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Abstract 

The distribution of experimental dielectric 
strengths of SiOg gate dielectric in a CMOS 
transistor structure is 3hown to be conposed 
of a primary, statistically-normal distri
bution of high dielectric strength and a 
secondary distribution spread through the lower 
dielectric strength r-gion. The dielectric 
strength was got significantly affected by high 
level (1 x 10° RATS (Si)) gamma radiation or 
high temperature (2C0°Cl stress. The primary 
distribution breakdowns occurred at topogra
phical edges, mainly at the gate/field oxide 
interface, and the secondary distribution break
downs occurred at random locations in the cen
tral region of thft gate. 

Introduction 

The ability of an insulating layer to with
stand an applied electric field with negligible 
leakage current and without destructive break
down is a requirement for the operation of many 
semiconductor device structures and is par
ticularly important in the MOS structure. The 
characteristics of the SiOg gate insulator 
greatly affect the operation and reliability of 
the KOS device. It has been reported, for 
example, that the reliability of MOS RAM's is 
strongly dependent upon the quality of the Si02 
gate insulator, and that 3 majority of RAM 
failures are due to electrical breakdown of the 
gate oxide at defect sites.. 

The studies of the maximum dielectric 
strength of SiOo have dealt primarily with 
capacitor structures, such as aluminum dots on 
wafers completely covered with thin, uniform 
oxides. IJue to the importance of the gate 
oxide in MOS devices, it is desirable to know 
the dielectric strength of Si02 in the actual 
device structure, i.e., to know if the processes 
required to fabricate the MOS structure, such as 
oxide etch and regrowth, and if topographical 
features, such as edges and steps, have a sig
nificant effect upon the SiOg gate oxide maxijnum 
dielectric strength. Also, it is important to 
know how gate oxide defects in the MOS structure 
affect this maximum dielectric strength 

In this study, the maximum^dielectric 
strength of three different thicknesses of SiOg 
gate oxiiie in a CMOS -(C-erapleBi&ntary Metal Oxidc-
oemiconductor}-transistor-pair structure is 
evaluated. The maximum dielectric strength is 

determined experimentally by analyzing the 
distribution of first breakdown voltages. The 
surface location and maximum field strength of 
the breakdown sites are analyzed. The effects 
of gamma radiation and bias-temperature stress 
upon the breakdown characteristics are experi
mentally determined. 

Experiment 

/': CMOS aluminum metal-gate transistor-
pair without input protection circuitry was 
used for this study. Table 1 gives the 
dimensions and areas of the completed devices. 

Table 1 

Device Dimensions 

p-channel n-channel 

Channel length (mils) 1.25 1-25 

Channel width (mils) 19.70 13.10 

Gate Metal Area Over 
Gate Oxide (mil2) 

Over channel 

Over source/drain 

Over end of channel 

Over guardband 

Total 

2l*.62 16.37 

U.10 2.73 

1.99 1.81 

0.59 

31.30 

0.59 
21.50 

The devices were fabricated on 2-inch 
diameter 3-6 ohm-cm, ̂ O O ^ n-type, phosphorus 
doped substrates. The p-well for the n-channel 
transistor was ion-implanted and the resulting 
p-well effective resistivity was O.5-O.6 ohra-cra. 
The gate oxide was thermally grown in dry Og at 
lOCO^C. Three gate oxide thicknesses were 
obtained by using oxidation times of 50 minutes. 
100 minutes, and 2^0 minutes . The resulting 
-thicknesses were determined from control wafers. 
using a Gaertner model L119X elllpsometer. The 
refractive index and thickness of the gate oxidf 
were calculated from the ellipsometer data, 
assuming a refractive index of 3-855 and an 
extinction coefficient of -0.028 for the silicor 
substrate. The gate oxide thicknesses are showi 
in Table 2. Note the thicker oxide over the 
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n-channel source and drain regions due to the 
faster oxide growth rate over the n* regions. 
The oxide thickness over the p + regions vas not 
much greater than the oxide thickness over the 
p" regions. <?-««,. 1 .—Jy Qy * ~- 'Jy^f y"^ 

r*<^r*A s^fjt* C'AJ*.. Table 8 ; 

Oxide Thicknesses (Angstroms) 

Over 
Average 
Thickness 

Standard 
Deviation 

Group 1 p-channel 375 k 

n-channel Uoo -
Group 2 p-channel 613 7, 

n-channel 641 7 
n-channel 
source/drain 9h2 U 

Group 3 p-channel 1092 5 
n-channel 1117 . 

Since the gate metal in the CMOS structure 
overlaps the source and drain regions and 
crosses over the guardband area, it has a step 
at these interfaces. For the n + regions the 
step for the group 2 wafers was approximately 
300 A. The gate metal must also make the step 
up and over the field oxide, a step of approxi
mately 9000 A for these devices. These steps 
of the gate metal are one of the differences be
tween the gate capacitor structure in the CMOS 
device and the capacitor structure typically 
used to experimentally determine Sioj; breakdown 
characteristics. 

To enable visual location of the breakdown 
sites, the„gate metal deposition was stopped 
when 1000 A of aluminum had been deposited. 
When a breakdown occurred, this thin layer of 
aluminum would locally melt at the breakdown 
site and could be seen optically with a micro-
scope. To assure electrical contact problems 
vould not occur at the contact pads due to the 
thin metal, a second layer of aluminum, one 
micron thiik, was deposited after a layer d,f 
protective oxide had been deposited and etched 
open at the contact pad windows. A second con
tact pad window mask operation was used to 
remove all of this second metal layer except 
at the contact pads. To prevent etching of the 
first layer that would isolate the bond pads 
electrically, the second bond pad window mask 
was made with its definition dimensions in
creased slightly and it was used with a proxim
ity exposure that lasted approximately ten times 
longer than a normal exposure. These precautions 
resulted in an overlap of the second metal layer 

over the edges of the protective oxide at the 
contact pad preventing etching dovn through 
the first metal layer. A 20-minute, k;;03C 
sinter improved the electrical contact between 
the two aluminum layers and between the first 
layer and the substrate level contacts. 

Ten functional wafers were fabricated-
four group 1 wafers, three group 2 wafers, 
three group 3 wafers. Each wafer had 76 C-
transistor-pair devices. Capacitance-volta 
tests on control wafers showed typical flat 
band voltage and surface-state density char; 
teristics. The flatband voltage for the to 
gate oxide control wafer was -0.13 volt and 
maximum sui'face-state density was about 
2 x 10l2/cu£. 

and 
03 

•ac-
1 A 
the 

A block diagram of the test equipment is 
shown in Figure 1. After initial adjustments 
were made, a wafer could be tested entirely 
under computer control. The test equipment 
arrangement and method of taking data were pat
terned afier the statistical approach used in 
References 2 and 3. 
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Figure 1 

When a breakdown occurred, the current 
pulse through the shorted gate created a 
voltage pulse across the 5.6K resistor. The 
pulse detector circuit was basically the liano-
arapere sensing circuit of Eeference h, with 
the input modified to capacitively-couple the 
breakdown voltage pulse and with the output 
modified to provide an appropraite voltage to 
the HP 3450B meter. The detector was cali
brated to trigger on any pulse of amplitude 
greater than 1.5 volts and width greater than 
300 nanoseconds. The increment rate of the 
digital voltage source was controlled by 



instj-uction execution times and by WAIT state
ments in the program. A 0.1 volt increment 
and O.k volt/second increment rate vere used. 

The program vas written to detect and 
record the first breakdown event, whether it 
was a permanent or a "self-healing" breakdown. 
The latter type of breakdown is also known as 
"self-quenched breakdown" (abbreviated to 
SQBD).J.° It was found during this experiment 
that few StJBD's occurred. Most breakdowns 
resulted in a permanent electrical short between 
the gate and substrate at the oreakdewn rite. 
When a SQBD did occur, subsequent breakdowns 
usually propagated out from the first site. 

Dielectric breakdown and current-voltage 
tests vere ::̂ n on wafers before and after 
radiation and temperature stress. ,('To reduce 
within-wafer location effects, initial wafer 
testing involved either one-half or one-third 
of the devices, testing the first device then 
skipping either one or two and testing the next 
device, resulting in a checkerboard pattern of 
tested devices. Subsequent tests involved the 
remaining devices. Tests were also performed 
on devices separated from wafers and mounted ll 
in packages to enable bias to be applied during 
radiation and thermal stress. Table 3 shows 
the number of devices yielding usable data in 
each of these categories. 

Table 3 

(approximately 0.1 psi). Wafers 2, ?, and 10 
were at this temperature for 372 hours, the 
packaged devices for 279 hours. The voltage 
on the packaged devices was applied prior to 
starting the oven and was removed after the 
oven had cooled to room ambient temperature. 
The bias applied to the packaged devices was 
the same for the radiation and thermal stress, 
10 volts with the gate positive with respect 
to the substrate. For both these conditions 
and during the wafer testing, the wafer sub
strate contact,p-well contact, and p-channel 
and n-channel drain contact were electrically 
connected together. All probe station and 
packaged device tests were performed at room 
ambient temperature. 

Results and Discussion 

Figure 2 shows the distribution of break
downs for the initial test on wafers 1. 
Similar plots were obtained for the tests on 
the other wafers. Each "x" as=5gt' represents 
the field intensity at breakdown for one 
device. This figure shows the average electric 
field in the gate area at breakdown, using 
the average n-channel gate oxide thickness 
since nearly all of the breakdowns occurred 
over p + guardbands in the n-channel.area. Exac-
calculation of the electric field intensity at 
the breakdown site would require knowledge of 
dimensional features of each site, its par
ticular oxide characteristics, and the substrate 
doping at that location. One breakdown for 
wafer 1 occurred at 3-lMV/em, a value too low 
to show on the scale of Figure 2 , 

NUMBER OF DEVICES IN TEST CATEGORIES 

GROUP I GROUP 2 GROUP 3 

WAF LR •" 1 2 3 4 S 7 a 9 ' 10 11 

WAf ER TEST 

INITIAL 
• GATE* 37 26 24 37 35 30 25 33 V) 1F> 

GATE- - - 25 - —, - 24 - — 22 

RADIATION 77 , 71 _ 36 _ 25 30 _ i<l 
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INrTIAL — 8 — — — 8 _ — 8 _ RADIATION — 7 — — — 6 — — 7 — THESMAt — 4 A 4 
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INITIAL DIELECTRIC STRENGTH FOR WAFER 1 

Wafers and packaged devices were exposed 
to ionizing radiation in the form of gamma rays 
fron.a cobalt-£o source. They received a total 
dose of 1 x 10° RIDS (Si). Wafers I, 5, and 9 
and the packaged devices received this dose in 
16 minutes, and wafers 3, 8, and 11 received 
it in 8 minutes. The thermal stress was per
formed in an oven at 200° C, with dry nitrogen 
•"is providing a small positive pressure 

Figure 2 

The breakdown distributions were found to 
have two regions: (1) a region composed of 
primary (or intrinsic) breakdowns ("x's" in 



Figure 2), and (2) a region composed of lover 
field breakdowns of a random nature ('®' 's i n 

Figure 2). All of the distributions in the 
primary breakdown region were tested and found 
to have a good fit to statistically-normal 
distribution. The averages of these distribu
tions were within about 0.5KV/cn of the maximum 
dielectric strength of uniform thickness SiOp 
reported in studies on capacitor structures.' 
The averages and standard deviations for the 
primary distributions obtained during the 
initial test are shown in Table k. 

Table U 

PRIMARY DIELECTRIC STRENGTH 
FOR INITIAL TEST 

GATE STANDARD 
WAFER POLARITY AVERAGE DEVIATION 

GROUP 1 1 
2 
3 
3 
4 

GROUP 2 5 
7 
8 
8 

GROUP 3 9 
10 
11 
11 

10.04 0.32 
10.02 0.22 
10.02 0.33 
9.99 0.26 
9.49 0.60 

9.51 0.17 
9.42 0.43 
9.68 , 0.20 
9.61 0.26 

8.45 0.17 
8.51 0.24 
S.76 0.21 
8.73 0.29 

400 500 600 700 800 900 1000 1100 
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PRIMARY DIELECTRIC STRENGTH VS 
OXIDE THICKNESS 

Figure 3 f 

The data show*1 an increase in primary 
maximum dielectric strength (recion 1) with de
creasing oxide thickness, a feature which has 
been experimentally observed for SiOg in 
uniform films in capacitor structures. This 
relationship is plotted in Figure 3, using 
the data shown in Table h. A linear relation
ship .between maximum dielectric strength and 
gate oxide thickness is observed for this data. 
The line in Figure 3 is drawn through the 
averages, with the one standard deviation 
spread indicated at each average point. 

Figure k shows the initial dielectric 
strength for wafer 1*. This wafer had an 
atypical dielectric strength distribution. 
The primary distribution average is 9-^9, about 
0.5MV/cm lower than the other three wafers in 
this group. Its standard deviation was 0.60, 
which was higher than the standard deviations 
for the other wafers in group 1. Two low 
field breakdown values, 3.725 and k.TplW/cm, 
were too low to show on the scale of 
Figure U. The atypical breakdown characteris
tics of this wafer were probably due to a 
processing variation that affected the entire 
wafer, such as a contaminated etching solution. 
It was noted during processing that this wafer 
did not etch properly during the fabrication 
steps immediately after gate oxide growth. 
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INITIAL DIELECTRIC STRENGTH FOR WAFER 4 

Figure k 

In Table h the average breakdown strength 
for negative gate polarity has been adjusted to 
account for the band bending effect.7 It will 
be shown that nearly all of the breakdowns 
occurred over substrate regions that were 
doped p*. For the p* regions, the magnitude of 
the applied negative gate voltage was about 1.1 
volts less than the positive gate voltage re
quired to produce the same electric field in 
the gate oxide. 



The statistics for the breakdown distri-
LUuion after radiation and thermal stress are 
shown in Table 5- No significant change 
occurred in the dielectric strength of the SiOg 
as a result of the radiation or the thermal 
stress. 

Table 5 

PRIMARY DIELECTRIC STRENGTH FOR POST 
'•'RADIATION AND THERMAL STRESS 

STANDARD 
WAFER AVERAGE DEVIATION 

POST RADIATION 1., 10.03 0.30 
5 9,44 0 18 
9 Si'36 

f('Y: 
026 

3 lOOd' 0 24 
S 9 63 " 0 24 

11 8 85 0 1 0 

POST THERMAL 2 10 13 0 17 
7 9 42 0 46 

10 8 53 0 23 

Trie breakdown distributions for the 
packaged, biased devices indicated an increased 
spread of the data in some groups, but none of 
the values were low enough to indicate a 
functionally significant reduction in maximum 
d ie lec t r i c strength. ..-,. '"y. 

Current-voltage data for the CMOS structure 
were compared with the field-dependent relat ion
ship predicted by Fowler-Nordheim theory.°>9>10 
Using a barr ier height of 3.lev for tunneling 
from the si l icon into the SiOg and an effective 
electron mass in the si l icon of m* = O.U2m0, a 
good f i t of the observed data to the Fowler-
IJordheim theory was observed. Although the 
measured data deviated from the theoretical 
tunneling current in the region near destructive 
breaiidc.wn, the experimental data demonstrated 
agreement with theories that consider Fowler-
Nordhelm tunneling to be the in i t ia t ing 
mechanism leading to destructive breakdown in 
s i 0 2 ' 

Breakdown Location 

The th in layer of aluminum "over the gate 
area enabled opt ical detection of many of the 
breakdown s i t es with a 100-400X microscopy. 
Most0of the breakdown s i tes were visible on the 
6U1 A gate oxide and 1117 A gate oxide groups 
of wafers. Not as many of the breakdown s i tes 
on the hOC A gate oxide wafer group were v igible , 
and the s i t es that were vis ible on the U00 A gate 
oxide group were usually much smaller in area. 

Table 6 shows the location of the break
down s i tes for the primary distribution froa 
the i n i t i a l t e s t . Of the 220 visible s i t e s , 
79-15» occurred along the gate metal edge a t 
the gate/field oxide interface. Another 12.7$ 
occurred a t the gate/field oxide interface away 
from the gate metal edge, so a to ta l of 91.8$ 
of the primary distr ibution breakdowns occurred 
at the gate/f ield oxide interface. The other 
8.2% of the breakdowns occurred at the channel 
and source/drain or guardband edge. Of these ' 
breakdowns dh% were at a p + edge or over a p + 

region. Similar resul ts were obtained for the 
location of the breakdowns after radiation and 
thermal s t ress . No significant changes in 
breakdown location after radiation or thermal 
s tress were observed. 

Table 6 

BREAKDOWN LOCATION FOR INITIAL TEST 

GATE/FIELD OXIDE INTERFACE 
GATE METAL EDGE 

GUARDBANDCHANNEL EDGE 
OVER GUAKDBAND 
OVER CHANNEL 
OVER SOURCE/DRAIN 
SOURCE/DRAIN EDGE 

43.2% 
28.6% 
5.0% 
1.4% 
0.9% 

79 1% 

NOT AT GATE METAL EDGE 
OVEK GUARDBAND 12.7% 

TOTAL 91.8% 

OTHER 
SOURCEIDRAIN CHANNEL EDGE 
GOARDBAND/CHANNEL EDGE 

6.8% 
1.4% 

TOTAL 8.2% 

The predominance of failures at the gate/ 
field oxide interface could be due to several 
factors. The oxide at the interface between 
the gate oxide and the field oxide may have a 
lowe?: maximum dielectric strength. There may 
alsb be a thickness variation in the oxide at 
this interface; it has been reported11 that 
there is evidence of thinning of the oxide at 
the gate oxide/field oxide interface. There 
could be local field enhancement at the gate 
metal edge due to electric field fringing or due 
to dimensional asperities. Since a majority of 
the breakdowns occurred at the common boundary 
of the gate oxide/field oxide interface and the 
edge of the gate metal, breakdown at this 
boundary could be due to a combination of the 
above factors. 

Of the 220 breakdowns summarized in 
Table 6, all but 16 occurred in the n-channel 
transistor. The occurrence of almost all of the 
breakdowns in the n-channel transistor was 
probably due to two factors. First, both 



transistors had lour points vliere a common 
boundary of gate oxide/field oxide interface 
and Gate metal edge occurred; however, the n-
ehannel transistor had two additional regions 
where this common boundary extended over a con
siderable distance, approximately 1.77 mils 
total. So the length of common gate/field 
oxide and gate metal edge where a breakdown 
could occur was much jjeater in i,he n-channel 
transistor. Second, this common boundary was 
over p + doped regions in the n-channel tran
sistor and was over n + doped regions in the 
p-channel transistor. The gate oxide over the 
n + doped regions was significantly thicker than 
the gate oxide over the p regions. 

Figure 5 is an SEM micrograph of a typical 
primary distribution breakdown site at the gate/ 
field oxide step and gate metal edge over the 
p guardband. 

SEM Micrograph of Primary Breakdown(6000X) 
rr 

Figure 5 _/ 
A total of 33 lew field, secondary distri

bution breakdowns occurred on the 10 wafers 
ranging from 1.79 to 8.50MV/cm. Eighteen of 
these were on devices within about 150 mils of 
the wafer edge. 4tae=ofr*he - thirty—41w«e—±ow 
field breakdown-s-ltes were -vi.sitol e-.— Sevaft-of 
the -ai«e visible sites occurred at, breakdown 
locations located randomly out in the center of 
the gate metal. This indicated the low field 
"breakdowns were due primarily to processing 
defects or local nonunifonnities in the gate 
oxide which were distinctly different from the 
nonuniformities or local field enhancement 
effects responsible for the primary breakdowns. 
Figure 6 is an SEM micrograph of a low field 
breakdown site in the center of the n-channel 
transistor^ gate inetal. 

SEM Micrograph of Secondary Breakdown(6000X) 
!;..-. Figure 6 

In both cases the gate metal was melted 
away from the breakdown site, producing a hole 
about 2.5 microns across. 

The 33 -a-tjualial low field breakdowns repre
sent about five percent of the total tested 
devices, or a defect density of 133 defects/em2, 
Twenty of these low field breakdowns occurred 
on the ^00 A oxide group of wafers. Since eighJ. 
of these twenty occurred on the same wafer, the 
higher number of low field breakdowns,., in the 
1(00 A group could be due to handling damage or 
some other fabrication defect on wafer 1 not 
related directly to the thin oxide on this 
wafer. There was no significant difference 
between the number of low field breakdowns or. 
the 641 A oxide group and the number of low 
field breakdowns on the 1117 A oxide group. 

Conclusions 

The maximum dielectric strength distri
bution of Si02 in the CMOS structure was ;:hcwn 
to be composed of a primaiy, statistically, |! 

normal distribution of high dielectric strength 
and a secondary distribution spread through the 
lower electric field region. The Eaxiaium.di
electric strength, in the primary distribution i:. 
within about 0.5Kv/em of the dielectric strengtt 
reported^foriiuniform thickness SiOg in capacitor 
studies.'*- This indicates the maximum dielectric 
strength of Si02 in a carefully fabricated CMOS 
structure can be nearly as high as the maximum 
obtainable dielectric strength of uniform Si0 2. 
The primary'dielectric strength was not sig
nificantly affected by gamma radiation or high 



temperature stress. The primary distribution 
breakdowns occurred at topographical edges re
sulting froa the CMOS fabrication processes, 
mainly at the gate/field oxide interface. 

The secondary distribution breakdowns 
occurred at random sites in the central region 
of the gate. These lower field breakdowns were 
due to processing defects or local nonuniforai-
ties in the gate oxide which were different 
from the mechanises responsible for the primary 
distribution breakdowns. 

The dielectric strength of the primary 
distribution is well above the field intensity 
normally applied to the CMOS gate structure 
during use. Because of this, the high field, 
primary distribution breakdowns would be 
expected to be a factor in device reliability 
only in the case of electrical overstress. 
The breakdowns in the low field region confirm 
that sites of local no mini form ty exist in the 
-typical MOS gate oxide structure and\-rthese 
sites could be expected to affect device re
liability in normal operation. Testing such 
as over-voltage stress, designed to detect 
and screen out devices with these defects ,; 

should be considered for the manufacture of 
high reliability MOS IC's. 
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