses the SA3654 assembly process as
well as the results of the following evaluations:

e extended high temperature reverse bias,

high temperature forward bias,

burn-in,

total dose, gamma dot, and neutron radiation exposure, and

a construction analysis of die fabrication, technology, and assembly.

KCD performed electrical testing on the SA3654 per the electrical test requirements. This
testing was performed at +25°C, -55°C, and +125°C on a 50 piece sample. In addition to the
electrical tests required, electrical characterization testing was performed at a range of forcing
functions to better characterize device operation.

Fifty SA3654’s were subjected to high temperature forward bias (HTFB), high temperature
reverse bias (HTRB), and burn-in. Twenty pieces were subjected to high temperature storage life
and solderability tests.

Thirty devices were sent to Sandia National Laboratories, Albuquerque, New Mexico
(SNL/NM), for radiation testing. Ten devices each were subjected to neutron radiation, total
dose radiation, and gamma dot radiation.

Alliance Analytical, Albuquerque, New Mexico, performed a limited construction analysis on a
15 piece sample. The construction analysis was limited to place emphasis on the die technology




construction. However, a package and assembly verification analysis was also performed to
confirm baseline design.

The supplier of the SA3654, International Rectifier, El Segundo, California, was approved to
FM&T’s FM&T1060 requirements at the time of purchase and characterization testing. Supplier
process flow information was obtained, reviewed, and found to be satisfactory.




DISCUSSION

SCOPE AND PURPOSE

Since PRESS-A is a demonstration rather than a stockpile program, this process capability
assurance program (PCAP) project was used as the funding vehicle for characterization of the
SA3654, radiation-hardened, N-channel MOSFET for use in PRESS-A.

The scope of the project was to perform characterization testing of the SA3654 in conjunction
with qualification testing of the SA3654 for use in PRESS-A. However, cancellation of
PRESS-A prevented initiation of qualification testing.

ACTIVITY

Background

The SA3654 is a radiation-hardened, N-channel, metal oxide semiconductor field effect transistor
(MOSFET). The SA3654 is manufactured by International Rectifier Corporation, El Segundo,
California.

Originally, the SA3654 utilized International Rectifier’s 450 MOSFET die. However,
International Rectifier replaced their 450 wafer line with a new, higher yield, 7450 wafer line
with electrical parameters similar to the 450 die. SA3654’s fabricated from the new 7450 die
were ordered in March 1992.

In July 1992, the associated weapon program was canceled and replaced with the PRESS-A
program, which received PCAP funding. SA3654 characterization of the 7450 die continued
under PCAP funding because it was needed to maintain a key, radiation hardened die process.
Although design responsibilities for International Rectifier devices were transferred to FM&T in
August 1991, the SA3654 was retained by SNL/NM because of the radiation hardened die
technology. However, PCAP funding was only available to FM&T. As a result, SNL/NM and
FM&T component engineering agreed to perform a joint characterization of the SA3654.
SNL/NM was to perform surge current and radiation testing. FM&T was to obtain construction
analysis and perform all other electrical and environmental testing. All activity was funded
under PCAP. Upon the completion of SA3654 characterization and qualification, design
responsibility for the SA3654 was to be turned over to FM&T.

The PRESS-A program was canceled in 1994. As a result, the SA3654 will not be qualified for
use in any program. The results of construction analysis, radiation testing, surge current testing,
electrical, and environmental testing are summarized in this report for future reference and
review.




Electrical Characterization

Fifty devices were tested at +25°C, -55°C, and +125°C per the test requirements. The forcing
functions, test limits, and test results are summarized in Table 1. The test program and statistical
test data are given in Appendix A.

The data in Table 1 indicate device readings were well within the specification limits for +25°C
testing. In all cases, the specification limits are many times greater than + 3c; giving a worst
case Cpk of 3.4. Assuming the lot is normally distributed, as is indicated by the test data
distribution plots for most of the tests, it can be inferred that International Rectifier has good
control of the wafer fabrication process. The standard deviations are small and the distribution
narrow when compared to the specification limits.

The lot responded as would be expected for -55°C testing. IGSS and IDSS leakage currents are
somewhat lower than at ambient testing. However, the standard deviations are larger. This is
due to greater reading variation and additional leakage current caused by the cables and oven
door fixturing required for temperature testing. Readings for the remaining electrical parameters
also decreased as expected. Again, the standard deviations are small and the distribution is
narrow when compared to the specification limits except for leakage current, discussed above,
and breakdown voltage, which has a tighter specification limit than at ambient. As with testing
at -55°C, testing at +125°C also resulted in slightly larger standard deviations because of the
cables and oven door fixturing. Otherwise, the lot responded as expected.

Dynamic test data for capacitance and switching time is given in Table 2. Test results for CISS
and CRSS indicate that these parameters have increased for the 7450 die. The specification limit
for CISS was 3600 pF maximum for the 450 die. However, test data on the 7450 die resulted in
a minimum reading of 3657.0 pF, with an average of 3845.0 pF. Also, the specification limit for
CRSS of 100.0 pF maximum for the 450 die is much smaller than the 317.1 pF lot average
obtained for the 7450 die. Test results for switching time (td(on) tr, td(off), tf) indicate that
significant margin exists between test result values and the specification limits.

In addition to the electrical testing performed, the SA3654 was subjected to additional
characterization by electrical tests performed over a range of forcing functions. This testing was
performed to obtain information on how the SA3654 operates over a specific range and to
extrapolate and estimate its response for a given forcing function. The more significant test
results are displayed in Figures 1 through 4. The test program and statistical summaries for
characterization testing can be found in Appendix B.
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Table 1. SA3654 Electrical Test Summary data

+25°C Statistical Data Summary

Minimum Maximum

Limit Limit
100.0 nA
100.0 nA
20V 50V
20V 50V
1.0 mA
30 pA
0.60 Q
0.80Q
350V
238
208

Minimum
Reading

5.28
-14.04

2.996
2.8492

0.002534
1.358

0.34391
0.35221

541.32

6.25
6.72

Mean
Reading

44,258
-157.06

3.1029
2.9524

11.093
10.154

0.38723
0.39722

574.37

7.566
8.1215

-55°C Statistical Data Summary

Foreing Functions
VGS =+200V
VGS =-200V
ID=1mA
ID =250 pA
VvDS=500V VGS=0
VDS=300V VGS=0
VGS =12V ID=47A
VGS=12V ID=7.75A
VGS=0V ID=1mA
VDS=15.0V ID=7.75A
VDS =250V ID=10.0A
Forcing Functions
VGS=+20.0V VDS=00V
VGS=-20.0V VDS=0.0V
VDS =VGS ID=1.0mA
VDS =VGS ID = 250.0 A
VGS=450.0V VGS=0.0V
VGS=120V ID=47A
VGS =00V ID=1.0mA

+125°C Statistical Data Summary

Forcing Functions

VGS =+20.0V
VGS=-200V

VDS = VGS
VDS =VGS

VDS =400.0V
VDS = 3000V

vVGsS=12.0V

VGS=0.0V

VDS =0.0V
vDS=0.0V

ID=1.0mA
ID = 250.0 pA

VGS=00V .
VGS=0.0V

ID=47A

iD=1.0mA

Minimum Maximum

Limit Limit
100.0 nA
100.0 nA
20v 50V
20V 50V
1.0mA
0.60Q
4500V

Minimum Maximum

Limit - Limit
200.0 nA
200.0 nA
10V s0V
20V 50V
1.0 mA
30.0 pA
1250
500.0 V

Minimum

Reading

-29.312
-24.832

3.4924
3.3876

0.002086
0.17866

486.12

Minimum
Reading

6.9248
-9.2412

2.2828
2.0588

1.5976
1.4184

0.6543

582.44

Mean,
Reading

3.7297
3.862

3.6148
3.5082

11.816
0.20106

518.85

Mean
Reading

31.415
-36.316

2.3454
2.1157

3.8753
3.1571

0.74659

629.11

Maximum
Reading

103.08
-1042.4

3.2112
3.0584

551
178.68

0.43013
0.44036

600.6

8.2237
8.8028

Maximum
Reading

32.772
33.28

3.738
3.6312

553.88
0.23049

542.8

Maximum
Readin

141.16
-151.36

2.4092
2.1756

24.656
11.716

0.84136

649.88

Sigma

29.729
183.71

0.042206
0.041105

77.913
27.402

0.020533
0.021329

17.011

0.45578
0.47962

Sigma

14.446
13.069

0.048829
0.04846

78.36
0.01162

16.217

Sigma

36.424
39.147

0.028947
0.02838

3.4379
1.712

0.042212

17.046

Units Cpk
pA 1120
pA 181
Volts 8.7
Volts 7.7
HA 4.2
nA 365
Ohms 3.4
Ohms 6.3
Volts 4.4

Siemens 3.8
Siemens 4.2

Units  Cpk
nA 2.2
nA 24
Volts 9.5
Voits 10.3
pA 42
Ohms 114
Voits 14
Units Cpk
nA 1.5
nA 14
Volts 14.9
Volts 1.3
pA 96.6
5.2
Ohms  3.97
Volts 2.5




Table 2. Dynamic Testing Statistical Data Summary (+25°C)

Test Minimum Maximum Minimum  Mean Maximum

Name Eorcing Functions Limit Limit Reading Reading Reading igma  Units
CISS VGS=00V VDS=250V 3600.0pF 3657 3845 4073 110.7 pF
COSS VGS=00V VDS=25.0V 600.0 pF 4423 464.0 490.4 12.2 pF
CRSS VGS=00V VDS=25.0V 100.0 pF 297.0 317.1 3349 9.87 pF
TD(ON)1 VDS=2750V ID=11.0A 45.0nS 18.80 19.64 20.40 0.37 nS
TR VDS =2750V ID=11.0A 190.0 nS 6.63 6.94 7.53 0.23 nS
TD(OFF) VDS=275.0V ID=11.0A 190.0 nS 55.2 58.07 60.4 0.936 nS
TF VDS =2750V ID=11.0A 130.0 nS 7.75 9.20 10.14 0.536 nS

Environmental Characterization

A 46 piece sample was submitted to high temperature gate bias (HTGB) testing. This test is
effective in detecting and screening for gate oxide problems. Devices are operated at 80% of the
maximum rated gate voltage at an elevated temperature with the drain and source tied together.
This 46 piece sample was subjected to a gate voltage of 16 volts at 150°C for 48 hours. After
48 hours, the devices were removed from temperature and bias and subjected to ambient
electrical tests with no failures resulting. This indicates that (1) no apparent gate oxide problems
or contamination exists and (2) International Rectifier is effective in screening for early failures
during their JANTX high reliability testing/processing.

The 46 piece sample from HTGB was submitted to high temperature reverse bias (HTRB). This
test is effective in detecting die contamination problems that are revealed as high leakage current
readings during post HTRB electrical testing. For HTRB, devices are operated at 80% of the
maximum rated drain-to-source voltage at an elevated temperature with the gate and source tied
together. This 46 piece sample was subjected to a drain voltage of 400 volts at 150°C for a total
of 504 hours. After the first 168 hours, the sample was removed from temperature and bias,
electrically tested, and resubmitted to HTRB for an additional 336 hours. The sample was
electrically tested again at the end of 504 hours. No electrical test failures occurred after post-
168 hour or after post-504 hour testing. A review of the data revealed that no shifting in
electrical parameters occurred from post-HTGB to post-168 hour HTRB to post-504 hour HTRB.
This indicates that (1) no apparent die contamination exists and (2) International Rectifier is
effective in screening for early failures during their JANTX high reliability testing/processing.
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SA3654
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The 46 piece sample from HTRB was submitted to burn-in. Burn-in is effective in detecting die
attach problems and in screening for weak devices. During burn-in, devices were operated at
VDS = 12 volts and a constant drain current of 245 mA to obtain a die junction temperature
between 125 and 150°C. After the first 48 hours, the sample was removed from bias, electrically
tested, and resubmitted to burn-in for an additional 292 hours. The sample was electrically tested
again at the end of 340 hours. No electrical test failures occurred after post-48 hour or after post-
340 hour testing. A review of the data revealed that no shifting in electrical parameters occurred
from post-48 hour to post-340 hour burn-in. This indicates that (1) no apparent die attach
problems exist and (2) International Rectifier is effective in screening for early failures during

. their JANTX high reliability testing/processing.

As a last test of device reliability, a 20 piece sample was subjected to nonoperating, high
temperature storage of 200°C for 1000 hours minimum. This test is effective in detecting any
internal device cavity contamination, internal metallization mismatching (i.e., gold to aluminum,
causing purple plague), external plating impurities/problems, and any other type of
contamination or metallization problem that is accelerated by a high temperature environment.
At the completion of 1000 hours, devices were visually inspected per MIL-STD-750, Method
1032, then electrically tested and solder dipped per MIL-STD-750, Method 2026, with no
failures resulting. This indicates that no obvious internal cavity or plating problems exist.

Radiation Characterization

Dose-rate, total dose, and neutron radiation characterization testing were performed on a 10 piece
sample to determine device response and degradation levels. A copy of the radiation
characterization report can be found in Appendix C. A summary of the device response is as
follows:

Gamma dose (total dose): The SA3654 remained functional at dose rates up to 1 Mrad
(SiO,) and experienced a VGS degradation of 65% of the preradiation value. Igss and
Bvdss experienced no degradation to a total dose rate of 1 Mrad (SiO,)

Gamma dot (prompt dose): Dose rates up to 2.0x10'° rad(Si)/sec at 200 V VDS bias
resulted in prompt photocurrents of 150 amps at a 30 nanosecond pulse width without burn-
out. Dose rates up to 1.0x10" rad(Si)/sec at 400 V VDS bias also resulted in prompt
photocurrents of 150 amps at a 30 nanosecond pulse width. Device burn-out occurred at
dose rates greater than 1.0x10'° rad(Si)/sec and 400 V VDS bias.

Neutron fluence: No significant device degradation was observed after exposure to a
fluence level of 1x10" n/cm®.




Construction Analysis

In May 1994, Analytical Solutions performed a limited construction analysis on 15 SA3654-like
devices. The devices were evaluated for possible problems in fabrication, assembly, and
construction which were related to device reliability. Die technology was fully characterized
while package and assembly methods were verified. Construction analysis was limited to die
technology because a full package and assembly construction analysis had previously been
performed on the TO-254A A package for the SA3483-1.

Package Technology

The SA3654 is packaged in a TO-254AA power package. Construction analysis verified that
package material and assembly are identical to the SA3483-1 which was fully analyzed and
documented. The TO-254AA package consists of a tungsten-copper composite metal header
which extends beyond the sidewall to form a tab on one end. Package sidewalls are copper with
alumina ceramic lead feed-throughs at the other end. The leads are copper core with nickel and
gold overplating. The package lid consists of a welded kovar lid. The entire package is
underplated with electrolytic nickel and overplated with gold.

Overall package quality was found to be acceptable.
Assembly

The die is attached to a gold-finished, beryllium ceramic die support planchet with a
gold/germanium die eutectic. A 10 mil aluminum bond wire connects the source bond land to
the source lead. An 8 mil aluminum wire connects the gate bond land to the gate lead.
Ultrasonic reverse bonding is utilized to attach the aluminum bond wire to the aluminum bond
lands on the die and the gold finished posts on the leads.

No problems were detected with die attach or wire bonding methods/processes.
Die Technology

The 7450 radiation-hardened silicon die is constructed with an epitaxial, double-diffused,
N-channel HEXFET process. The top glassivation consists of a single layer of P-doped vapox
and thick aluminum metallization. Severe dissolution of polysilicon into the aluminum
metallization was observed at the contact windows. This dissolution is attributed to the fact that
the aluminum is undoped. The dissolution does not pose a reliability concern.

The polysilicon gate electrode is 0.32 pm thick over a gate oxide thickness of 600 A. The source
contact windows are cut through relatively thick oxide layers; however, no metal step coverage

problems were observed.

Overall, die fabrication was found to be acceptable.
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Supplier Process Summa
Wafer Fabrication

International Rectifier’s generic process flowchart for wafer fabrication reveals that standard
industry practice is followed for wafer fabrication. Process control is verified and monitored
through oxide thickness measurements taken at critical process steps. Standard die backing is
chrome/nickel/silver applied with a sputter type system. Because wafer fabrication is proprietary
information, a detailed analysis is not possible.

Assembly

The TO-254AA package is first passed through a hydrogen belt furnace to clean off any
oxidation or contamination that may be present. Next, a Pb (95.5%), In (2.5%), Ag (2%)
preform is placed on top the BEO die-attach pad. The 7450 die is placed on top of the preform
and held in place with a stainless steel weight. The package, preform, and die are then placed in
a boat and passed through the hydrogen belt furnace where they are exposed to a maximum
temperature of 350°C for 7.5 minutes maximum. A 10 piece process control sample is passed
through the furnace prior to the production lot. VSD testing is performed on this 10 piece
sample to check for die-attach integrity. In addition, 10 parts are pulled every 2 hours of furnace
operation and at the end of the lot production for VDS die attach integrity.

Ultrasonic wire bonding is performed utilizing 8 mil Al wire for the gate and 12 mil Al wire for
the source. Wire bond monitoring consists of performing bond pull on two parts at the beginning
of wire bonding, every two hours following startup, and at the end of the build or shift. In
addition to bond pull, 10 pieces are also pulled and visually inspected for wire bond integrity.

Devices are stored in a class 100 clean room prior to receiving a dry nitrogen blow-off operation
and a 150°C vacuum bake. Lids are attached by a resistive weld of the kovar lid preform to the
kovar seal ring on the TO-254AA package. A 25 piece sample is pulled at the beginning of the
weld operation and then every 2 hours during the operation; the samples are subjected to
hermetic seal testing and PIND testing as a weld process monitor. Devices are then subjected to
JANS high reliability processing per MIL-S-19500.

Quality Assurance
International Rectifier was approved to FM&T’s Form 1060 requirements at the time of purchase

and characterization testing. Supplier process flow information was obtained, reviewed, and
found to be satisfactory.
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APPENDIX A

Test Program
and
Statistical Test Data
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APPENDIX C

" Radiation Characterization
Test Report
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Sandia National Laboratories

P.Q. Box 5800
Abuquerque, New Mexico 87185-1083

date: May 5, 1995
w: Jerry Villanueva 2252 MS-0525

wom:  Gerald L. Hash, 1332 MS-1083

swjec:  Radiation Characterization SA3654 Transistors

Introduction

Department 1332 was requested to characterize the dose-rate response and the
radiation degradation following total dose and neutron irradiation of the SA3654
HEXFET transistor. The dose-rate characterization was performed at the Boeing Physical
Sciences Laboratory in Seattle at their Linear Accelerator (LINAC) facility. Total dose
and neutron evaluations were performed by department 1332 at Sandia National
Laboratories in Albuquerque.

Dose-rate Characterization

As stated the dose-rate evaluation was performed at the Boeing LINAC in Seattle
Wa. The LINAC was operated at an energy of 10 MeV and a radiation pulse width of 30
nano-seconds (ns). In this mode the machine produced dose-rates to a maximum of
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rad(Si)y/s

Figure 1 Transient Photocurrent of SA3654 when Exposed
to 30 ns Radiation Pulses.
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3x10'° rad(Si)/s at the device. Each device was placed in the LINAC beam and exposed to
radiation pulses ranging in intensity from 5x 10® rad(Si)/s to 2x10° rad(Si)/s at bias (Vps)
levels of 200 and 400 volts. A .1 pf and a 4.0 pf capacitor were connected in parallel on
DUT card as by-pass capacitors. During each radiation pulse the transient photocurrent
generated by the SA3654 under test was recorded on a digitizing oscilloscope. The
photocurrent values obtained during the above dose-rate testing are presented graphically
in figure 1. The magnitude of the photocurrent generated by the SA3654 for various
radiation intensities and bias conditions, shown in figure 1, should prove useful for
product engineers and system designers. Burn-out due to excessive photocurrent was not
observed in any of the devices tested with a bias of 200 volts. With 400 volts bias applied
the devices were burned out at dose rates above 1x10'° rad(Si)/s. Table 1 shows the no-
burn-out and burn-out levels for five devices that were characterized.

Table 1. No Burn-out and Burn-out Dose-rate Levels Found for SA3654 with 400 Volts Applied -

Serial Number No Burn-out (rad(Si)/s) Burn-out (rad(Si)/s)
7 1.80x10"° 2.20x10"°
19 ° 1.80x10'° 2.30x10"°
22 1.40x10" 2.00x10"
29 9.60x10° . 1.70x10"
38 1.85x10" 2.12x10'°

Total Dose Characterization

Total dose evaluations were performed at Sandia National Laboratories by
department 1332. The devices were exposed in a J. L. Shepherd ®Co cell at a dose-rate of
80 rad(S10;)with +10 volts bias applied to the gate while the drain and source were
grounded. This represents a worst case bias condition for N-Channel HEXFET:. Igss at
#20V, Vgs at ID = 250 uA and 1 mA, and BVpss at Ip = 1 mA were measured (o}
characterize the degradation of the devices. These electrical parameters were measured
before irradiation (prerad) and after total dose levels of 50 ,80, 100, 150, 200 krad(SiO-),
and 1 Mrad(SiO,). The VGS data collected during pre and post electrical testing for all 10
devices tested were averaged and normalized to the prerad value. Figure 2 shows that the
VGS degradation curves for ID = 250 uA and ID = 1 mA fall on top of each other,
proving that postrad VGS values will be the same fraction of the prerad value regardless
of what the device current is. Igss and BVpss showed no degradation to a total dose of 1
Mrad(SiO,).
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Figure 2 Normalized Vgs Values as a Function of Total
Dose.

Neutron Characterization

Neutron evaluations of the SA3654 HEXFET were performed at Sandia National
Laboratories by department 1332. Ten devices were irradiated to 1x10'2, 5x10'2,
1x10",5x10"%,1x10" n/cm’ at Sandia’s SPR III reactor with no bias applied. Isss at 20V,
Vgs at ID = 250 uA and 1 mA, and BVpss at Ip = 1 mA were measured prerad and after

1.000
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0.960
0.940
0.920

VGS/VGS,

e=Cme\/GS @ +250uA

' 0.900
renlJmmyYGS @ 1MA
0.880 ?
0.860
1E+12 1E+13 1E+14

NEUTRONS /CM?

Figure 3 Normalized VGS Values as a Function of Neutron
Fluence.

each of the above neutron levels. VGS values decreased and BVDSS increased as a
function of neutron level. Igss did not change due to neutron exposure. Figure 3 shows
the normalized degradation values of VGS at both 250 uA and 1 mA. It can be seen that
at 1x10" n/em® Vs values have degraded to approximately .88 of their prerad value. The
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Figure 4 Normalized BVpss Values as a Function of Neutron
neutron to gamma ratio at SPR I is 4x10°, thus at 1x10" n/cm? the devices were
exposed to 25 krad(SiO,) gamma radiation. It is suspected that the degradation in Vg
seen here can be attributed to the total dose instead of neutron displacement damage. In -
fact the degradation seen here correlates quite well with values obtained in earlier total
. dose testing. Figure 4 shows the changes seen in BVpgs as a function of neutron fluence.
These changes are small, showing approximately a 3 percent increase at a fluence of
1x10" n/em?.

Conclusions

It has been shown that SA3654 HEXFET transistors will withstand gamma dose-rates
above 2.0x10'° rad(Si)/s without burning out when operated at 200 V bias levels and that
approximately 150 amps of photocurrent will be generated at this point. When operated at
400 V bias the devices will likely burn out when exposed to dose-rates above 1.0 x10'°,
This work has shown that SA3654 HEXFETSs will still function following exposure to 1
I\Jrad(Sipz) and that VGS will degrade to about .65 of its prerad value. The SA3654 is
quite tolerant of neutron irradiation. No significant degradation was observed following
exposure to a fluence level of 1x10™ n/cm?.
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