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I INTRODUCTION:

This report discusses the results of a reliability investigation of a
radiation hardened CMOS technology. Radiation studies show the N-channel
transistor of a Complementary pair is sensitive to threshold voltage shifts %
while under bias in a total dose environment. To ameliorate this situation
aluminum ions were ion implanted in the SiO2 of the N-channel MOS gate

region.

Dr. H. Hughes of the Naval Research Laboratory, Washington DC, directed :
the radiation hardening work on these devices and should be contacted for I
the exact processing procedure of this hardening technique. i

DNA provided the funds to perform the reliability testing, the bulk of
the routine electrical and environmental testing being performed by STL 5

Electronics of Dallas TX.

S




IT APPROACH:

Initially, the testing schedule planned was as shown in Figures 1A and
1B. However, because of the unexpected threshold voltage instabilities at
room temperature, to be discussed later, it was decided that to proceed with
the long term life test would be a waste of time and money. The plan then was
reduced to that shown in Figure 1A.

The mechanical tests (thermal shock, thermal cycling, mechanical shock
and constant acceleration) as well as two stability tests (i.e., temperature
storage and ring oscillator) were performed by STL Electronics, Inc., Dallas,
Texas, a testing house under contract to RADC.

The microcircuits tested were type 4007 (Dual Complementary Pair plus
Inverter), See Figure 2A, where the major interest was the use of these
circuit elements as building blocks for the more complex circuits. To ease
in the definition of failure and configuring realistic tests, the units
were wired as 3-input NOR gates and were subsequently tested to the 4002
NOR gate specifications as shown in Figure 2B. In addition, threshold
voltage (V) measurements and gain (gm) measurements were made on each of
the three p and three n channel transistors. This was done to facilitate
failure analysis.

When the units arrived at RADC, they were first sent to STL for serial-
ization, fine and gross hermeticity tests and then returned. At this point,
Vry and B measurements were taken on all 100 units. Thirty-five units were
retained at RADC for those tests shown in Figure 1; the remainder were
returned to STL for routine testing. For convenience, the STL and RADC
testing results are kept separate in the remainder of the report.
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IIT RESULTS:

A. STL Test Results

The STL test results are divided into two categories of stress tests. &

LS, SRl

1. Mechanical Stress Tests - The following tests are designed to evaluate
the integrity of the package, lead bonds and die to header bond.

a. Mechanical Shock (Mil-Std-883, Method 2002)

R

This shock test calls for a single impact shock to the body of the
device ranging between 500 and 30,000 g with a pulse duration between 0.1 and
1.0 milliseconds. For this test program, five devices were subjected to an 3
impulse shock of 1,500 g with D.C. parameter tests followed by 3,000 g with 3
D.C. parameter tests. At the end of the two stress levels, the devices were !
checked for package hermeticity loss. The results are shown in Table I.

Table I - Mechanical Shock

Parameters
Test No. Devices (Serial #) No. Failures (Serial #) Failed
1,500 g 5 (38, 39, 40, 41, 43) 0 0
3,000 g 5 (38, 39, 40, 41, 43) 1 (38) D.C. Parameter

There were no hermeticity failures.
b. Constant Acceleration (Mil-Std-883, Method 2001)

Constant acceleration is used to test the integrity of flying
lead wire bonds and package integrity. In this case it was planned to subject
> devices to acceleration levels of 20,000 g and 30,000 g. At the end of each
stress level, the devices were checked with D.C. parameter readings and her-
meticity measurements. The results are shown in Table II.

Table II - Constant Acceleration

Parameters
Test No. Devices (Serial #) No. Failures (Serial #) Failed
20,000 g 5 (44, 46, 47, 48, 49) 3 (47, 48, 49) D.C. Parameter

The 30,000 g level stress was deleted after the poor showing at 20,000 g
stress level. There were no hermeticity failures.

c. Thermal Shock (Mil-Std-883, Method 1011)

The purpose of this test is to determine the resistance of the
device to sudden exposure to extreme changes in temperature. Effects of
thermal shock include opening of terminal seals, case seams, changes in
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electrical characteristics due to moisture and mechanical displacement of
conductors or insulating materials. The temperature extremes were -65°C to
+1500C with a transfer time of less than 10 seconds. D.C. parameter read
outs were taken after 25, 50, 75 and 100 temperature cycles. Upon completion
of the 100 cycles, a package hermeticity test was made. The results are shown
in Table III.

Table III - Thermal Shock

Parameters
Test No. Devices (Serial #) No. Failures (Serial #) Failed
25 cycles 10 (28 thru 37) 2 (28, 35) D.C. Parameter
50 cycles 10 (28 thru 37) 10 (28 thru 37) D.C. Parameter

2. Stability Stress Tests:

For characterizing a new technology, the most important series of tests
are those which attempt to examine the long life capabilities of that tech-
nology. The first step in that analysis is a step stress program where the
devices are subjected to ever more severe temperatures and voltages until
failure occurs. While the step stress program does not provide long life data,
it can indicate (depending on the failure level) whether a technology has a
reasonable chance of meeting long life requirements.

a. Ring Oscillator Test

In this test the 4007 was configured as a 3-input NOR gate with
the devices configured in series where the output of the last device feeds the
input of the first to complete the ring. With an odd number of devices in the
ring, oscillation between the 1 to O states continues indefinitely. Because
mierocircuit gates are designed to do just this function, their performance in
this test is especially meaningful. The Ring Oscillator test closely approxi-
mates the normal use of microcircuit gates.

As can be seen from Figure 1, the devices were operated at 3
different bias levels, i.e., 15 volts (maximum specification 1imit), 10 volts
(a value close to normal operation) and 5 volts (a value likely if a T2L CMOS
hybrid system were contemplated).

Initially, in each voltage cell the devices were allowed to
oscillate for 168 hours at room temperature. A D.C. parameter reading was
taken with failures noted. The devices were placed on test for another 168
hours, but at a higher temperature (50°C). This process was repeated up to
150°C. The results are shown in the following Tables according to voltage
cells.




Table IV

Ring Oscillator - 5 Volts Vpp, 5 Devices (12 thru 16), (168 hr. steps)

Temperature Previous New Recovered % of the
Step Failures Fallures Devices Total

Initial 0 0 0 0%
259¢C 0 0 0 0%
50°C 0 0 0 0%
75°C 0 1 0 20%

100°C 1 4 0 100%

125°¢C 5 0 3 40%

150°C 2 1 2 20%

Table V

Ring Oscillator - 10 Volts, 168 hr. steps, 5 Devices (7 thru 11)

Temperature Previous New Recovered % of the
Step Failures Failures Devices Total
Initial 0 0 0 0%
259¢ 0 0 0 0%
50°C 0 5 0 100%
759C 5 0 0 100%
100°¢ 5 0 3 40%
125°¢ 2 0 2 0%
150°¢C 0 1 0 20%

Table VI

Ring Oscillator - 15 Volts Vpp, 168 hr. step, 5 Devices (1-6)

Temperature Previous New Recovered % of the
Step Failures Failures Devices Total

Initial 0 3 0 60%
259¢C 3 2 0 100%
50°C 5 0 0 100%
750C 5 0 0 100%

100°¢C 5 0 4 20%

125°¢ 1 0] 0 20%

150°¢ 1 0 0 20%

9
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b. Temperature Cycle With Bias

This test is conducted for the purpose of determining the resistance
of a part to exposures at extremes of high and low temperatures, and to the
effect of alternate exposures to these extremes, such as would be experienced
when equipment or parts are transferred to and from heated shelters in arctic
areas. The bias is applied to simulate operational environment. It is par-
ticularly important for accelerating moisture dependent electrochemical corro-
sion.

The devices were again configured as a triple input NOR gate. The
units were then subjected to 10 minutes at -55°C, a transition to room tempera-
+ure of no more than 5 minutes, followed by 10 minutes at 125°C with a return
o room temperature again of no more than 5 minutes to complete one temperature
~ycle. During this entire time, power was applied with a Vpp equal to 10 volts.

Table VII

Temperature Cycle With Bias

Parameters
Test No. Devices (Serial #) No. Failures Failed
Initial 25 (39, 40, 41, 43, 44, 0 0
46, 50 thru 70 minus 67)
100 cycles 25 D.C. Parameters

Test Discontinued
c. Temperature Storage
The purpose of this test is to determine the effect on micro-
electronic devices of storage at elevated temperatures without electrical stress

applied. The devices were stressed at each step for 72 hours. (The results
are shown in Table VIII).

Table VIII

Temperature Storage

Parameters
Test No. Devices (Serial #) No. Failures Failed
Initial 10 (17 thru 27) 0 D.C. Parameters
150°C 1 D.C. Parameters
250°C 6 D.C. Parameters
350°C 10 D.C. Parameters

10
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B. RADC In-House Testing

The testing performed at RADC was devoted to High Temperature Reverse Bias
(HTRB) stress testing. Originally this test was designed for bipolar micro-
circuits and called for placing as many junctions in reverse bias as possible
and elevating the temperature. The intent of the test was to check the integrity
of passivation layer. Mobile surface ions or contaminants in the oxide could
be caused to migrate due to the temperature and fringing fields present. This,
in turn, could result in unwanted inversion layers to form on the chip.

The test as it applied to CMOS is primarily intended to examine mobile ions

in the insulator or, for that matter, any charge instability in the MOS insulator.

As can be seen from Figure 1, CMOS requires two bias cells instead of one. Each
type of transistor, n and p channel, must be stress tested separately, since at
any instant a strong field acrnss one implies a weak field across the other
transistor insulator.

The units were configured as 3-input NOR gates and placed in the stress
circuit shown in Figure 3. Note that in addition to the steady state voltage
from insulator to substrate, some current was allowed to flow through the turned
on p or n channel transistor. The load resistor was adjusted so that for Vpp =
5 and Vpp = 10 V the voltage at the output was set at 2 volts, for a Vpp=15V
the output voltage was 3 volts. This meant a steady current of approximately
10 mA was being driven through 3 n channel devices in parallel or 3 p channel
transistor in series. As will be shown later, this load current had no effect
on the results observed.

In anticipation of some voltage dependence on stability, the step stress
program was designed as shown in Figure 1. Note that in total there are six
step stress cells at any given temperature, three n-channel cells being biased
at 5, 10 and 15 volts respectively, and three p-channel cells under the same
bias conditions. In each cell there were five devices.

While D.C. parameter measurements as well as gain and threshold voltage
measurements were taken, the essential results are best illustrated by a
comparison of the threshold voltage stability of the devices as they went
through the step stress program. The results are shown in Tables IX thru XIV.

As can be seen from the Tables, the p channel devices are very stable while
the n channel units are not. This is particularly true for the transistor N1
which shows room temperature instabilities, and N2 and N3 which are unstable
but at higher temperatures. In fact, even on the initial reading, N1 is
sufficiently different to warrant further investigation. An investigation into
the essential differences and the cause of that difference was the major effort
in failure analysis reported in that section.

11
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FIGURE 3
4007 HTRB STRESS CIRCUIT




TABLE 1X

P CHANNEL 5 VOLTS ElAS
(DEVICES 42,45,67,72,73)

TEST THRESKOLD  STANDARD DEVICES
-CONDITION VOLTAGE DEVIATION TESTED
INITIAL Pl-1.87 0.07 42 45 67
P E P2-1,93 211 72 73
P3-1.93 2,10
RMTEMP/72KRS Pl-1.88 2.87 a2 45 67
P2-1.94 g.11 72 73
| P3-1,93 2,10
RMTEMP/ 167HR " P1-1.93 B.02 42 45 67
‘ ' P2-2.03 2.086 72 73
[ . P3-2.81 0.06
| .
58 C/72HRS P1-1.88 2.07 42 as _ 67
§ P2=1.94 8.1 72 73
, P3=1.94 e.10
! 75 C/48HRS Pl-1.86 2.08 42 45 67
P2-1.94 B.11 72 73
, | P3-1.94 Gel®
{ 180€ C/4&HRS Pl-1.88 C.87 42 45 67
i P2=2.35 G.64 72 73
P3-1.93 6. 10
125 C/72KRS Pl-1.9¢ 2.63 42 45 67
: P2=1.94 2.03 72 73
P3~1.93 6.0l

13




TEST ,
CCNDITION
INITIAL
! RMTEMP/72KRS
! RMTEMP/167HR
$6 C/HRS
75 C/48HRS

160 C/4BHRS

125 C/72HRS

.......

P CHANNEL

TABLE X

THRESHOLD

VOLTAGE

Pl=-2.01
P2-2.06
P3=2.04

Pl=1.98
P2=2.024
P3:2}22

Pi-1.98 °

P2-2.04
P3=2.02

Pl-l.98
P2-2.04
P3=2.083

Pl-1.98
P2-2.04
P3-2.00

Pl=-1.97
p2=-2.62
P3=2.00

Pl-1.96
P2-2.060
P3-1.98

18 VOLTS BIAS
C(DEVICES 75;76:77;78?

STANDARD
DEVIATION

0.08
8. 29
8.10

2.03
B.05S
B.06

2.084
0.05
8.07

g.04
2.05
.06

e.84
2.085
8.06

B.04
2.65
2.05
B.€4
Gg.04
0.05

DEVICES
TESTED

7% 76 17
78

7% 76 117
78

7% 16 11
78

7% 16" 17
78

7% 77 18
7% 77 18
7% 77 18

I S e ¥




TABLE XI

P CHANNEL 15 VOLTS BIAS
(DEVICES 79,80,81,&2,83)

TEST THRESHOLD STANDARD DEVICES
CONDITION VOLTAGE DEVIATION TESTED
INITIAL Pl-1.50 p.08 79 86 81

P2-1.82 B.07 82 83
P3-1.83 .10
RMTEMP/72HRS Pl-1.80 k.08 79 &8¢ 81
P2-1.82 9.87 g2 83
P3=1.83 é.1e
RMTEMP/ 6 THR Pl-1.81 6.28 79 80 &1
pP2-1.82 6.07 82 83
P3-1.84 £.10
5@ C/72KRS Pl-1.81 6.8 79 &0 &1
P2-1.82 .07 g2 83
P3-1.83 6.10
75 C/48LRS Pl-1.61 £.08 79 &6 81
’ P2-1.83 .07 €2 83
P3-1.83 €.10
108 C/48KHRS Pl-1.80 6.9 79 &0 8l
P2-2.24 8.89 gz &3
P3-1.82 610
125 C/72HRS Pl-1.8p C.8 7 80 81
P2-2.26 .90 g2 &3
P3=1.82 6.29
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TABLE XII
N CHANMEL 5 VOLTS bIaS ' 1
CUEVICES 84,85,66,87,806) i
|
TEST THRESHOLL STANDARL LEVICES t
CONDITION VOLTAGE  LEVIATION TESTEL s
INITIAL NI 1.79 R.04 E4 ES &6 L
EMTEMP/72KES Nl l.4] .23 64 &5 &¢ I
N2 3.087 G.29 €7 &8
N3 £.&9 .10
RMTEMP/167KE NI 1.3€ 216 €4 €6 &7 i
N3 3.25 0.08 :
$® C/72kRS Ll 1.31 .26 €4 B8€ &7 :
N3 3.24 €.08
75 C/48HRS Nl 0.&6& 6.03 g4 86 87
N2 2.94 Coll €8 e
N3 3.12 cell :
180 C/48KHRS Nl-G.€1 g.21l 64 B8€ &7
NZ l.62 G.28 EL
N3 1.65 Uely
125 C/7ZHRS Ll 2.84 Gell E4 &€& &7
N2 3.29 607 BE
N3 3.42 Geb5 1
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TABLE XIII

N CHANNEL 18 VOLTS BIAS
(DEVICES 9€,91,92,93,94)

TEST THRESHOLD  STANDARD DEVICES
CONDITION VOLTAGE DEVIATION TESTED .
|
INITIAL NI 2a74 0.06 99 91 92 |
' : N2 2299 0.18 93 94 ;
‘ N3 317 8. 17 g
5
RMTEMP/72HRS NI 2.30 Be12 98 91 92 :
N2 2.61 .23 93 94 i
N3 2.72 8.24 i
50 C/72HRS N1-G.74 2.32 s8 91 92 i
N2 2.23 B.31 93 94 .
N3 Z.26 2,39 b
75 C/4&HRS Nl1-8.83 B.26 9% 92 93 '
N2 2428 8.15 94
N3 2.36 G.20
i 180 C/48HRS NI-G.89 P.04 9% 92 93
3 N2-C. 35 B.20 94
N3-0e49 B.06




TABLE XIV

T e

N CHANNEL 15 VOLTS BIAS
(DEVICES 25,95,97,98,99)

i T T

e .

TEST THRESHOLD  STANDARD DEVICES i
CONDITION VOLTAGE DEVIATION TESTED !
- : [ §
!
INITIAL NI 1.73 .13 25 95 97 E
" N2 3.23 2.30 98 99 i
N3 3.40 B.29 . {
3
RMTEMP/ 72HRS NI-B.43 p.e2 25 95 97 §
N2 '2.15 2.27 98 99 f
N3 3.33 8. 15 ;
50 C/72KRS NI 3.1@ €.21 25 95 !
N2 1.27 @.e5 i-
N3 4.09 6.23 :
. : 4
75 C/48HRS NI-G.39 B.16 25 95 ©7 £
N2 2,69 0. 35 ¥
N3 2.67 .30 %
188 C/48HES Nl S5.g1 B.75 25 95 07 |
; N2-8.55 G.06 ;
N3 2,42 2.67 g
i
!
i
L%
. k
] |
: g
]
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IV FAILURE ANALYSIS:

It was apparent very early in the testing that something was different
about the N1 transistor compared to N2 and N3. To begin with, its threshold
voltage was significantly lower than the other two transistors. Table XV is
a summary of the threshold voltages for the entire NRL lot of 100 devices
recelved.

Table XV A
Average i
Transistor Ven  Std. Dev. % Std. Dev. ‘
Pl -1.94 $.12 + 6%
P2 -2.05 *.55 227%
P8 -2.04 .63 £31%
N1 1.84 +.28 *15%
NR 3.30 .79 124%
N3 3.51 +.34 +10%

In addition, from the Tables IX thru XIV, the N1 transistor has considerable
room temperature instability.

Much of the failure analysis was focused on this transistor and its
behavior. A graphical description of the charge instability is shown in
Figures 4 and 5 where a comparison in behavior of the N2 transistor can be
made with the N1 transistor. At the higher steady state biases, 1.e., 10 and
15 volts, N1 is very unstable, failing in 72 hours at room temperature. The
5 volt bias required approximately 48 hours at 100°C to cause the Nl transistor
to be turned on. At the same time, it is clear that while N2 is significantly
more stable, it too is turned on in the relatively benign test of 48 hours of
bias at 100°C. Each line on the graph represents the average value of thresh-
old voltage for 5 devices. The threshold voltage here is defined as that gate
voltage necessary to drive 10 pA of current through the transistor with a
10 volt drain to source voltage.

A. Device Description

Because the initial measurements indicated a very uniform electrical
characteristic for the lot and because there was no apparent random behavior
in the devices tested under the various stress test programs, as well as the
blas-temperature stability tests, the first thought on the problem was the
existance of some mask error in device production.

With this in mind, & careful study of the device and its operation was
made. The chip is shown in Figure 6. Notice the p channel devices have
chamnel widths approximately three times that of the n channel transistors.
In addition, the N1 device is grounded internally making it unique with
respect to N2 and N3. It has been known for some time the presence of a
guard band diffusion serving as a channel stopper is an essential feature

19
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iI00 X MAGNIFICATION

FIGURE 6
4007 MICROCIRCUIT
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for stable MOS transistor operation. Several models were postulated which
attempted to account for the lower initial threshold voltage. One of the
most promising models was based upon the gate lead riding slightly over the
lightly doped p well. This could be expected to invert that region and would
be electrically connected to the drain. Should the remaining p well become
inverted as a result of surface charging, further conduction would take place.
This effect might explain the charge instability but not the initially low
threshold voltage on N1. Furthermore, as long as the channel stop is present,
there can be no electrical connection between the source and drain without a
gate voltage providing the inversion. Figure 7 shows the N1 channel transis-
tor in question and a drawing of the model just presented. The arrows indicute
the hypothetical current path between source and drain. Also shown on the
drawing is the effect of a faulty guard band. Surface charging denoted by
Ipg could very definitely cause both an initial shift in threshold voltage
as well as charge instability.

Having eliminated the gate metallization path as a workable model, an angle
lap and stain of one of the devices which was demonstrated to have an unstable
threshold voltage was performed to investigate the presence of the p+ channel
stop. From Figure 8 it is clear this p+ guard band completely surrounds each
n channel transistor and that surface charging would have to invert the p+
region in order to connect source and drain.

B. Photoresponse

To insure further that no such leakage path existed, a failed unit was
subjected to a photoresponse™ measurement. The principal of this instrument is
based upon photovoltage a p-n junction generates when exposed to light. Should
the p+ guard ring be inverted, a response of this additional junction should
be seen. For more details the reader is advised to see Reference 1.

An initial measurement was made as shown in Figure 9. Notice the complete
absence of the source-to-substrate junction response because the junction is
shorted and no photovoltage is possible. Nevertheless, the drain region,
except where blocked by the drain metallization is visible. An extension of
this junction would indicate possible surface charging effects. To understand
the response the reader is referred to Figure 6. For N2 and N3 the source
region is not grounded to the p and p+ regions as in Figure 6. A light spot
scanning the transistor when in the p- region must be extremely close to the
p region in order for minority carriers to reach the source diffusion giving
rise to a photovoltage. When the light spot hits the 1lightly doped p well
(vhe diffusion length estimated to be roughly 40 mils) the minority carriers
generated should reach the source region with very little recombination, thus
giving a good signal denoted by brightness in Figures 9 thru 11. Next the
light spot hits the metallization and we have dark current only. The light
spot falls on the n+ source and drain diffusions. In the n+ region the
recombination of minority carriers is high but the diffusion of the carriers
is simply the depth of that source or drain diffusion (approximately 1.5 microns).
A response is seen but considerably lower in magnitude when compared to the
lightly doped p region. The device (I056) was subjected to 5 hours, 15 volts
gate to substrate bias on each of the three transistors. As was expected,

23




, - f':_

l FIGURE 7
3 | HYPOTHESIZED EXTRA CURRENT PATH
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P-STAIN (DARK)

FIGURE 8
ANGLE LAP SECTION OF I 4007




FIGURE 9
PHOTOSCAN OF T056, INITIAL SCAN
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the N1 transistor turned on. The result is shown in Figure 10. Note the
absence of the N1 response. This arose from the very high leakage between
drain to source such that only very small photovoltages were generated. After
24 hours, the N1 units threshold voltage crossed O so that the unit was once
again high impedance. The photocurrent generated now permitted observing the
drain junction (see Figure 11). A comparison between this N1 response and the
initial photoresponse shows no apparent inversion layer extending the drain
region, yet the threshold voltage has shifted nearly 1.5 volts. It was
tentatively concluded that no charge, whether on the surface or in the bulk
outside the gate region, was responsible for either the initial threshold
voltage <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>