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Parasitic bipolar amplification in single event
transient and its temperature dependence*
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Using three-dimensional technology computer-aided design (TCAD) simulation, parasitic bipolar amplification in
single event transient (SET) current of single transistor and its temperature dependence are studied. We quantify the
contributions of different current components in SET current pulse, and it is found that the proportion of parasitic

bipolar amplification in total collected charge is about 30% in both 130-nm and 90-nm technologies. The temperature

dependence of parasitic bipolar amplification and the mechanism of SET pulse are also investigated and quantified.

The results show that the proportion of charge induced by parasitic bipolar increases with rising temperature, which

illustrates that the parasitic bipolar amplification plays an important role in the charge collection of single transistor.
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1. Introduction

Radiation-induced soft errors have become one of
the biggest reliability issues in defense and space sys-
tems. Single event effects (SEEs) in complex inte-
grated circuits have become more serious with shrink-
ing device size and increasing circuit frequency. It is
well established that single event transient (SET) is a
significant error mechanism in advanced complemen-
tary metal oxide semiconductor (CMOS) devices.!' ="

The total charge collected is the sum of funnel-
aided drift, diffusion, and bipolar amplification com-
ponents in very deep sub-micro technologies.lf! Fol-
lowing a particle strike at the drain/well junction, nu-
merous electron-hole pairs are generated along the ion
track. Electrons can be collected quickly, and holes
can only escape through the body contact or by recom-
bination. Residual holes left in the well raise the well
potential and lower the source/well potential barrier,
and the source (S) injects electrons into the channel,
which is controlled by the gate (G). These electrons
can be amplified and collected by the drain (D), where
they can add to the original particle-induced current
(Ich) and cause an increased charge collection. This is
the well-known parasitic bipolar amplification effect,
where the source acts as the emitter (E), the bulk as
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the base (B) region, and the drain as the collector
(C).Il The corresponding current is I, Ig, and Ig,
and [ is the amplification factor, as shown in Fig. 1.
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Fig. 1. Schematic of parasitic bipolar amplification.

Combinational logic soft errors are expected to
be the dominant reliability issue for advanced tech-
nologies. One of the major factors affecting the soft-
error rates is the single event transient.[¥ As the
primary mechanism of SEEs, charge collection has
been the focus of research in recent years. Parasitic
bipolar amplification induced by charge sharing has
been studied in Refs. [9] and [10]. Three-dimensional
technology computer-aided design (TCAD) models
have been used in mixed-mode simulations to ana-
lyze the effect of well contacts at mitigating para-
sitic PNP bipolar conduction due to a direct hit ion
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strike.'Y) A novel mechanism for upset is seen in a
commercially available 0.25-pm 10-T SEE hardened
static random-access memory (SRAM) cell.'?! This
new mechanism involves direct drift—diffusion collec-
tion at an N-channel metal-oxide-semiconductor field-
effect transistor (NMOS) transistor in conjunction
with parasitic bipolar conduction in nearby P-channel
metal-oxide-semiconductor field-effect transistor tran-
sistors. Ferlet-Cavrois and his coworkers experimen-
tally showed that the drain junction of an off-state
NMOS transistor collects more charge than an identi-
cal junction isolated from neighboring elements, and
proved that the charge amplification effect was strong
enough to invalidate usual charge collection models
based only on funnel and diffusion transport.!*3] Bipo-
lar amplification effect in an inverter chain of SET is
studied by three-dimensional (3D) mixed-mode simu-
lation, which is compared with that in single NMOS.
It is found that the bipolar amplification component
accounts for a larger proportion in SET current pulse
than in an inverter chain.['4

This work compares different current components
(including drift component, diffusion component, and
parasitic bipolar amplification component) of SET
pulse in detail between NMOS and PMOS in both
130-nm and 90-nm CMOS technologies. It is found
that the proportion of parasitic bipolar amplification
in total charge collected is about 30% in both tech-
nologies. The temperature dependence of the para-
sitic bipolar amplification and the mechanism of SET
pulse are also investigated.

2. Simulation setup

TCAD
adopted in this work to calculate the SET current
of NMOS/PMOS in 130-nm and 90-nm technolo-
The bias conditions of single NMOS are con-
sistent with usual biases of transistors sensitive to
SEE (see Table 1). To neglect the parasitic bipolar
conduction effect, we use a diode reversed biased
(N-diode/P-diode)in place of the single transistor
(NMOS/PMOS), in which case it only calculates I,.
It is the same as the NMOS/PMOS transistor except
that the gate and source electrodes and the source
doped junction are suppressed (the same setup as
Ref. [14]).

In this paper, all simulations are conducted by
commercial TCAD tools using the YINHE comput-
ing cluster.
10 x 10 x 10 pm?, as shown in Fig. 2, and the device
contains about 2 x 10° grid points.

Three-dimensional simulations are

gies.

The size of the simulation structure is

Table 1. The bias conditions of single NMOS for SET simula-
tion. The voltage of power supply (VPS) is 1.2 V, the ground
voltage (GV) is 0 V.

Drain Gate  Source  Substrate
NMOS@QOFF VPS GV GV GV
N-diode VPS No No GV
PMOS@OFF GV VPS VPS VPS
P-diode GV No No VPS

Z

(2) X/gi\y

2.2X1020
9.3%1016
3.9x10"3
—1.6Xx10"3
. —3.7X10'6
—9.0x10"

Doping concentration/cm—2

.

Y

2.2X1020
-9.3><1016
3.9x1013
—1.6Xx1013
. —3.7X1016
—9.0x101?

Doping concentration/cm—3

Fig. 2. (colour online) Device structures of (a) 130-nm
NMOS and (b) N-diode.

For all simulations, the following physical models
and parameters were used: (1) Fermi-Dirac statistics;
(2) band-gap narrowing effect; (3) doping-dependent
Shockley-Read-Hall (SRH) recombination and Auger
recombination; (4) impacts of temperature, doping,
electric filed, and carrier-carrier-scattering on the mo-
bility. Due to no convergence induced by the complex
physical temperature models, SET currents were cal-
culated only from 260 K to 400 K in this paper; (5)
incident heavy ions were modeled using a Gaussian ra-
dial profile with a characteristic 1/e radius of 0.1 um
and a Gaussian temporal profile with a characteris-
tic decay time of 250 fs. The linear energy transfer
(LET) used in all simulations is 60 MeV-cm?/mg, and
the position of incidence is the center of drain.

The process models in this work refer to 130-
nm and 90-nm bulk CMOS processes of a foundry
in China. To calibrate the doping profiles within
the 3D device model, we used process simulation and
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an inverse modeling approach.[1520] The 3D device
model was verified before simulations. The 3D simula-
tion results is in good agreement with the I-V charac-
teristics based on simulation program with integrated
circuit emphasis integrated circuit emphasis (SPICE)
model parameters, which are provided by the foundry.
This model and method have been used and validated

in recent papers of our group.[16—20]

3. Results and discussion

3.1. Comparison of NMOS in different
technologies

The SET current of single NMOS under OFF bias
(NMOS@OFF) is plotted in Fig. 3, together with that
of N-diode. In Fig. 4, the collected charge is the inte-
gral of corresponding curve in Fig. 3.

“e" 130-nm NMOSQOFF]
L —a— 130-nm N-diode 4
—0—90-nm NMOSQOFF |
—0—90-nm N-diode

SET current/mA
O = N W A O N W ©
T
1

10-3 102 10-1 100
Time/ns

Fig. 3. (colour online) SET current pulses of NMOSQOFF
and N-diode.

According to the conclusion in Ref. [14], the first
peak of SET current is judged as the funnel-aided
drift component, with little relation with source. As
shown in Fig. 3, the peak value of bipolar amplifi-
cation component in 90-nm NMOSQOFF is higher,
starts earlier, and lasts longer than that in 130-nm
NMOS@QOFF. Therefore, in this case the charge col-
lected is more than that in 130-nm NMOS@QOFF. This
is mainly due to the bipolar amplification component
before 0.5 ns. After 1 ns, the charge collected by N-
diode is more than that of NMOS@QOFF, which is ob-
vious in 130-nm technology. The reason is that in the
case of NMOS@QOFF, there is a small current Iy in the
base of parasitic bipolar to deplete the electron—hole
pairs in the substrate. On the contrary, the N-diode
has a little more electron—hole pairs to collect in the
following diffusion period.

0.8F

0.6

04f § L

Charge/pC

—e—130-nm NMOS@QOFF
—=—130-nm N-diode
—0—90-nm NMOS@QOFF
—0—90-nm N-diode

0.2F
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Time/ns

Fig. 4. (colour online) Collected charges of NMOS@QOFF
and N-diode.

To investigate the influence of technology scaling
on the charge collection and parasitic bipolar amplifi-
cation, we compare two shapes of SET current in both
technologies. With decreasing device sizes, narrower
channel means narrower base of parasitic bipolar tran-
sistor, which results in a larger amplification factor
and increases the charge collected.

Using the logarithmic coordinate system, it is
easy to find out the property of SET current shape.
To explore the respective contributions of different
current components in the charge collection, the SET
current pulse of NMOSQOFF is divided into 3 parts,
as shown in Fig. 5. The two curves firstly intersect at
zo and the area enclosed by IN_giode CUrve, x = xo,
and x axes is defined as Q1, which is considered as
collected charge induced by the funnel-aided drift; the
area Q2 is regarded as the component of parasitic
bipolar amplification; the third part Q3 is regarded
as the diffusion part. From the above discussions,
the SET current of N-diode is mainly used to cal-
ibrate the bipolar amplification part. It has a little

7 —e— N-diode
—eo— NMOS@OFF

SET current/mA
S
T

1 !
opee® QL Q3
R R
Time/ns
Fig. 5. (colour online) Different mechanisms of charge

collection. Q1: funnel-aided drift part; Q2: bipolar am-
plification part; Q3: diffusion part.
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difference with common NMOSQOFF in Q3 region.
To evaluate the real diffusion part in common NMOS,
the third part is defined by NMOS@QOFF curve.

The normalization therefore makes the compar-
ison of different components and devices of different
technologies and types possible. As shown in Figs. 6
and 7, in both technologies, they almost have the same
percentage of about 30%, which means that the par-
asitic bipolar amplification effect has the same con-
tribution to the final total charge collected. In the
process of charge collection, 90-nm NMOSQOFF has
a slightly more share and a greater absolute value
of collected charge induced by bipolar amplification
than 130-nm NMOSQOFF. The primary difference
of the two figures is the proportions of funnel-aided
drift and diffusion, which is mainly due to the dif-
ferent time points when In_diode = INMOS@OFF. AS
discussed above, the bipolar amplification effect in
90-nm NMOS@OFF lasts a longer time than 130-
nm NMOSQOFF (0.09 ns for 130 nm and 0.5 ns for
90 nm). All these results indicate that all the mech-
anisms of charge collection interact more with each
other in the smaller feature size.

100

80 |

60

40 |

Proportion /%

20

10-° 103 10—t 10!
Time/ns

Fig. 6. Proportions of different collected charges in 130-
nm NMOS.
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Fig. 7. Proportions of different collected charges in 90-nm
NMOS.

3.2. Comparison of the bipolar amplifi-
cation current in PMOS and NMOS

As shown in Figs. 8 and 9, the SET current of
PMOS almost has a symmetrical shape and collects
less charge than that of NMOS because the N-well of
PMOS cuts off the path of charge collection. A portion
of electron—hole pairs is blocked by the N-well doping,
which influences the collection of parasitic bipolar am-
plification and funnel-aided drift. As a result, the col-
lected charge of PMOS is about 0.1 pC, which is less
than that of NMOS before 0.5 ns.

—— NMOIS@OFF I I I
|l —— N-diode 4
0.006 —e— PMOSQOFF
<é | —o— P-diode
= 0.002
)
=
3
o)
£ —0.002
n
—0.006
10°
Fig. 8. (colour online) SET currents of 130-nm
NMOS/PMOS.
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Fig. 9. (colour online) Collected charge of 130-nm
NMOS/PMOS.

By comparing contributions of components in
130-nm NMOS and PMOS, we find that at the begin-
ning (< 107> ns) and the peak of charge collection,
the bipolar contribution of PMOS (80%) is more sig-
nificant than that of NMOS (70%). Though in the
end of the charge collection (10 ns), they have similar
proportion (30%), we can reach a conclusion that the
parasitic bipolar amplification of PMOS plays a more
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significant role than that of NMOS, which is in good
agreement with Ref. [6].
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Fig. 10. Proportions of different collected charges in 130-
nm PMOS.

4. Temperature dependence of
the parasitic bipolar amplifica-
tion

As shown in Fig. 11, areas Q1 and Q2 show dif-
ferent trends with increasing temperature in the range
from 260 to 400 K, the funnel-aided drift (bipolar am-
plification) is inversely (proportional) to the temper-
ature. Therefore, in the range from 260 to 400 K, the
proportion of Q2 rises from 48.4% to 67.735%, which
shows that the temperature is of great significance for
the bipolar amplification effects. This is consistent

with the conclusion in Ref. [16].
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Fig. 11. (colour online) Temperature dependence of dif-
ferent collected charges in 130-nm NMOS.

The drift collection depends on the carrier ve-
locity which is a complex function of mobility and
electric field strength. The carrier mobility decreases
with increasing temperature, resulting in less charge

collected by drift. The electron mobility decreases

with rising temperature. When temperature increases
from 260 to 400 K, the mobility decreases from 350 to
149.5 cm?/V-5.[18) The enhancement of bipolar ampli-
fication with increasing temperature can be explained
as follows. The resistance between the body contact
and the bulk under the gate increases with increasing
temperature, resulting in a higher well potential and
corresponding larger bipolar amplification.
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2 020F & guQue2) 168 &
%) =)
) 7 S
= 0.15f 2
%‘ {64 %
R
0.10} 1 2
l6o &~
0.05F i
O 1 1 1 1 1 1 1 1 ] 56
260 300 340 380
Temperature/K

Fig. 12. (colour online) Temperature dependence of dif-
ferent collected charges in 130-nm PMOS.

Similar conclusion is applicable for the 130-nm
PMOS. The only difference with the NMOS is the
decreased sum of Q1 and Q2 due to reduced drift
collection. As shown in Fig. 12, the Q2 portion in-
creases from 58.912% to 72.178% in the range from
260 to 400 K. The increased value is 13.275%, which
is less than that for NMOS (19.335%). This supports
the conclusion that the temperature influence on the
bipolar effect of PMOS is less than that of NMOS.

5. Conclusion

Parasitic bipolar amplification in SET current of
single NMOS/PMOS and its temperature dependence
have been analyzed. Contributions of different current
components in the SET current pulse are concluded
and quantified. It is found that the parasitic bipo-
lar amplification proportion in total charge collected
is about 30% in both 130-nm and 90-nm technologies.
Moreover, the temperature dependence of the para-
sitic bipolar amplification and its mechanism are also
studied and quantified. The results indicate that the
proportion of charges induced by parasitic bipolar in-
creases with rising temperature, which shows that the
parasitic bipolar amplification plays an important role
in the charge collection of single transistor.

In this paper, different components and mecha-
nisms (funnel-aided drift, parasitic bipolar amplifica-
tion, diffusion) of the SET current pulse have been
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studied, which are very helpful to derive the accurate

analytical model of SET in deep-submicron CMOS cir-

cuit.
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