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I. INTRODUCTION

‘Semiconductor device failure due to an electrical overstress is a primary
concern in the nuclear hardening of strategic weapon systems. To acquire the
postmortem knowledge necessary to determine the device failure mode, a reliable
diagnostic basis in semiconductor physics is necessary. Efforts to achieve a
comprehensive understanding of device failure have been hampered by a lack of
adequate diagnostic tools and methods of study. This project's primary goal is
to develop an experimental tool to study device failure, incorporating the
scanning electron microscope (SEM) operated in the electron beam induced current
(EBIC) mode. This technique, in conjunction with secondary electron imaging,
will provide researchers with a diagnostic tool to qualitatively study the type
of failure that occurs in semiconductor devices.

Although SEM operation in the EBIC mode has been recognized as an excellent
diagnostic tool for device investigators (Ref. 1 through 5);1the Air Force
Weapons Laboratory (AFWL) does not possess this basic expertise. The addition
of this tool will augment many aspects of ongoing research at the AFWL. To
demonstrate the utility of EBIC, this effort will use EBIC and simple auxiliary
measurements to determine the failure states of a twin set of specially
designed semiconductor dicdes._

Both types of diodes were cakstructed in the same manner (i.e. in terms of
mask layout and diffusion methods) except for the addition of one extra P-type
diffusjion layer. This extra diffusion alters one set of diodes' reverse bias
characteristics to exhibit soft avalanche breakdown at less than half the twin
diodes' avalanche voltage (-55 V). As of these diodes' production date, it was
not known why this additional diffusion drastically altered these devices
reverse bias characteristics, or what type of failure states these devices

would exhibit under an overstress.
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II. EXPERIMENT DESCRIPTION
DIODE CONSTRUCTION AND ELECTRICAL CHARACTERISTICS

A special run of 100 identical N+P+ and N+P diodes was produced for this
research project by the Sandia National Laboratories Microelectronics
Department®*, The diodes were constructed to provide a large peripheral area
for SEM examination (Fig. 1). The N+P+ diode's diffusion structure consisted
of a P+ and N+ diffusion into a P wafer (Fig. 2) that results in a diode with
a low avalanche breakdown voltage (around 18 V) and variable avalanche knee
characteristics. The N+P diode's structure consists of a N+ diffﬁsion into a
P wafer (Fig. 3) yielding an avalanche voltage of 55 V. Both diode structures
were constructed with the same diffusion processes and mask layouts. Thus,
the only differences incurred between the two types of devices result from the
one additional diffusion to produce the N+P+ diodes. For ease of viewing, the
units were mounted in 16 pin flat packs, with the covers unattached. Figures U
and 5 show characteristic I-V curves for béth types of diodes under reverse and
forward bias. As the illustrations show, diode 034 (N+P+) has a higher forward

current than device 093 (N+P). This was apparently due to diode 034's higher

leakage current. The forward characteristics for all diodes were found to be
consistent, Additionally, diode 093's reverse characteristics were identical to :TLQ
diodes 051 through 100. This accomplishment testifies to the consistency of

the process which produced these diodes. Diode 03U4's initial reverse bias

D Spu

characteristics do not reflect diode 093's somewhat ideal electrical character.

¥ Sandia National Laboratories, Albuquerque, New Mexico.
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N+,PHOSPHOROUS DIFFUSION=1X1020 CARRIERS/cm3

METALLIZATION SILICON é:;pE LAYER
| $ \ g |
\\ ~40008 |- , /
\ 4 L ol "
\ 16 /
\ P+,BORON DIFFUSION= 2X10'6 CARRIERS/cm3 /
{ \'\_ ___________________________ -____//
h BASE MATERIAL: P-WAFER= 3X10'5 CARRIERS/cmd

Figure 2. Sideview of the N+P+ silicon diode structure, double diffused (ion
implanted) in a P-wafer.
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Figure 3. Sideview of the N+P diode silicon structure, single diffused (ion
implanted) in a P-wafer.

BN
U S .
PGPV G I S W LGN T R

.............................................
............................................................




G T S A e e e

AFWL-TR-84~13 _
IF
CmA)
. 35. mm{_ .= :
f |
]
o | 3. 3?21“
‘ v

TTTTTTTY TP

s et
-
3

. RQ2020|
. Q282

L 8 St b I T 4. P

VF 89, BB/div <mV)

g8sa2. @

(a) Forward bias characteristics

{mAd

« BRRBL ; -

'
1

. -~18, 92 PV PN NP PR RO PRI SOVITPUU TP T S

- -8Q. 22 -4, 80
p VF 3.988/dtv ¢ VO
[ :

\

(b) Reverse bias characteristics o

Figure 4. Current-voltage characteristics for diode 093.

......................

et




AFWL-TR-84-13
IF
CmAd
(MARKERC . 6208V . B21.8uA , 5.
50. 88,
5. 2827
sSdiv_
-
i
. 3282 2 L L S RSN SN TR S SR -I
. B2C2 1, 522
VF . 185883/dsv ¢ V)
ia) Forward bias Characteristics
I
(mAd
MARKER (~17. 383V ,-784. TuA ., J
r T
2028, . ...
!
-l s =) — deih 4~ P . -l c— .. -? - e
-1S. B@A

VF . 28999 /d1v <V

(b) Reverse bias characteristics

Figure 5. Current-voltage characteristics for diode 034,

Py




~1. 338mA . L2

S SR | . ) Pa— )

e e and
-17. 28
. 1883/div ¢ V>

alanche knee in Fig. b

Concluded.

.......

.....

AFWL-TR-84-13

The avalanche voltage of diode 034 is g
the addition of a soft breakdown knee wi
formation (Fig. S5c¢). These formations

characterization runs when diodes 001 t
the avalanche knee--that were not stabl
Examination of diodes 001 through 050 a
avalanche breakdown voltage (despite th
was at reverse currents which varied be
diodes went through the same production
al P+ diffusion may be the source of th
characteristics. It was also determine
for both sets of devices were greatly r
one-sided step junction (Fig. 6). Thus

does not appear to be solely dependent

SCANNING ELECTRON MICROSCOPE OPERATION

The scanning electron microscope ca
of any inert object at extremely high m
resolution. This is accomplished by sca
narrow beam of electrons controlled by
the beam scans across the surface, seco
by a detector which provides input to a
ray tube (CRT). In a general sense, th
ad justed to the appropriate brightness,
microscope's apertures, stops, beam cur

Under normal viewing a semiconductc

secondary electron emission. But, by e
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minute changes in the secondary emission, due to recombination processes inside
the semiconductor, can be detected. The resultant image reveals areas of varying
contrast, hence, the name voltage contrast imaging. Lighter regions represent
areas with little bulk recombination while dark regions are areas with a great

deal of bulk recombination. By applying a voltage to the semiconductor, these

contrasting regions can be greatly enhanced allowing a fairly accurate deter-
mination of the electrically active areas of a semiconductor device.

This procedure can be used to provide practical methods for tracing active

g

circuit paths in integrated circuits. But, this procedure is inadequate for

-

viewing detailed individual device phenomena.

Observation of the specially constructed diodes under voltage contrast

' . .
U VN

imaging (Figs. 7 and 8) reveals active regions, but it appears to be relatively o
insensitive to individual differences in defect density, and device construction. ;i;
Thus, this method of viewing seems inadequate to determine microscopic effects :;E
in devices. ) :Tf

To derive more detailed electrical information through the SEM requires the
use of the EBIC method. This procedure is similar to voltage contrast, except
that the input to the imaging CRT comes from an electrometer connected across
the sample. The EBIC mode method differs from voltage contrast primarily due to
the source of input to the imaging CRT. Voltage contrast uses the secondary
electrons emitted from the device by the interaction of the electron beam with
the material as a source of imaging. The EBIC mode method incorporates the
induced current in the device as the imaging source. By placing the electro-
meter in a fast mode of operation, and reading a current level on the same order
of magnitude as the beam current, an image with light and dark regions appears

which corresponds to areas of high and low current concentrations.
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Voltage contrast imaging of device 100.

Figure 8.

Voltage contrast imaging of device 001.

AR NS

Figure 7.
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The advantage of this method over voltage contrast lies in its ability to
examine a device's depletion region in detail. 1In particular, this method will
allow for the accurate determination of a device's electrical activity.

As in voltage contrast, a voltage can be applied to the device to expand

the electrically active regions (Ref. T) to obtain more detailed information on
avalanche breakdown, electrical activation of defects, and second breakdown (SB)

(Ref. 8).

EXPERIMENTAL PROCEDURE AND SET-UP

The Materials Science Laboratory at the AFWL possesses a Hitachi model S500
SEM which has not been used before in the EBIC mode. The first part of the
experimental procedure will thus involve an extensive exploration of this
microscope's capabilities under EBIC operation, without extensive modification.
Once this has been accomplished, attention will be given to determining the
mode of failure of the two different sets of diodes. One set may contain a
large number of defects due to a P+ diffusion into the P wafer, while the

second set contains no P+ diffusion and possibly a smaller number of defects.

These two sets will have a select few diodes exposed to various electrical
overstresses to induce internal damage which alters their I-V curves signifi-
cantly.
Upon degrading the devices they will be examined under the SEM in both <1
secondary emission and EBIC modes to discern any physical or electrical change
in the diodes. This analysis will be combined with normal electrical measurments '3;:
to help determine the source of device degradation. h"j
Finally, these 4t xies will be examined using EBIC and a variable DC and AC 5
*age 4 o ot "te diodes. This will provide information on the extent to ?j;

which internal damage has changed the diode's normal operational characteristics.

)
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ITI. EXPERIMENTAL RESULTS

The initial check-out of the test diodes was accomplished with a HP 41454
Semiconductor Parameter Analyzer using the dual in-line package of the HP
16058A test fixture. For the remainder of this report, diodes 001 through 050
represent the N+P+ diode structure. Diodes 051 through 100 reflect the N+P
diode structure. As discussed previously, diodes 001 to 050 exhibit I=V curves
that generally reflect those of Fig. 5. Individual differences in the shape of
the breakdown knee were quite common, resulting in a varying current level at
the measured breakdown voltage. These variations are possibly due to defect
activation and consequent unstable microplasma formation (Ref. 9).

Devices 051 to 100 were tested via the same equipment as described.

Figure 4 shows the I-V characteristics for device No. 093, which accurately
reflects the I-V curves for diodes 51 to 100. Note that these curves do not
possess any of the possibly defect-related characteristics exhibited by the N+P+ .
diodes. In addition the avalanche breakdown voltage and turnover voltage in the
forward directions between both sets of diodes is quite different.

It is possible that this unexpected lowering of the breakdown voltage for
both the N+P+ and N+P diodes is due to breakdown at the curved regions of the
device's depletion region (Ref. 10). It is also possible that defects in the
N+P+ diodes may have effectively lowered the breakdown voltage further due to
defect activation (Ref. 9). This same effect may also account for some of the
differences in reverse bias leakage current between the two sets of diodes.

Thirteen devices were chosen at random to be used in the experiment. Those
devices were: 001, 008, 009, 011, 018, 028, o042, ou6, 081, 086, 088, 097, and
100. Devices 001 and 100 were chosen for voltage contrast measurements only,

with the rest to be used primarily in the EBIC mode of observation. Excitation
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of the devices will be performed by the HP 6827A power supply/amplifier operating

in the constant current mode, while under EBIC and voltage contrast examination.,

VOLTAGE CONTRAST RESULTS

After initial setup of the SEM, a voltage 1s applied to bias the device in
the forward or reverse direction. Contrast controls are set to amplify dif-
ferences in the image's shading as various voltages are applied.

Using this method, initial investigation of devices 001 and 100 did not
reveal a great deal of fine structure in the diodes' depletion regions.

Figures 7 and 8 show devices 001 and 100 with a DC reverse bias of 30 and

100 V, respectively. It should be noted that portions of the image may be
affected by device heating. This results in a blooming of the image which is
a good sign of degradation. Retesting of these devices showed a definite
electrical degradation in the reverse bias direction.

Normally, voltage contrast is successful in indicating differences in
semiconductor devices without damaging them. These devices display character-
istics (due to device construction) that severely limit this method of observa-
tion. For example, the dopant concentrations in the N+P and N+P+ diodes create
a depletion region that is extremely hard to resolve, even under high magnifi-
cation SEM observation. This drawback may hamper efforts to observe detailed
electrical effects, since the majority of electrical activity occurs in and
around the depletion region.

As Figs. 7 and 8 reveal, voltage contrast does not yield a high degree of
resolution for the devices tested. Thus, continued work with the voltage con-

trast method appears to present a very limited method of collecting information.

14
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EBIC MODE METHOD RESULTS

Operation of the SEM in the EBIC mode is well documented in a number of
references (Refs. 1 through 5). Many of these articles do not describe the
initial setup of the SEM alone. The EBIC method is a simple concept to under-
stand and apply; but, the actual experimental characterization of a device using
the EBIC method is an intimate function of the SEM's capabilities and construc-
tion. The SEM in operation at the Material Sciences Laboratory of the AFWL has
never been used in the EBIC mode of operation. Thus, a prenascent knowledge of
using the Hitachi S500 SEM in the EBIC mode did not exist in industry or academia
and had to be developed for this research effort. After a great deal of trial
and error, a basic set of guidelines has been developed to aid in using EBIC on
other SEMs besides the Hitachi S500 SEM.

Primary to any EBIC mode operation is the amount of SEM beam current strik-
ing the device under test. Too much current will swamp any imaging ability of
an electrometer connected in series to the device, while too little current
will barely register any visual difference.

It was also apparent for this set of experiments, that the electrometer
type had a strong influence on the optimum SEM beam current. This conjecture
is based on the idea that an electrometer's reaction time when connected to the
SEM's video amplifier is usually optimal at certain spans of measured current

and SEM scan speed. For example, at small current scales where the meter

deflection is large (for a certain SEM scan speed and beam current) the visual
image is swamped out. This is especially acute for device surfaces exhibiting ) 1
large differences in induced current. Initial trial and error testing for this

effort demonstrated that the beam current had to be set at about 75 nA--much
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lower than the normal operating level (as compared to normal SEM secondary
imaging).

Additional concern must be taken in EBIC mode operation to remove, or open,
all apertures in the SEM column. This activity visually increases the resolu-
tion of the EBIC mode signal. The one drawback incurred due to open apertures is
a small loss of image quality at high magnification (dependent on SEM design).

One final consideration is the speed of response and type of electrometer
used to pick current off the device under test. Normally, the experimenter
will have to adjust the SEM scan rate across the device to optimize the
electrometer reaction time and, thus, image resolution (later photographs show
how a slow electrometer can add artifacts to photographs that represent lost
data (Fig. 11b). Thus, the faster the electrometer the better the resolution.
Another consideration concerns measuring device current when it is biased by a
power supply. This study found that operation of the electrometer in the same
circuit with the diode and power supply created an additional ground loop
between the supply and the SEM video amplifier.

To overcome this problem, an ungrounded power supply (such as batteries)
or a battery operated electrometer should be used. This effort could not study
this aspect, since a battery operated electrometer or batteries sufficient to
bias the devices were not available.

Diodes 088 and 042 were the first devices examined. Trial and error during
a long period of experimentation resulted in the first recorded EBIC images of a
device at the AFWL (Figs. 9, 10, and 11).

Device 088 was photographed (Fig. 11) when the EBIC image first appeared,
and graphically shows the presence of active regions in the device. The
glowing rectangular band in the picture represents the electrically active

region below the N diffusion. The fuzzy region on the edge of the rectangular

16 ;i*'
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Figure 9.
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First recorded EBIC image taken at the AFWL Material Sciences
Laboratory using device 088.
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(b) EBIC image

(a) Secondary electron image

300x magnification.

Figure 10. The SEM image of the upper right-hand corner of device 088,




‘uorjeoTJIuBem XQ0E ‘ZHO 9OTASpP JO eFewy WIS oul (| oJand14

*3wWTl uorIoEII

JUBTDTIINSUT S, 1939W013103[3d 3yl £q paieiauald

I9BJTIaE ue ST uor¥aax uoriaydsp a8yl jo 3ysra syl

C%0 ®0Ta9p jo Aydealodol ueds aury paliaaul (q) 031 Bade Miep 3yl ‘74 221Aap jo adewy 3147 (®B)

Nz 6989arT1

Y*ﬂ

AFWL-TR-84-13




T —— - T ——— o T p— = f - had *

.‘T‘.V V}
4
4

AFWL-TR-84-13

band shows the depletion regions extension into the P region of the device.
Figure 10 shows a close-up of the upper righthand corner of the device in
secondary and EBIC mode. The depletion region is clearly defined in this EBIC
mode photograph but, since the accelerating voltage of the SEM (20 kV) drives

the electrons deep into the device, the depletion region appears bright through-

out the N region and fairly diffuse into the P region. This effect will be
; . noticeable on all forthcoming EBIC mode photographs and can be adjusted by de-
r;j creasing the accelerating voltage. These diodes are relatively thin so even at
a low accelerating voltage the electrons are driven down the entire depth of the
device. Also, decreasing the accelerating voltage by too large an amount makes
the EBIC mode image difficult to observe.

Figure 11 shows device 042 in EBIC mode image and inverted line scan topo-

graphy. The most noticeable aspect is the differences that depict it from device

088. 1In particular, the depletion region of device 042 seems closely restricted -
to the N region of the device with little diffusion into the P region. This may
be attributable to the heavy doping level of the diodes P+ side. For these
diodes, the amount of trapped charge on both sides of the metallurgic junction
are the same (since the doping level is so high [> 10%8 carriers/cm3] only a
small volume of charge is required to provide neutralization of the device's
built-in voltage) thus, the depletion region is much smaller for the N+P+ diodes
as the EBIC mode image shows.

Device 001 had heen exposed to high voltages when photographs were taken
under voltage contrast imaging. Thus, it was suspected that the device may
have been damaged although an extensive survey of the surface showed no per-
ceptible damage. Figure 12 shows the upper right-hand corner of device 001 in
secondary image with a large number of white grains covering the surface. The

metallization also shows pits and large globules of unknown origin. Figure 13

20

...... . e ST

I PR P PRI LI R TR I T ORI, S . S A 1t DI DALY S0 X WE-TALIPK DU G S L GG i S U Sov S Sy




AFWL-TR-84-13

liode 001 at 400x magnification. [ ,‘” R .- o
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shows the EBIC mode images of Fig. 12, in normal white contrast and reverse dark
contrast. This reverse image is produced by reversing the electrometer leads

to the device. Depending on the surface, a reverse image may provide more
information on device characteristics than a positive polarity photograph. These
photographs show a depletion region that is more extensive than seen on diode 0OU42.
This may imply some change in the static I-V characteristics due to a larger
depletion region,

Device 008 was exposed to large voltages in an attempt to reproduce EBIC mode
images early in the research effort. At the time, no images were obtained but
preliminary checks prior to actual EBIC mode imaging showed the diode's charac-~
teristics had changed somewhat. A search of the device surface showed no
perceptible damage. The EBIC mode image (Fig. 14) looks similar to Fig. 11, in
the respect that the depletion region's extent looks the same. Also, the granula-
tion and metallization pitting are similar to that found on device 001.

Device 009 had also experienced high voltage while attempting to achieve
EBIC mode imaging. Breliminary checks before successful EBIC mode imaging did
reveal some I-V changes, and a close examination of the surface revealed several
possible abnormalities. Once again the surface granulation was readily apparent,
but, observation of the right-hand side of this diode revealed an extrusion
between the N+ and P+ regions of the diode (Fig. 15). This secondarv imaging
shows a definite extrusion that slightly affects EBIC mode imaging of the diode
(Fig. 16). This extrusion is possibly an ejected melt due to second breakdown
(Refs. 10 and 11). Although this extrusion should have a greater effect on
electrical activity in the area (if it was caused by SB) EBIC mode imaging does

not demonstrate any effect on local electrical activity.
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(b) Secondary image

(a) EBIC image

The EBIC and secondary electron images of device 008.

Figure 14.
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Farther down the diode edge from this extrusion, another extrusinn appears
(Fig. 17). This abnormality does seem to affect the EBIC mode image. Overdriv-
ing the electrometer brings this effect out most dramatically (Fig. 18a).
Figures 18b and 19a show a depression that was found on the device's lower edge
between the metallization and N+ diffusion. The EBIC imaging of this area showed
no electrical abnormalities. The lower left-hand corner of the device metal-
lization showed a distinct pitting between the metallization and N+ diffusion
(Fig. 19b). This pitting (which is seen on other predamaged diodes in this
report) may be the result of oxide contaminant thermal activation or metalliec
migration.

Device 011 (also predamaged) showed extreme pitting all along the periphery
of the metallization (Fig. 20). Only two photographs of these pits are shown
as representative of this effect. The EBIC mode imaging of this diode showed no
irregularities (Fig. 21).

Device 018 (also predamaged) showed no abnormalities in EBIC or secondary
mode imaging (Fig. 22).

Device 100 had been viewed using the voltage contrast method discussed
earlier in this report. Thus, the device was suspected of being damaged due to
the applied voltage. Secondary imaging showed numerous pits along the metalli-
zation periphery (Fig. 23); yet, no abnormalities were seen using EBIC mode
imaging. Figure 24 shows the upper right-hand corner under EBIC mode imaging
which brings out the distinctive depletion region of the device. It was also
noted that this diode exhibited a great deal of surface charging. This effect
may be caused by surface damage to the diode although this cannot be verified
at this time.

Device 097 was an early casualty to poor initial attempts to obtain voltage

contrast measurments. Voltages in excess of 75 V were applied to this device

in taking unsuccessful voltage contrast images. Observation using secondary
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(b) EBIC image of defect at 800x

Secondary and EBIC image of second defect on device 009.
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(b) EBIC image of diode 0l1 at 400x.
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1g the metallization periphery (Figs.

)t show any distinct abnormalities (Fig.
» conjecture that the pits observed

| by device damage. To test this con-
*e observed using EBIC and secondary

*ed no overstresses during any part of

ible to provide an adequate test of this

ing did provide some evidence of pits
but, these pits were not as numerous

e EBIC mode imaging showed no distinct

of pits on the metallization periphery
o042 (Fig. 30a). Secondary imaging

e diffusion boundary, where a surface
ced EBIC mode photograph of this defect
layer edge (Fig. 31b). This location

e 32 shows the secondary and EBIC mode

small number of pits similar to devieces

ging showed no irregularities for

1lly the conjecture that the metalliza-
existence of the pits prior to damaging
d to device fabrication processes.

damage appears to increase the number
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Figure 26.
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Secondary image of metallization pits on diode 097.
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(b) EBIC image of diode O0M46.

(a) Secondary image of diode 0U6.

(a)

Figure 32.
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Figure 33. Secondary image of metallization pits on diode 081 at 2000x.
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Figure 35.
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Secondary image of metallization pits on diode 086 at 2000x.

,.
A2 b 4

A




—t

5 4
- -

}od
r

wWl=-T

ALY

Jo eFewy DIgI oyl (Qq)

Nz 220

(@

*X00% 2® 980 9POTP JO

BT

“X00% 3® ggQ °8polp
aBewy AJepuoDdg (B)

*gf sundry

(®)

AR NI ¥




AFWL-TR-34-13

A question still remains as to what damage the pits represent. One possible
explanation views the pits as oxide contaminants that become thermally activated
when the device heats up due to an electrical overstress. The observed pits
could also be explained as metallization ..igration into the semiconductor. This
conjecture can be tested by etching the diode's passivation layer to determine
whether the pits extend into the metallization or diffusions.

Devices 008 and 081 were etched with a solution of: 10 ml of ammonium
flouride, 10 ml of ethylyne glycol, and 5 ml of hydroflouric acid. This etchant
will strip away any glass on the devices' surface.

Device 008 required 20 min to etch the oxide layer away. Observation using
secondary imaging showed no pits at the metallization periphery (Fig. 37). The
EBIC mode observation showed no distinctive abnormalities from the earlier
viewing.

Device 081, after a 20 min etch, still had a lot of surface debris (Fig. 38).
In addition, the EBIC mode image was strongly enhanced. Afcer an additional 5 min
etch, close examination using secondary imaging showed pits in the lower right-
hand corner of the metallization (Fig. 39). These pits seem to correlate with
the location of pits seen in Fig. 33 of device 081. No other pits were visible
under close observation. The EBIC mode observation of these pits did not show
any electrical irregularities.

The information derived from etching devices 008 and 081 show some of the
pits are located on the metallization, while others are located in the passiva-
tion layer only. Pits that represent oxide contaminants being thermally acti-
vated would disappear with removal of the oxide layer as Fig. 39 seems to show.
Metallic migration into the semiconductor diffusion would leave pits only in the

metallization as the figures of device 081 would - 'm to indicate.
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This exploration also raises the possibility that device damage may be
occurring at the metal-semiconductor boundary. Such device damage could cause
the formation of a rectifying Schottky barrier (Ref. 12) that would also explain
the aberrant surface charging problems seen with many of the damaged diodes.

Further evidence for a rectifying Schottky barrier formation can be derived
looking at the final I-V characteristics of the viewed devices shown in

Appendix B.

52

e e e T e T T T e ettt T e e L TN
"L L S S S AL Sy e e T e T ettt et e et et Lt et I T TR IR S SRR R SRR ST Y
PV VADRE WD WA D AP P P P WL P D PP C A S PR L DL R P P T AP L I L SAP G L  SLIr  S  ,




AFWL~-TR-84-13

IV. DISCUSSION OF POSTTEST DIODE I-V CHARACTERISTICS

The ovérall characteristics for the damaged diodes showed a distinct change
toward a reduced current capacity. Forward bias measurements did show a reduced
current capability that was not as severe as the decrease in reverse bias
current capacity. Oftentimes the overall reverse characteristics showed no
distinet onset of avalanche breakdown. This type of behavior obviously signals
a change in the devices' electrically active regions. The types of zhanges
necessary to arrive at these characteristics are difficult to specify. The SEM
observations did not show many major depletion region failures. Even so, a
ma jor defect at one location would not account for the I-V characteristics
found in Appendix B, If the entire depletion region had been damaged, large
changes would be apparent in both the forward and reverse bias regimes. Yet,
Appendix 3's results show major change under only one type of device bias.

Finally, SEM observation did provide evidence that some kind of damage had
occurred along the entire periphery of the devices' metallization. This evi-
dence was consgistent between predamaged devices and undamaged N+P+ diodes
actually tested. The effect of this damage may also account for the undamaged
N+P+ diodes' distinctive reverse bias characteristics in the area of the
avalanche knee.

Referring to Appendixz A, it is apparent that no two N+P+ diodes had the
same initial reverse bias characteristics (discounting any large measuring
apparatus error) especially in the area of the avalanche knee, while the N+P
diodes shown in Appendix A show practically identical reverse bias character-
isties,

The possible damage mechanisms involved appear to center around a processing-
related parameter that is aggravated by device heating incurred by an electrical
overstress. Activation by heating of semiconductor contaminants near the
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metallization would result in a diffusion of impurity near the electrode,
'creating surface states and, hence, a nonohmic boundary between metal and semi-
conductor. A metal semiconductor boundary, known as a Schottky barrier (Ref. 13)
is a common feature of most semiconductor devices. This type of boundary is
created by evaporating a metal contact onto a prepared silicon surface to pro-
vide an ohmic contact for the device (an ohmic contact is one that will not
provide a significant parasitic impedence and drastically change the equilibrium-
carrier densities in the base semiconductor material). The contact formed on a
device is usually ohmic if the semiconductor doping level is > 10'5 carriers/cm?
Such a high doping level in conjunction with a thin oxide layer (that is an
unavoidable result of the metallic lay-down process) assures tunneling of
carriers across the barrier. Although this oxide layer aids in creating the
Schottky barrier, it is also susceptible to permanent electrical changes via

impurity diffusion and electromigration of metal, creating surface states in

the barrier region.

The conduction process in a rectifing Schottky bharrier is by thermonic
emission or thermal emmision of carriers (Ref. 13). This type of current flow
is carried by majority carriers (electrons in this case) resultingz in a
saturation current for a rectifying Schottky barrier that is higher than a
minority carrier dominated PN junction (Ref. 14). These characteristics give a
rectifying Schottky barrier an I-V character similar to that of a PN junction,
but with distinct differences due to a Schottky barrier's larger saturation

current. As Fig. 41 demonstrates, Schottky diodes possess a lower cut-in

voltage and a reverse current that does not saturate and produces a soft

breakdown characteristic. O
These characteristics seem prominent in the Appendix B I~V curves for

damaged and even some undamaged N+P+ diodes. Therefore, it can be inferred
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that lowered current levels for damaged and undamaged N+P+ devices appear to

be due to the formation of a rectifying Schéttky barrier at the insulator
interface in series with the PN junction. Direct evidence for this phenomenon

is provided by SEM observation, and I-V characteristics measured for the devices.
Further evidence was gained when two of the devices' passivation layers were
removed and the surfaces examined directly, revealing metallization damag=e.

[ This evidence also rules out the possibility that the devices' PN junction was
?: bypassed so that only the Schottky barrier is active. The EBIC images show no

active surface paths, except the bulk path through the PN junction.
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V. DISCUSSION OF DEVICE DAMAGE MECHANISMS

There are many possihle damage mechanisms that can be inflicted on a simple
diode. Of paramount importance is the damage mechanism known as SB*, This
mechanism can occur at the surface or in the bulk of a device (Ref. 16) changing
the devices' electrical characteristics drastically. When SB occurs, the
remnants of a molten channel should be visible under SEM secondary or EBIC
imaging.

Other possible failure mechanisms center around metal-semiconductor interface
damage (electromigration or impurity migration) or other bulk semiconductor
damage (i.e., impurity diffusion, dislocation growth, ete.). To narrow down
the possible damage mechanisms it is helpful to look at how the damage was
incurred.

None of the devices tested experienced any systematiclpulse testing. This
was decided early in this effort because of the inherent unknowns (Ref. 9) in
stressing devices with step-stress. Using other types of waveforms for stressing
brings the same inherent unknowns to any posttest analysis. Therefore, it was
decided that no systematic overstress testing would be accomplished.

In lieu of systematic testing, it was decided that the high steady-state
voltages and currents applied to the devices during voltage contrast and EBIC
imaging would be sufficient to stress the devices to damage.

Since examination of these devices did not portray extensive SB, only

metal-semiconductor interface damage remains as a plausible explanation for the

Appendix B I-V characteristiecs.,

#*Second Breakdown (SB) is the term adopted by the International Electrotechnical

Commission, IEC Document 47 (Secretariat), 86, 1963,
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The extensive amount of damage seen on the metallization periphery clearly
2 implies possible damage to the electrode semiconductor interface. Such damage
would induce surface states on the metal and semiconductor surface creating an

electrical field in the intervening insulator. To understand why this is

I detrimental requires a close examination of the physics of Schottky barriers.
SCHOTTKY BARRIERS

When a metal and semiconductor surface are joined together to form a

| 3]

contact, the Fermi level (or chemical potential) of both materials will come
to thermal equilibrium and coincide in energy (Fig. 40)., This is accomplished
in the same manner as a PN junction; i.e., contact is made and carriers pass
between the two materials until a potential opposite and equal to the poten-
tial difference between the P and N sides is established. The potential

differences between doped semiconductors is easily determined by the impurity

R )

levels of the two neutral semiconductors prior to contact. Graphically, this
built-in potential is measured from the top of the conduction band on the

ii N-side of the material to the top of the conduction band on the P-side (Fig.
42), Carriers diffusing across this junction must traverse this potential to
contribute to current generation. The addition of an externally impressed
electric field across the junction can then aid or impair carrier movement

through the potential.

The barrier potential for a metal-semiconductor contact is determined by
the metal's work function and the semiconductor's electron affinity. The
difference between these two quantities defines the built-in potential, or
barrier, that the carriers must traverse during current flow through the

contact (Fig. 40). Normally, the interfacial oxide layer produced by the

PPN .

R

LT,
TSR ST

metallization lay-down is quite thin. If the metal's work function is lower
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1
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Figure 41. Current-voltage characteristics of a PN junction and a Schottky-
barrier diode (after Ref. 15).
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b

i than the semiconductor's electron affinity, an accumulation of electrons occurs

*]I on the barrier (Fig. 43) which in combination with the abrupt barrier potential, 4

represents a situation where Boltzmann statistics do not apply within a few

Debye lengths of interface (Ref. 18) preventing PN junction like carrier

oo

EIE diffusion. Yet, this type of situation provides conditions for the main mode J
of carrier transport in this area--tunneling (Ref. 19). Therefore, carrier

transport across this junction is dominated by majority carrier (electrons for

k:i Fig. 43) movement and subsequently, ohmic behavior.

This type of contact is used extensively in industry to make contacts to

microscopic semiconductor devices. To assure the tunneling action of the contact,
the semiconductor side is normally doped to a high level (> 10° carriers/cm?).
This brings the conduction band close to the Fermi level so that electrons can
easily tunnel through the barrier (Fig. 43).

The use of Schottky barriers is altered drastically when surface states —
occur on the metal or semiconductor side of the contact.

Defects (such as dislocations, dangling bonds or contaminants) located on a

surface are by definition thermodynamically unstable, due to the local increase

in crystal disorder. When defects are placed in a thermodynamically stable 1
medium, the Fermi level adjusts to provide local thermodynamic equilibrium.
Thus, if the number of surface states is large, the energy of the Fermi level
will be dependent on the number of surface states, not the impurity level of 4}
the bulk material. On the other hand, if the number of surface states is
small, the Fermi level will be constant throughout the material. The addition 1
of these defects on a surface also lower the semiconductor's electron affinity.

When two materials are brought into metallurgic contact where one material 4
contains a number of surface states occupied up to and above the Fermi energy,

a drop of the Fermi level (equal to the barrier potential) in the defective

b Lo

al
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ield in the interfacial region, due to

states (Fig. 44). If the number of

ced depletion region of the barrier

e exposed surface charge, not the bulk

n alter the potential drastically

e, surface states, not the material
rrier potential,

r experiences an increase in the
ential is lowered, (i.e., the

e metal's work function) allowing an
ditional barrier lowering voltage
.ransport mechanism changes from
ffusion (Fig., 40). The result is a
ring contact.

appears that prolonged electrical
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ate creation appears to be impurity
metal toward the semiconductor.
ress mayv already possess a sizable
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Since the PN junction in both sets of devices would be in series with the
rectifying Schottky barrier, the overall current capacity of the devices would -
be controlled by the Schottky barriers' current capacity at high voltages in
the reverse direction. Avalanche breakdown, under this type of situation would
require much higher voltages because of the voltage division occurring between S
the two devices. Forward characteristics appear to reflect a lower cut-in
voltage and current than before damage.

Pre- and posttest analyses of the dlodes seems to support these conjectures.

Indeed, a final pillar of support would be an analytical analysis of lapped diode

sections. There are a number of unknowns this nondestructive research effort

&. could not obtain, such as the density of surface states created or impurity - f
changes in the diode bulk. Without this information, any analytical treatment

pursued would soon falter.
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VI. CONCLUSIONS AND FUTURE WORK

This research effort has endeavored to develop SEM techniques in EBIC mode
to be used in the nondestructive analysis of semiconductor devices.

To demonstrate this analytic tool, a set of N+P and N+P+ diodes were con-
structed to provide an example of the diagnostic capabilities of SEM EBIC mode
imaging.

The EBIC mode imaging was compared to voltage contrast imaging for the
devices under test. This comparison demonstrated that actual imaging, though
simple in theory, is quite diffucult to achieve in practice. A great deal of
experimentation finally resulted in the achievement of voltage contrast and EBIC
mode imaging for the AFWL's SEM, A set of basic guidelines to be followed in
using EBIC mode imaging were derived that will allow its implementation to
other types of SEM more simple. The guidelines are:

a. All SEM column apertures must be open.

b. The SEM beam current must be adjusted against decreased resolution
caused by opening all SEM column apertures.

c. A fast electrometer (that is battery operated) will provide the
best visual resolution.

Application of these guidelines resulted in the first recorded EBIC mode
images taken at the AFWL Material Sciences Laboratory.

The EBIC mode and secondary electron images were taken for 13 devices. Some
of the devices had been damaged during attempts to perform voltage contrast and
EBIC mode imaging and were examinec after successful achievement of imaging.

The results of these examinations demonstrated that the main damage mode
for these diodes was the formation of a rectifying Schottky barrier at the
metal-semiconductor contact of the diodes. Little direct evidence was found to

support failure due to SB.
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This evidence also appears to explain the initial I-V characteristics for
the N+P+ diodes. These diodes' double diffusion construction may have resulted -
in a contaminated surface prior to metallization lay down, creating a rectifying
Schottky barrier that degraded with electrical overstress.

Future work in this area should concentrate on applying EBIC to devices
experiencing steady electrical bias. This type of experiment would require a
battery operated electrometer to isolate the device measurements from the SEM.

Additionally, efforts should be made toward using variable AC current bias
on devices. This type of measurement would greatly increase the amount of

information derived from semiconductor devices.

-
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APPENDIX A - 4

PRETEST DIODE CURRENT VOLTAGE CHARACTERISTICS

PO S VT

This appendix contains the pretest I-V curves for devices: 008, 009, 011,
034, 042, OU6, 081, and 086 in the forward and reverse bias regimes (Figs. A1 ®
through A9).

Prior I~V curves for devices 001, 018, 097, and 100 were not recorded.
Pretests determined the I-V curve differences between diodes of the same family (]
(N+P+ or N+P) were relatively small, and it was not deemed necessary to record
all the curves. The curves shown in this appendix consistently reflect general

characteristics of each family of diodes. [ ]
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APPENDIX B

POSTTEST DIODE CURRENT VOLTAGE CHARACTERISTICS

The diodes illustrated in this appendix are: 001, 008, 009, 011, 018, 034,
097, and 100 (Figs. B-1 through B-8).
This appendix does not include curves for diodes 042, 046, 081, and 086.
- These diodes did not undergo any overstress testing, thus, the characteristics

should not have been affected.
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(b) Reverse region

Figure B2. Posttest I-V characteristics for diode 008.
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(b) Reverse region

Figure B3. Posttest I-V characteristics for diode 009.
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(b) Reverse region

Figure B4, Posttest I-V characteristics for diode 011,
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Figure B5. Posttest I-V characteristics for diode 018,
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Figure B6. Posttest I-V characteristics for diode 034.
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(b) Reverse region

Posttest I-V characteristics for diode 097.
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Posttest I-V characteristics for diode 100 in the forward region.

The reverse regicn registers no recordable current flow under any
bias of between =17 V and -80 V.
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