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This paper investigates the effects of gamma-ray irradiation on the Shallow-Trench Isolation (STI) leakage currents

in 180-nm complementary metal oxide semiconductor technology. No hump effect in the subthreshold region is observed

after irradiation, which is considered to be due to the thin STI corner oxide thickness. A negative substrate bias could

effectively suppress the STI leakage, but it also impairs the device characteristics. The three-dimensional simulation is

introduced to understand the impact of substrate bias. Moreover, we propose a simple method for extracting the best

substrate bias value, which not only eliminates the STI leakage but also has the least impact on the device characteristics.
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1. Introduction

Radiation effects!!! and predictions?3) are ma-
jor challenges when using semiconductor devices in
radiation environments. Aggressive semiconductor
scaling has reduced the susceptibility of most deep-
submicron complementary metal oxide semiconductor
(CMOS) technologies to ionizing radiation damage.
This is due primarily to the fact that, to first order,
radiation-induced defect buildup in gate oxides scales
with the oxide film thickness.[* Ultra-thin gate oxides
employed in advanced CMOS technology nodes signif-
icantly eliminate the threshold shift since total ioniz-
ing dose radiation induced oxide-trapped charge.>~7!
However, the Shallow-Trench Isolation (STI) oxide
used to isolate transistors still has a thickness of sev-
eral 100 nm, therefore this oxide is expected to be
very sensitive to radiation. The charge trapping in
the sidewall of trench oxides results in excessive leak-
age by inverting the channel of the parasitic transis-
tors in NMOS transistors.[®9 This effect is illustrated
schematically in Fig. 1, which shows that an MOS
transistor can be equivalent to a main transistor with

two parasitic transistors connected in parallel. Prior
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to radiation exposure, the leakage current of the par-
asitic transistors is low due to the relatively large ef-
fective gate oxide thickness (high threshold voltage
of the parasitic devices) relative to the main transis-
tor. However, after ionizing radiation, positive oxide-
trapped charges are trapped in the STI oxide which
causes the negative shift of threshold voltage. At a cer-
tain total dose level, these parasitic devices will turn
on even with a zero gate bias. This parasitic current
counts to the main transistor /-V characteristics and
becomes the dominant contributor to off-state drain-
to-source leakage current in n-channel MOSFETs.[1%

Niu et al.'Y provided a method for suppressing
the parasitic leakage by applying a negative substrate
bias during the operation. However, the substrate bias
also has negative impact on the device characteristics,
such as increasing the threshold voltage of the main
transistor, thus decreasing the driven current. Con-
sequently, it is imperative to find a proper substrate
value, which not only completely eliminates the STI
leakage but also has smallest influence on the device.
In this work, we study the substrate bias on the im-

pact of total ionizing effect in detail, from which a
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simple method for extracting the best substrate bias

is proposed.

source-drain leakage path

parasitic transistors

‘ gate

Fig. 1. (a) Diagram of NMOS layout and the drain-to-
source leakage path at the channel edge. (b) Cross-section
of (a) along the dashed line AA’ indicates that an MOS
transistor can be considered as a main transistor with two
parasitic transistors connected in parallel.

2. Experimental details

The devices used in this work were fabricated in
180-nm CMOS technology. STT is introduced for field
isolation filled by high density plasma oxide. The STI
with very steep sidewalls (~87°) has a thick oxide
about 390 nm. Core NMOS transistors with differ-
ent widths/lengths (including W/L = 10 pm/10 pm,
10 pm/0.5 pm, and 10 um/0.18 um) were selected
as samples in our study. The gate oxide thickness is
3 nm. The source and drain are high N-type doped
and the substrate is retrograde P-well. All the samples
are ceramics packaged.

The experiments were conducted in Xinjiang
Technical Institute of Physics and Chemistry, the Chi-
nese Academy of Sciences, and 0Co v-ray was used as
the radiation source. During the v-ray irradiation, all
the samples were biased with all terminals grounded
except the gate kept at 1.8 V. The dose rate was typ-
ically around 205 rad(Si)/s, and the total dose lev-
els achieved 800 krad (Si). Bias was removed from
the transistors, and -V measurements were taken by
using an HP4140B parameter analyser at room tem-
perature immediately (within 2 minutes) after irradi-
ation. To ensure experimental results are immune to
the annealing process, the time between irradiation

exposures was controlled within half an hour.

3. Experimental results and dis-

cussions

3.1. The Ips—Vgs characteristics

Figure 2 shows the experimental Ips—Vgs char-
acteristics as a function of total dose for the core
NMOS. The devices were measured at Vouyg = 0 V
and Vpg = 0.05 V. At 100 krad (Si), the I-V curves
almost coincide with the pre-irradiation result. The
radiation induced trapped charge trapping in the STI
oxide is not enough to invert the trench sidewall chan-
nel, thus no leakage current degradation could be ob-
served. However, the drain current at Vgs =0V (off-
state leakage) reaches 1 nA at 200 krad (Si), which
is almost 3 orders higher than the pre-value. At this
time, a conductance path along the STI sidewall has
been created through which leakage current flows. As
the total dose level increases, the leakage current con-
tinues to increase and gradually saturates at approxi-
mately 10~7 A. We can easily conclude that the radia-
tion tolerance of this (unhardened) CMOS technology
is between 100 krad (Si) and 200 krad (Si) for the core
NMOS.
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Fig. 2. The Ips—Vgg characteristics before and after TID
irradiation for core NMOS with W/L = 10 pm/0.18 pm.

It is interesting to observe that there is almost
no hump effect in the subthreshold region. Previ-
ous work has shown a significant hump effect af-

1] Turowski et al.1? used three-

ter irradiation.
dimensional (3D) modeling with various sheet-charge
values at the STI sidewall. They indicated that the
sheet charge placed at the STI corner induced a sig-
nificant subthreshold hump even at low dose level in a
recessed STT structure, while the sheet charge placed
at the deep trench oxide led to no hump effect. In

other words, the charge trapped at the STI corner is

120702-2



Chin. Phys. B Vol. 20, No. 12 (2011) 120702

the major reason for the hump effect. So, almost no
charge is trapped at the STI corner after irradiation
for our test devices. This is not unexpected. As we
know, the thickness of the corner oxide connecting the
planar gate oxide and STT oxide is usually a little thin-
ner than the gate oxide due to the lower oxide growth
rate in this area. The gate oxide thickness is 3 nm,
so the corner oxide thickness is less than 3 nm. It
is well known that the total oxide trapped charge is
proportional to oxide thickness. Due to the thin oxide
thickness, there is little charge trapped at the corner.
Radiation tolerance in thin oxide is further enhanced
by the increased likelihood of positive charge annihila-
tion or compensation by tunnelling electrons from the
adjacent materials.[”) Consequently, no obvious sub-
threshold hump after irradiation is expected.

This conclusion also can be confirmed from an-
other aspect. Niu et al.'Y] pointed out that the charge
trapped at the STI corner led to surface leakage (i.e.,
subthreshold hump) while the charge trapped in the
deep trench resulted in deep leakage. The gate control
was strong over the surface leakage but very weak over
the deep leakage. As shown in Fig. 2, the leakage has a
very weak dependence on the gate control for all dose
levels. This means that the radiation induced parasitic
leakage is the deep leakage, not the surface leakage, so
the charge is trapped only in the deep trench and no
charge is trapped at the corner. This is concordant
with the above analysis. So, we think that the STT
corner oxide thickness may play an important role in
the radiation-induced subthreshold hump effect.

3.2. Effect of operating substrate bias

The radiation hardness of negative substrate bias
operated n-MOSFETS is important practically. Many
transistors in high speed digital circuits operate with
a negative substrate-to-source bias, such as the series-
connected driven transistors in a CMOS logic cell and
all of the pass transistors for data selection or clock
control. It has been previously reported that nega-
tive substrate bias during measurement can suppress
the radiation-induced STI leakage in a 0.35-pum SiGe
BiCMOS technology.['!] Figure 3 shows the Ing—Vas
curves in linear region (Vpg = 0.05 V) at a dose
level of 500 krad (Si) for a series of substrate bi-
ases. At Vsup = 0 V, the off-state leakage current
reaches 10~7 A. This big leakage makes the tran-
sistor turn off incorrectly, thus increasing the static

power consumption and even causing circuit func-

tional failures. When we apply a negative substrate
bias Vgup = —0.45 V, the leakage sharply decreases to
less than 1 nA. But it is still 3-orders higher than the
pre-irradiation value (~10712 A). The negative sub-
strate bias can efficiently suppress the STI leakage,
but Vsug = —0.45 V seems to be insufficient to com-
pletely cut off the parasitic conduction paths. When
the substrate bias decreases to —0.9 V, then no leakage
current degradation is observed. As we know, radia-
tion can introduce charge trapped in the STT oxide,
thus shifts the threshold voltage of the parasitic tran-
sistors. At a certain dose level, the parasitic transis-
tors will turn on even with a zero gate bias. The nega-
tive substrate, in fact, increases the threshold voltage
of the parasitic transistor (body effect) and makes it
more difficult to turn on after radiation. Therefore,
we intuitively expect the observed radiation-induced
STT leakage to be suppressed by a negative operating
substrate bias. The radiation tolerance is less than
200 krad (Si) with Vgug = 0 V while it increases to no
less than 500 krad (Si) with Vsyp = —0.9 V. Negative
substrate bias, therefore, provides a means of radia-
tion hardening. As the substrate bias decreases, the
device should exhibit smaller leakage current degrada-
tion and better radiation tolerance.
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Fig. 3. The Ips—Vgs characteristics under different sub-
strate bias values at 500 krad (Si) for core NMOS with
W/L =10 pm/0.18 um.

10713

Unfortunately, the negative substrate bias also
has a negative impact on the device characteristics.
First, it introduces a body effect which increases the
threshold voltage of not only the parasitic transistor
but also the main transistor. The increase of thresh-
old voltage of the main transistor decreases the driven
current for NMOS transistors, thus slows the speed of
the circuit. Second, the negative substrate bias leads
to obvious subthreshold hump effect, which worsens
the characteristic subthreshold region. It should be
pointed out that this hump effect is not due to the
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charge trapped at the STI corner. The charge dis-
tribution should be unchanged with a negative op-
erating substrate bias. This means, as discussed in
Subsection 3.1, there is still no charge trapped at the
STT corner when we apply a negative substrate bias.
In fact, the negative substrate bias can enhance the
coupling between the gate and the trapped charge in
the deep trench, and thus provides better gate control
over the leakage current (hump effect).l''] The body
effect and the hump effect are more serious with a
smaller negative substrate bias. Figure 3 has shown
that Vsyp = —0.9 V can eliminate the leakage degra-
dation at 500 krad (Si), but it does not mean that
Vsus = —0.9 V is required to eliminate the leakage
degradation at 500 krad (Si). Maybe Vgyp = —0.8 V
or even —0.7 V is enough. So it is important to find an
appropriate Vgyp which can not only completely sup-
press the radiation-induced STI leakage but also has
smallest negative impact on the device characteristics.

3.3. The 3D simulation

In order to gain an understanding of the impact of
the substrate bias, a 3D simulation is introduced. Fig-
ure 4 shows the 3D simulation of the NMOS transis-
tor, including the silicon region and two sides bounded
by trench isolation. The trench is 390-nm deep with
overfilled geometry. The doping level of the p-well
is obtained by simulation process. The gate oxide
is 3 nm. The models include conventional drift dif-
fusion model for transport and Shockley Read Hall
model for generation—recombination. Parallel electric
field dependence mobility is required to model the ve-
locity saturation effect. Simulation of the Ips—Vas
curve is calibrated from the experimental result of pre-
radiation. Non-uniform charge distribution is applied
to the STI sidewall. Figure 5 shows the 3D simulation
results for the test devices. The charge placed at the
top STI corner is responsible for the hump effect while
the charge located below this region causes a large off-
state leakage current.['12 Since there is almost no
hump effect after irradiation, no charge is placed at
the top 40 nm (if charge is placed at this area, there
will be a significant hump effect) and constant charge
density is applied below this region (40 nm to 390 nm)
in the simulation. It can be clearly observed that the
off-state leakage gradually decreases with the negative
substrate bias as shown in Fig. 5(a). The simulation
indicates that Vgup = —0.3 V can completely sup-
press the off-state leakage at a dose level of 300 krad

(Si). Figure 5(b) shows the potential along the STI
sidewall. Only when Vgug < —0.3 V is the potential
along the entire STI (except the top 40 nm region)
below zero. The Vsuyp > —0.3 V leads to the poten-
tial of some region being above zero (at the middle of
the STT sidewall). As discussed above, only the region
below the top 40 nm leads to off-state leakage current.
This means that when the potential along the whole
deep trench is below zero, the off-state leakage current
is suppressed. So, if we just apply a negative substrate
bias to make sure that the potential along the whole
deep trench sidewall is below zero, the radiation hard-
ening can be achieved.

overfilled STI

trench oxide

Fig. 4. Our baseline 3D model of an NMOS transistor
bounded by the trench oxide on the two sides. The sheet
charge is applied to the interface between the trench ox-
ide and silicon. The trench is 390-nm deep with overfilled

geometry.
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Fig. 5. Simulation of TID response under different op-
erating substrate bias: (a) Ips—Vgs characteristics after
irradiation; (b) potential along STI sidewall surface.
The simulation can tell us how much substrate
bias is needed to completely suppress the radiation-
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induced sidewall leakage. However, this method is
complicated and the simulation needs much work.
Moreover, it is also not accurate as we place constant
charge along the entire deep trench, which is not the
real case. So, if we can directly obtain this substrate
bias value from the experimental results, it should be
more applicable. In the next section, we will provide

a method for extracting this value directly.

3.4. Extracting the best substrate bias
value

The best substrate bias value should be able to
completely suppress the STI leakage and be as small
as possible (absolute value). In order to find out this
value, the off-state leakage as a function of Vgyp is
measured as shown in Fig. 6. During pre-radiation,
there is no off-state leakage current even with a zero
substrate bias. At this time, the substrate bias is not
At a dose level of
500 krad (Si), significant leakage current is observed

needed for leakage suppression.

with Vgup = 0 V. But this leakage gradually decreases
with the decrease of substrate bias. At a certain Vsug,
this leakage can be completely eliminated. As the to-
tal dose level increases, the Ips—Vsyup curve shifts to
the left. It indicates that a more negative substrate
bias is needed to suppress the STT leakage. This is eas-
ily understood. A higher dose level will create more
charge trapped in the STI oxide, thus lead to larger
parasitic transistor threshold voltage shift. Conse-
quently, a larger substrate bias (absolute value) is re-
quired to suppress this leakage current. In fact, it also
means that a larger Vsyp results in a better radiation

tolerance.
10— 7 | core NMOS:
I W/L = 10 um/0.18 um, Tox = 3 nm
[ test condition:
Vas=0V, Vpg =0.05 V
107} —y— pre-rad.
< —m— 500 krad (Si)
5 i —e— 600 krad (Si)
8 —A— 800 krad (Si)
1011}
-
1"‘
10713 A0
-2.0 -1.5 -1.0 —-0.5 0
Vsus/V
Fig. 6. The Ips—Vsup characteristics before and

after TID irradiation for core NMOS with W/L
10 pm/0.18 pm.

Figure 7 shows the off-state leakage current as a
function of Vgup at a dose level of 500 krad (Si) for

different transistor sizes. First, the shorter channel-
length transistor shows larger off-state leakage cur-
rent. It is well known that this leakage current is due
to the parasitic transistor turning on after irradiation.
The parasitic transistor has the same channel-length
as the main transistor so the leakage is bigger in the
short channel transistors as expected. Second, the
short channel transistor requires a more negative sub-
strate bias for suppressing the STI leakage, since the
threshold voltage of the parasitic transistor is not the
same in the devices with different channel-lengths pre-
radiation. As we know, shorter channel transistor can
exhibit a more severe drain induced barrier lowering
effect, which eventually decreases the threshold volt-
age. As a result, for shorter channel transistors the
threshold voltage of the parasitic transistor is smaller.
For the transistors at the same total dose level, all the
parasitic transistors should exhibit the same threshold
voltage shift. Consequently, the parasitic transistor
in shorter channel transistors has a smaller threshold
voltage after irradiation. In order to turn off the para-
sitic transistor, the shorter-channel transistors surely
require a more negative substrate bias.

1077 ¢
TID = 500 krad (Si)
- test condition:
Veog=0V, Vpg =005V
1079F
< —m~ W/L =10 pm/10 pm
= I —A— /L =10 um/0.35 pm
£ —~ W/L =10 um/0.18 ym
10~ 11
L
10713 1
—2.0 —1.5 —1.0 —0.5 0
Vsus/V

Fig. 7. The Ips—Vsup characteristics at a dose level of
500 krad (Si) irradiation for core NMOS with W/L =
10 pm/10 pm, 10 pm/0.35 pm, and 10 pm/0.18 pum.

The test devices have an off-state leakage current
of ~107'2 A pre-irradiation. This current level is the
same with the noise level of the measurement equip-
ment. In order to obtain larger accuracy, we simply
define the substrate bias corresponding to the leak-
age current dropping to 0.01 nA (it should be pointed
out that this current value should be decided accord-
ing to the actual requirement) after irradiation to
the required Vsug (abbreviated to Vsug,req) to com-
pletely suppress the radiation-induced STI leakage.
VSUB,req 18 the best substrate bias value which not only
can completely suppress the STI leakage but also has
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smallest negative impact on the device characteristics
as discussed above. Similar to extracting the threshold
voltage by the constant current method, the Vsug req
as a function of total dose level for different transistor
sizes is calculated as shown in Fig. 8. At the dose level
between 0 krad (Si)~100 krad (Si), Vsug,req =0 V. As
shown in Fig. 2, the device has almost no degradation
at 100 krad (Si), so a negative substrate bias below
this dose level is not required. When the total dose
increases to 200 krad (Si) a negative substrate bias is
needed for suppressing the STT leakage. We also know
from Fig. 2 that significant leakage current degrada-
tion is observed at 200 krad (Si). With the increase of
total dose level, the required Vsup req increases (abso-
lute value). It can also be clearly observed that shorter
channel-length transistors require more negative sub-
strate bias, which is in agreement with Fig. 7. More-
over, we have shown in Fig. 3 that Vsyg = —0.9 V can
completely suppress the STI leakage at 500 krad (Si)
for the NMOS transistor with W/L = 10 pm/0.18 pm.
From Fig. 8, we know that Vsyg = —0.5 V is enough.
The Vsyp = —0.5 V is surely a better choice than
Vsup = —0.9 V as both values increase the radiation
tolerance to 500 krad (Si) while the former has a less
negative impact on the device characteristics.

0 —m~ W/L =10 pm/10 pm
—A— W/L =10 um/0.35 um
& W/L =10 um/0.18 ym

> —0.2F
~
g
8 _o4}
L

—0.6

[ Vaup@ofi-state leakage = 0.01 nA

0 200 400 600 800
TID/krad (Si)

Fig. 8. The best substrate bias value for suppressing the

STI leakage as a function of total dose level for different
transistor sizes.

4. Conclusions

We have presented the experimental results of
gamma-ray irradiation effects on the STI leakage cur-

rents in a 180-nm CMOS technology. The test devices
do not show any subthreshold hump effect, which is
contributed by the thin STI corner oxide. A negative
substrate bias can effectively suppress the radiation-
induced STI leakage.
that the deep trench potential is responsible for this

The 3D simulation indicates

impact. A more negative substrate bias can give the
device a better radiation tolerance. However, in or-
der to minimize the impact of substrate bias on the
device characteristics, the substrate bias should be as
small as possible (absolute value). By studying the
transistor Ins—Vsyp characteristics, a simple constant
current method is proposed to find out the best sub-
strate bias value.
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