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Abstract— A fast and physically-accurate estimation technique

of single event transient voltage pulses in logic circuits is evalu-
ated in a bulk CMOS technology. The technique handles voltage
dependency of radiation-induced transient responses of an irradi-

ated MOSFET without time-consuming mixed-mode simulations.

estimate SET voltage pulses only with a circuit simulator
like SPICE. However, voltage-change effects on the tran-
sient currents are not properly implemented. Such a voltage-
dependency of the transient currents is required for more

Simulation tests are performed, and results are compared with realistic estimations of SET voltage pulses particularly in
those in an SOI technology. This case study demonstrates that modern device technologies [14].

its applicability to bulk technologies, indicating that importance
of handling parasitic capacitance in the irradiated device for
increasing estimation accuracy.

Index Terms— Graphical derivation, heavy ions, integrated
circuit radiation effects, semiconductor device radiation effects,
single event transients (SETSs), soft errors.

I. INTRODUCTION

SINGLE event transient (SET) is a momentary voltage
perturbation observed in a circuit when an energetic
particle like a heavy ion strikes a semiconductor device, and it
becomes a dominant source of soft error as the device feature
size decreases and the clock frequency increases [1]-[4]. To
reveal physical mechanisms and evaluate device/process-level
radiation tolerance, researchers have meticulously measured
and simulated radiation-induced (heavy-ion-induced/pulsed-
laser-induced) transient currents in a single MOSFET typically
with a drain terminal constantly biased at a power supply volt-
age [5]-[8]: one recent major goal is successfully estimating
SET voltage pulses from the obtained transient currents [8].
One standard approach for the estimations is a use of a
double-exponential current-source model [9]-[13]. Typically,
researchers use a formulgl expressed as
=1 &%t &2 (1)
which is fitted to a transient current waveform observed at
a constant bias condition via three parameters, 1o, ¢1, and
¢2. This is a simple and powerful approach, enabling us to
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Mixed-mode device simulations, which carry out both
device and circuit simulations simultaneously, are effectual
approach to deal with such a voltage dependency [14]-[16].
However, they often demand long computational time and
large amount of computational resources.

Our proposed technique is one of the candidates to
achieve an ideal balance between the estimation-accuracy and
computational-costs [17]. It uses radiation-induced transient
currents measured in a single MOSFET under various voltage
conditions for properly considering the voltage-change effects.
The measured transient currents are stored in a look-up table,
and SET voltage pulses are estimated within a table-based
circuit simulation framework [12], [18]-[21]. No mixed-mode
device simulation is carried out in our technique.

The purpose of this paper is discussing its applicability
to bulk CMOS logic circuits. We used an SOI MOSFET in
the previous simulation studies, finding small discrepancies
between estimated pulse waveforms and those obtained with
mixed-mode simulations. We have been considering that such
discrepancies are due to parasitic capacitance at the drain
terminal and expecting to observe larger discrepancies in
bulk technologies. The concept of the estimation technique
is briefly reviewed in Section II. In Sections III and IV,
computer simulation experiments for evaluation and the results
are presented and discussed. The conclusion is given in Section
V.

II. BRIEF DESCRIPTION OF THE ESTIMATION TECHNIQUE

Fig. 1 summarizes our estimation technique. Fig. 1(a)
illustrates a test circuit: an inverter with a load capacitor,
CL. We assume that the inverter’s input is grounded and a
radiation particle strikes the off-state nMOSFET. Note that a
radiation-induced transient current, |g|, flowing through the
drain terminal of the nMOSFET should be always equal to
a recovery current. The recovery current, | rec , is given by
Ip+ lc, where |, represents a pMOS drain current, and I ¢ a
load capacitance discharge current.



(b)
Recovery current caclulation
(Theory, SPICE, etc)

Voo
(a) Voo Operatiing point analysis
| Vour | Y 'nEq'VD characteris_tics are dependent on
l P (=Vo) REC™VD both time and a previous operating condition.
~—C characteristics
$=—9—o | craclersies
C. |
F{ b 7 ! (d)
- VgUT Vb <l|REC=|p+|C Irec(t2) It
VlRec==g, oo wlte)
Vo s e
ET Vlri . l(ts)
_____ e
Radiation Vo Vo
Radiation  H | L et
"""" e Y
R-VD Replotting
T
characteristics operating points
on V. -tplane.
" Radiation-induced current measurement Vo=Vour)
and data conversion
c = Elapsed time
( ) Constant bias Vo=V, I t=t, Vour
Vo Iri b (e)
a '\C d >t o —
I
Vo=V; Replot to
Iri )\
Radiation _([ Ny ot
II
VD=V2 t3 ../
" e : ‘
—t >t Vb t
ot to ts o t1 2 13
SET pulse waveform
Fig. 1. Basic concept of the SET pulse estimation we proposed in [17]. (a) Test inverter circuit: a recovery current, | Rec , which is given by adding a

pMOSFET drain current, |, and a load capacitance discharge current, | ¢, is always equal to the radiation-induced transient current, | g| , flowing through the
drain terminal of the nMOSFET. The drain voltage, Vp, also represents inverter’s output voltage, Voyt . (b) The inverter is divided into two circuit blocks: the
irradiated nMOSFET and the non-irradiated components. (c) Measurement of Radiation-induced transient currents in the single nMOSFET: transient currents
are measured as a function of time under various constant Vp conditions. The measured currents are replotted as a function of Vp. (d) Graphical operating
point analysis: the inverter’s operating point for each time is determined by the intersection of the |ggc and Ir; curves. (e) SET pulse derivation from the

operating points.

As shown in Fig. 1(b), we can divide the inverter into two
circuit blocks: the irradiated nMOSFET and the rest of circuit
components. In the non-irradiated circuit block, we calculate
Irec as a function of the drain voltage, Vp, with theories,
circuit simulations, and so forth. For the irradiated nMOSFET,
we prepare |r (Vp) curves (g vs. Vp curves) using the
following method illustrated in Fig. 1(c).

We measure |g; as a function of time, t, in the single
nMOSFET with a constant Vp . Changing Vp, we obtain | g, (t)
curves under various Vp conditions. We then read out |g
values at an instant of time for each Vp and replot them on
alr i Vp plane. We thus obtain |g (Vp) curves for each
instant of time.

To obtain operating points for the inverter, we plot both
Irec i Vp and IR | Vp characteristics on a single | | Vp
plane, as shown in Fig. 1(d). Because |r, should be equal
to lrec for each time, the operating point for the inverter
at t is given by the intersection of both two characteristics
curves at the moment, as illustrated in a conventional graphical
derivation method of inverter dc transfer characteristics [22].

Reading out all operating points, we thus obtain an SET
voltage pulse waveform, as shown in Fig. 1(e).

In this technique, the I g (Vp) curves are stored in a table,
and a computer looks up the required data in it. This is
categorized as “look-up table (or table look-up) modeling”
method, and widely applied in a field difficult to build analyt-
ical models. This technique is also used in the previous soft
error studies [12], [21], but not used for modeling radiation-
induced transient currents.

The I g ’s in this technique do not properly include discharg-
ing/charging current components due to parasitic capacitors at
the drain terminal because each | g (t) curve is measured at a
constant Vp condition. This indicates that estimation errors in
bulk technologies will become large compared with those in
SOI technologies.

III. SIMULATION TEST IN A BULK TECHNOLOGY

To evaluate the applicability of our estimation technique
in bulk technologies, we carried out a computer simulation
test. We performed 2-D simulations to obtain | g (t) curves
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Fig. 2. Diagram of the simulated physical nMOSFET.

for the nMOSFET with the DESSIS device simulator from
Synopsys Inc. We then estimated SET pulses in the inverter
circuit shown in Fig. 1(a) and compared them with mixed-
mode simulation results representing actual pulse waveforms.
In this test, we focused only a structural difference in bulk
and SOI technologies: only irradiated device structure was
changed, and the others, i.e., non-irradiated device models,
radiation models, bias conditions, etc., are implemented with
the same ones in the previous study.

The pMOSFET and the load capacitor C, were im-
plemented with SPICE models in DESSIS. We chose the
BSIM3v3.2 SPICE model for the pMOSFET and applied de-
fault values to all parameters except for the length, width, and
oxide thickness of the gate. The latter three parameters were
set at the same values of the physical nMOSFET explained
later. We designed the load capacitance C| to be the equivalent
of the inverter’s input gate capacitance, 2.8 fF, assuming that
a copy of the inverter is connected to the output node.

The nMOSFET was implemented with a physical device
model. Its dimensions and doping conditions are illustrated in
Fig. 2: the gate length was 0.2 1 m, the gate oxide thickness
was 5 nm, and the virtual gate width was assumed to be 1 * m.
This model was created eliminating a 100-nm-thick buried
oxide layer in the fully-depleted SOI MOSFET model we used
in [7], [17].

A radiation (heavy ion) strike was simulated with the
DESSIS Heavylon module. An electron-hole pair column was
created in the device by a carrier-generation function having a
Gaussian radial distribution with a 1=€? characteristic radius of
0.07 * m and a Gaussian time distribution centered on 5 ps with
a 1=€? characteristic time of 0.7 ps. A linear energy transfer
(LET) value of the particle was kept constant along the particle
track. The track was simulated at a normal incidence at the
middle of the gate for the nMOSFET, not the drain area, to
keep the same strike position as used in the previous SOI-
based study. Note that the power supply voltage, Vpp, was
kept constant at 2.0 V during the simulations.
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Fig. 3. Simulation results for the single bulk-nMOSFET under 13-
MeV&m?2/mg heavy ion impact. (a) | gy j t characteristics under various Vp
conditions. (b) Example of | g (Vp) curves used in SET pulse estimations.

IV. RESULTS AND DISCUSSION

Fig. 3(a) shows simulated | g, (t) curves for the single bulk-
nMOSFET under 13-MeV&m?/mg heavy ion impact. From
these results, we obtained a set of Ig (Vp) curves, which
examples are illustrated in Fig. 3(b).

The estimated SET voltage pulses from the Ig | Vp
characteristics are shown in Fig. 4. These figures show fairly
good agreements between the estimation results and the ac-
tual waveforms obtained with mixed-mode simulations, thus
demonstrating the effectiveness of our estimation technique in
bulk technologies.

We compared estimation accuracy in bulk and SOI tech-
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Fig. 4. SET pulse estimation results: (a) LET = 13 MeV&m?/mg and (b)
6 MeV&m?/mg. Mixed-mode simulation results are superimposed for refer-
ences representing the actual SET pulses (dashed line). Extracted parameters
explained in the bottom are plotted in Fig. 5.

nologies. Fig. 5(a) shows the relationship between actual pulse
heights, Vyo’s, and estimated pulse heights, Vy’s, for each
technology. Fig. 5(b) shows the relationship between actual
pulse widths (FWHM), Wymo ’s, and estimated pulse widths,
Wy ’s. In these figures, we observe that the estimation errors
in the bulk technology are larger than those in SOI as we
expected. We can conclude that these estimation errors are
derived from the parasitic capacitors at the drain terminal in
the irradiated nMOSFET. Extracting such parasitic capacitors
and properly taking their effects into consideration on the
estimation process will improve the accuracy of the estimation.
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Fig. 5. Relationships between actual pulses and estimated pulses: (a) voltage
heights, (b) temporal widths (full-width at half maximum).

V. CONCLUSION

We evaluated our fast and physically-accurate single event
transient pulse estimation technique in a bulk CMOS technol-
ogy. The most essential aspect of the technique is a use of a
table storing radiation-induced transient-current data observed
under various bias conditions. This enables us to estimate
single event transient pulses in logic circuits with properly
handling a voltage dependency of the radiation-induced tran-
sient currents without time-consuming mixed-mode device
simulations.

A simulation test was performed in a bulk technology, and
results were compared with those in an SOI technology. This
case study demonstrates that its applicability to bulk tech-
nologies and indicates that importance of handling parasitic
capacitance in the irradiated device for increasing estimation
accuracy.



[1]

[2]

[4]

[5]

[8]

[9]

[10]

[11]

REFERENCES

S. Buchner, M. Baze, D. Brown, D. McMorrow, and J. Melinger, [12]
“Comparison of error rates in combinational and sequential logic,” IEEE

Trans. Nucl. Scj.vol. 44, no. 6, pp. 2209-2216, Dec. 1997.

M. J. Gadlage, R. D. Schrimpf, J. M. Benedetto, P. H. Eaton,

D. G. Mavis, M. Sibley, K. Avery, and T. L. Turflinger, “Single event  [13]
transient pulse widths in digital microcircuits,” IEEE Trans. Nucl. Sci.

vol. 51, no. 6, pp. 3285-3290, Dec. 2004.

J. Benedetto, P. Eaton, K. Avery, D. Mavis, M. Gadlage, T. Turflinger,

P. E. Dodd, and G. Vizkelethyd, “Heavy ion-induced digital single-event ~ [14]
transients in deep submicron processes,” IEEE Trans. Nucl. Scivol. 51,

no. 6, pp. 3480-3485, Dec. 2004.

T. Uemura, Y. Tosaka, and S. Satoh, “Neutron-induced soft-error simu-

lation technology for logic circuits,” Jpn. J. Appl. Physvol. 45, no. 4B,

pp. 3256-3259, 2006. [15]
T. Colladant, O. Flament, A. L'Hoir, V. Ferlet-Cavrois, C. D’Hose, and

J. du Port de Potcharra, “Study of transient current induced by heavy-

ion in NMOS/SOI transistors,” IEEE Trans. Nucl. Sci.vol. 49, no. 6, [16]
pp. 2957-2964, Dec. 2002.

V. Ferlet-Cavrois, P. Paillet, D. McMorrow, A. Torres, M. Gaillardin,

J. S. Melinger, A. R. Knudson, A. B. Campbell, J. R. Schwank,

G. Vizkelethy, M. R. Shaneyfelt, K. Hirose, O. Faynot, C. Jahan, and  [17]
L. Tosti, “Direct measurement of transient pulses induced by laser and

heavy ion irradiation in deca-nanometer devices,” IEEE Trans. Nucl. Sci.

vol. 52, no. 6, pp. 2104-2113, Dec. 2005.

D. Kobayashi, M. Aimi, H. Saito, and K. Hirose, “Time-domain compo-

nent analysis of heavy-ion-induced transient currents in fully-depleted

SOI MOSFETs,” IEEE Trans. Nucl. Scivol. 53, no. 6, pp. 3372-3378,  [18]
Dec. 2006.

V. Ferlet-Cavrois, P. Paillet, M. Gaillardin, D. Lambert, J. Baggio,

J. R. Schwank, G. Vizkelethy, M. R. Shaneyfelt, K. Hirose, E. W. Black-  [19]
more, O. Faynot, C. Jahan, and L. Tosti, “Statistical analysis of the
charge collected in SOI and bulk devices under heavy ion irradiation —
implications for digital SETs,” IEEE Trans. Nucl. Sci.vol. 53, no. 6,

pp. 3242-3252, Dec. 2006. [20]
G. C. Messenger, “Collection of charge on junction nodes from ion
tracks,” IEEE Trans. Nucl. Sci.vol. NS-29, no. 6, pp. 2024-2031,

Dec. 1982. [21]
G. R. Srinivasan, P. C. Murley, and H. K. Tang, “Accurate, predictive
modeling of soft error rate due to cosmic rays and chip alpha radia-

tion,” in Proc. 32nd |IEEE Intlernational Reliability Physics Symposium
(IRPS'94) San Jose, CA, Apr. 11-14, 1994, pp. 12-16. [22]
J. Kumar, M. B. Tahoori, “Use of pass transistor logic to minimize the
impact of soft error in combinational circuits,” in Proc. Workshop on
System Effects of Logic Soft Errors (SELSHIbana-Champaign, IL,

Apr. 5-6, 2005.

F. Wang, and Y. Xie, “An accurate and efficient model of electrical
masking effect for soft errors in combinational logics,” in Proc. 2nd
Workshop on System Effects of Logic Soft Errors (SELSHE2)ana-
Champaign, IL, Apr. 11-12, 2006.

Q. Zhou, M. R. Choudhury, and K. Mohanram, ‘“Design optimization
for robustness to single-event upsets,” in Proc. 2nd Workshop on System
Effects of Logic Soft Errors (SELSE2)rabana-Champaign, IL, Apr.
11-12, 2006.

M. Turowski, D. Mavis, A. Ramman, P. Eaton, “Digital single event
transient pulse generation and propagation in fast bulk CMOS ICs,”
presented at the 2006 IEEE Nuclear and Space Radiation Effects
Conference (NSRECPonte Vedra Beach, FL, July 17-21, 2006, paper
C-2.

P. E. Dodd, M. R. Shaneyfelt, J. A. Felix, J. R. Schwank, “Production
and propagation of single-event-transients in high-speed digital logic
ICs,” IEEE Trans. Nucl, Scivol. 51, no. 6, pp. 3278-3284, Dec. 2004.

K. Hirose, H. Saito, S. Fukuda, Y. Kuroda, S. Ishii, D. Takahashi,
and K. Yamamoto, “Analysis of body-tie effects on SEU resistance of
advanced FD-SOI SRAMs through mixed-mode 3-D simulations,” IEEE
Trans. Nucl. Sci.vol. 51, no. 6, pp. 3349-3353, Dec. 2004.

D. Kobayashi, H. Saito, and K. Hirose, “Estimation of single event
transient voltage pulses in VLSI circuits from heavy-ion-induced tran-
sient currents measured in a single MOSFET,” presented at the 2006
Radiation Effects on Components and Systems (RADECS) Workshop
Athens, Greece, Sept. 27-29, 2006, paper number, LN-6, and to be
published in IEEE Trans. Nucl. Sci.

B. R. Chawla, H. K. Gummel, and P. Kozak, “MOTIS — an MOS timing
simulator,” IEEE Trans. Trans. Circuits Systol. CAS-22, no. 12, pp.
901-910, Dec. 1975.

T. Shima, H. Yamada, and R. L. M. Dang, “Table look-up MOSFET
modeling system using a 2-D device simulator and monotonic piece-
wise cubic interpolation,” IEEE Trans. Computer-Aided Design Integr.
Circuits Sys. vol. CAD-2, no.2, pp. 121-126, Apr. 1983.

F. L. Gerold, W. Neudeck, and S. Luan, “Simulation of the turn-on
transient behavior of amorphous-silicon thin-film transistors,” Solid-State
Electronics vol. 34, no. 11, pp. 1289-1295, 1991.

P. Jain, D. V. Kumar, J. M. Vasi, M. B. Patil, “Evaluation of non-quasi-
static effects during SEU in deep-submicron MOS devices and circuits,”
in Proc. 19th IEEE Int. Conf. VLSI Desighlyderabad, India, Jan. 3-7,
2006, pp. 189-193.

N. H. E. Weste and K. Eshraghian, Principles of CMOS VLSI design —
a systematic perspectivend ed., Boston, MA: Addison-Wesley, 1993.



