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Abstract—A practical model for a single-electron transistor cessfully verified in terms of their usefulness and accuracy. Nev-
(SET) was developed based on the physical phenomena in realisticertheless, these models are unsatisfactory for analyzing and op-
Si SETs, and implemented into a conventional circuit simulator. timizing the performance of SETs in a real chip, because they

In the proposed model, the SET current calculated by the analytic - . . . .
model is combined with the parasitic MOSFET characteristics, are validated by a comparison with the Monte Carlo simulation

which have been observed in many recently reported SETs formed esults rather than actual experimental data.

on Si nanostructures. The SPICE simulation results were com-  In this study, a practical SPICE model based on the phys-
pared with the measured characteristics of the Si SETs. In terms jcal phenomena in realistic Si SETs was developed, and imple-
of the bias, temperature, and size dependence of the realistic SET yanteq into a conventional SPICE circuit simulator. The SPICE
characteristics, an extensive comparison leads to good agreement _. - .
within a reasonable level of accuracy. This result is noticeable in SImu!atlon re.SUIts were CQmPar?d with the measureq charac-
that a single set of model parameters was used, while considering teristics of Si SETs. The distinctiveness of our model is that a

divergent physical phenomena such as the parasitic MOSFET, single set of model parameters is used, while still considering di-

the Coulomb oscillation phase shift, and the tunneling resistance vergent physical phenomena such as the parasitic MOSFET, the
modulated by the gate bias. When compared to the measured cqj1omp oscillation phase shift, and tunneling resistance mod-

data, the accuracy of the voltage transfer characteristics of a : . .
single-electron inverter obtained from the SPICE simulation was ulated by the gate bias. Secondly, estimation of the model pa-

within 15%. This new SPICE model can be applied to estimating rameters is intuitively possible, because this model begins from
the realistic performance of a CMOS/SET hybrid circuit or the analytic model, and includes the physical meaning of its

various SET logic architectures. parameters. The paper is ordered as follows. In Section Il, the
Index Terms—MOSFET, realistic single-electron transistor, geometrical structure and electrical characteristics of the fabri-
single-electron inverter, SPICE model. cated SETs, which are reported elsewhere [7], [8], are briefly re-

viewed. In Section lll, the details in implementing the physical
phenomena and structure of the realistic SETs are presented. Fi-
i ) nally, the SPICE simulation results of our model are compared
OTIVATED by the merits of density, power, and funcyjth the experimental characteristics of the Si SETs and the re-

tionality, various structures of single-electron transistolgpility of our model is confirmed in Section IV.
(SETs) have been recently demonstrated. From the viewpoint

of the new functionality of SETs such as the CMOS/SET hy-
brid circuit system, the development of a simulation scheml: DEVICE STRUCTURE AND ELECTRICAL CHARACTERISTICS

using a conver_1tiona| circuit sim_ulator_is an emgrging chaIIenge.,:ig_ 1 shows a schematic diagram of the device structure and
While the previously reported simulation techniques were basgss section of the SET with sidewall depletion gates on an sil-
on a numerical calculation of a master equation or & Monf&n-on-insulator (SOI) nanowire [7]. An electrically induced
Carlo method [1]—[4], these methods are often tme—co_nsumwgomomb island is formed in the 30-nm-wide chan(il;,)
and cannot be easily expanded to a CMOS/SET hybrid circudf the SOI MOSFET by the field effect of the sidewall deple-
Macro-model [5] and analytical SET models [6] for convention gate bias. This device shows good controllability and re-
tional SPICE simulators have recently been proposed and SHEoducibility over a wide range of temperatures (42K K).
Detailed information about its fabrication is reported elsewhere
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Development Project,” and by the national program for the “Tera-bit Level Na the ) S. Is allows t e_S|ze of the islan FO_ € considere
Device Project” as a part of the 21st Century Frontier Project. _as a design parameter, which can further optimize the perfor-
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Fig. 1. (a) Schematic diagram of the fabricated Si SETs with sidewatﬁ:np_e5 mVandV.. = —0.1V.
ds — sg — . .

depletion gates and (b) cross-sectional view of (a). Here, the islandsize
can be controlled over the range 40-190 nm.

(Veg) increases, as a result of the tunnel barrier height modula-
A tion by theV,,.

Fig. 3 shows the equivalent circuit diagram of the fabricated
device, which is composed of an SET and three parasitic
MOSFET’s from Fig. 1, i.e., one MOSFET is parallel con-
nected to the SET and the other two are series connected to the
SET. While the two serial parasitic MOSFETs have the long
channellengthff = 3.5 pm) and narrow widthi{/, = 30 nm)
from source (or drain) to island in Fig. 1, the parallel MOSFET
have short channel lengthl [ = island size+ 2 x (sidewall
~~~~ depletion gate width)] and narrow widthi{., = 30 nm). The
parallel MOSFET is not an entity physically separate from

g the SET, but represents the MOSFET-like current component

in the SET structure due to higher energy electrons at higher

Fi_g. 2. _Typica[ electrical characteristics of the fabri(;ated VSETS. Thq deVifémperature. In case of the SET, it has two tunnel junctions and
‘:2:;122 ]lfc';rfos_'lz%%j 3;] nm was measured at 77 Kif. = 5 mvandVis 4 4qitional capacitorsi, and R, are the tunneling resistances

of the respective tunnel junctions. The charge of an electrically

distinguished from therthodox theoryare clearly observed in formed Siisland is capacitively coupled with four capacitors,
shich are the control gate capacitan¢€.,), the source

the realistic SETs. First of all, the phase of the Coulomb o}{é’ | uncti i the drain 1 | iuncti

cillation is shifted by the sidewall depletion gate voltddsg,), unne _tJunc gn capg?hanc_gcs), I de Ir?_ln untne Junc_|ton

which is useful from the point of view of SET logic. SecondlyCaPacitancéCa), and the sidewall depletion gate capacitance
(Csg). The back gate capacitance is assumed to be negligible

the peak-to-valley current ratio (PVCR) decreases a¥than- ) X . )
cree?ses due to tr):e parasitic M(gSFET)eﬁect [9];i.e tthie pon—@i’e to a relatively thicker buried oxide rather than the control
' N %t’e oxide.

control gate accumulates electrons in the Silayer under the g
and controls the electrostatic potential of the SET island (the
area ofW, x S.,). This is reasonable in that a MOSFET is in- Ill. | MPLEMENTATION OF THE CURRENT-VOLTAGE MODEL
evitably formed in a Si nanowire, which is also the case in var- In addition to the SET current/sgr), parasitic MOSFET
ious SETs with a physically formed Si island [9], [10]. Thirdlycurrents inherently exist in our device. Fig. 4 shows typical ex-
the level of the SET current increases as the control gate voltagggimental/—V characteristics at various temperatures. When

Tunnel barrier height modulation

Phase shift by V,
0.1V oV -0.1V
—

<
v
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the control gate voltage is lower than the threshold voltage of 4
two series-connected parasitic MOSFETS, they act as a high re- < e/C
sistance, causing the Coulomb oscillation to vanish. As the con-
trol gate voltage increases above the threshold voltage, however, AV
their resistance becomes low, so that we can ignore their exis-
tence. Hence, the total current (symbols) can be approximately Vv
decomposed into two components: the Coulomb oscillation of @
the SET and parallel-connected MOSFET current (solid lines). q
The SPICE model for the realistic SETs was implemented in
two parts. The total drain current is given by

<

Fig. 5. Normalized?gs of (4) is plotted as a function df., ranging from—1
to 1.

I4s =2 Isgr + IMoSsFET 1)

V. can be derived by the following equation based on the con-
e

wherelsgt andlyiosreT are the SET current based ona S'mplservation of island charge:

capacitive Coulomb blockade model (i.erthodox theoryand

a parasitic MOSFET current, respectively. AV = — zgsg AV ©)
cg

A. SET Curren{IsgT) . . _
. . , Adding the right term of (6) to (5), the final phase shXl" of
The basic formulation for the SET current is based on tl?ﬁe Coulomb oscillation is given by

analytical model proposed by Uchi@a al. [6]. The analytical
equation for thel-V' characteristics of the SET having or e (Csg+ Cog +Cs — Cq)Vas  2C

_ _ 4Usg
N + 1 electrons in its island is given by AV = 2Ces + 20y Cog Veg. (7)

. (f/% _ f/dzs) sinh (‘N/ds/T) _ In addition, the SE_T current increases_ as the inc_reases,
since the electrically induced tunnel barrier by thg is low-
2RsCx [f/cg sinh (ch/f) —Vassinh (Vds/Tﬂ ered [8], as shown in Fig. 2. Sutimnel barrier loweringeffect
2 is simply included by substituting the total resistances of the
whereVy, = CsVa/e, T = 2kpTCs/e?, Ry, = R, + Ry, tunneljunctions of (2) with (8)

Cy =C..+C,+Cy+ Cs, and
> e d g Ry, = Ry exp[(TBL(Veg — Vin)] (8)

Ispr=

Veg = 20cgVeg _ (Cog+ Cog+ Cs = Ca)Vas _ 1—2N. (3) whereVy, is the threshold voltage of the parasitic MOSFETS,

¢ ¢ which are described in the next section, and TBL is a fitting
Despite its simplicity, this analytical model perfectly reproducegarameter.
the numerically calculated characteristics even in the case of a
relatively high drain voltage and temperature [6]. While this ré3- Parasitic MOSFET Current/yiosret)
sultis encouraging, two important issues still remain. These areThe basic formulation of the parasitic MOSFET is based on
the physical effects in the real SETSs, and being able to achievtha SPICE LEVEL 3 MOSFET model, where the drain cur-
simpler form so as to incorporate the analytical equation intarént model includes the temperature dependence of both the

conventional circuit simulator. To resolve this problem, the pehreshold voltage and the mobility. The model was modified as
riodic functionV, in (1) was expressed in a simplified form agshown in (9)—(11)

follows:
N C. . C. MOSFET = S oW
Vig=2 |~ (Vog— AV)—int | —2(Vou—AV)+0.5) | (4) s g
¢ ¢ [(Veg = Van)Vas] - £(T) (©)
where ‘int(x)” returns the largest integetz and the phase shift w(T) = U0 - (T/300)BEX (10)
AV is given by
Vin =VTO + DT - k,T/q (11)
AV = e n (ng + ch +Cs — Cd)vds .

20, 20 (®) where Cox is the control gate oxide capacitand€,, is the
width of the sidewall depletion gate, VTO is the zero temper-
As shownin Fig. 5, (4) takes on the periodic functiorVpf with  ature threshold voltagé/0 is the mobility at 300 K, and both
the period ok /C., and the phase shift &V, and itis identical BEXand CAL are fitting parameters. The second termin (11) is
to onein (3). Eventually, implementing (2) and (4) into the conssed to account for the temperature dependence of the threshold
ventional SPICE simulator is straightforward, as the circuit eloltage, as shown in Fig. 4, including the fitting parameter DT.
ements are composed of voltage-controlled current sources anBesides the threshold voltage change versus temperature, it
voltage-controlled voltage sources. was observed that, as the temperature increases from 4.2 K to
The phase shift in Coulomb oscillation by thg; can be im- 188 K, the slope of the current increases, which contrasts with
plemented by modifying\V'. The relationship betwedry, and the temperature dependence of the mobility in a conventional
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s electrical behavior of the parasitic MOSFET can be modeled
3 24 as thermionic emission transport, as is the case in a Schottky
] barrier diode [11], where the current density is given by the
14 concentration of electrons with energies sufficient to overcome
the potential barrier by the sidewall depletion gates. Thus, the
I/ B \\ W 7 B thermionic emission current terif(7') in (9) is given by
100 -50 0 50 100
V_[mV] f(T) =RA - T? exp _4%s (12)
(b) where® is the barrier height of the tunnel junctions and RA
Fig. 7. SET I-V characteristics using the SET SPICE model anéS the normalized Richardson constant.
the simulator, SIMON, for varioud’,, at 4.2 K. V4 = 20 mV and

R, =Rao=14MQ @C, = Cy = 1.3 aF Ccg = 0.24 aF (corresponding C_ |sland Size Dependenceofl’ Characteristics
to S,z = 40 nm), andV;, ranges from-50 to 50 mV. (b)C', = Cy = 1.46,

Ces = 1.26 aF (corresponding t6., = 140 nm), andV., = ranges from  The SPICE model for the island size dependence of the device

—301t0 30 mV. characteristics in the fabricated SETs was implemented in two
parts. For the parasitic MOSFETSs, the parameigy, for island

Si MOSFET. In order to understand this unusual behavior, te&ze is considered in (9). On the other hand, in our previous

thermally activated conduction through the two tunnel barrievgork [9], it was found that botld’., andC, extracted from the

electrically induced by thé/y, should be considered. TheSET characteristics can be represented as a linear function of
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cg [ TABLE |
@) MODEL PARAMETERS FOR THEFABRICATED SETS AND THEIR TYPICAL
VALUES USED IN THE CALCULATIONS
15 _
Name Unit Meaning Value
06 V Ssg nm Island size 40, 90, 140
W, |nm Width of the sidewall depletion gate 30
] 0.2V . - -
W, | um Width of SOI wire 0.03
R.(R) | MQ Tunnel resistance 1.40
J— C,(C,)| aF Drain (Source) capacitance 1.30, 1.40, 1.46
g 04 C, |aF Control gate capacitance 0.24,0.76, 1.26
N C, |aF Sidewall gate capacitance 0.23
'-g C,, | Flem? Gate oxide capacitance in MOSFET 1X10°
—
U0 | Cm?¥Vsec | Mobility at 300 K 1500
RA | A/K? Normalized Richardson constant 1.44 < 101
M Dy | eV Tunnel barrier height 0.016
|
y .easur(.ement VT0 |V Threshold voltage at 0 K 023
- Simulation —
15 BEX | NONE Mobility parameter for temperature -1.95
= T T T T T T T
DT | NONE Fitti t -100
-0.04 0.00 0.04 0.08 [Ting paramerer
CAL | NONE Fitting parameter 2.3 % 10°

V, [Vl

(b) those obtained from the Monte Carlo simulation, as shown
Fig. 10. I-V characteristics of the SET at variolis. at 77 K. HereS., = 40 In Fig. 7. The symbols represent the results calculated by the
nm,C. = Cy; = 1.3 aF,C.; = 0.24 aF. (a)V.z—Ia. curves and (bya.—la.  Single-electron circuit simulator SIMON [2]. The simulation re-
curves. sults from the SPICE model reproduce the Coulomb oscillation
phase shift accurately in the case of two SETs with the different
the island sizes,,, as illustrated in Fig. 6. The island size cansland sizes. This means that by using the simplification used
be implemented into our model using the following equationsih our model, the analytical SET model can be reasonably
S_.wW incorporated into the SPICE model.
sg ch

Ceg =ALPHA T (13) The simulation result from our SPICE model was then
ctrl compared with the experimental data from the fabricated SETs.
Cy(=C,) = BETA Wen Sig (14) First, the temperature dependence of th_e Coulomb oscillation
Weg from our SPICE model was compared with the measuréd

. . . haracteristics of the SETs, as shown in Fig. 8. Here, it should
thrﬁg“;rééség?r;h;znfif; of ?;r?e?gg gate oxide, and bo@e emphasized that the two valley currents agree very well with

9p ' each other, because the parasitic MOSFET effect is accurately

reproduced in our SPICE model. Furthermore, the line shape of

the Coulomb oscillation peak and its temperature dependence

In order to validate our model, the-V characteristics at also agree with each other. This suggests that the assumption
4.2 K (at this temperature, a parasitic MOSFET is fully turnedf both the tunnel barrier lowering and the thermionic emission

off) calculated by our SPICE model were first compared witburrent is quite reasonable and was successfully implemented

IV. COMPARISONWITH EXPERIMENTAL RESULTS
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ical Coulomb oscillation of the SETs but also the effects of real
SETs such as the oscillation phase shifify and the parasitic
MOSFET effect. This SPICE model will be very useful for esti-
mating the realistic performance of CMOS/ SET hybrid circuits
or SET logic circuits.

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(@) Circuit diagram for a complementary SET inverter consisting of [9]

two SETs in series and (b) simulated voltage transfer characteristics. Here,

Vaa =
capacitanc&’, = 500 pF.

into our SPICE model. Secondly, tHe, dependence of the
Coulomb oscillation from our SPICE model was comparea{1

20 mv, ¢, = Cy = 1.6 aF, andC., = 2.1 aF, and the load

(20]

with the measured—V characteristics of the SETs, as shown

in Fig. 9. The Coulomb oscillation phase shift by, was

well reproduced, and in good agreement with the measured

data. Thirdly, theVy, dependence of thé-V characteristics

from our SPICE model was compared with the measuréd
characteristics of the SETSs, as shown in Fig. 10.

Furthermore, thé—V characteristic dependence on the isla
size was simulated, as shown in Fig. 11. The model param
values used are shown in Table I. In particular, only one set
parameters is needed to simulate fhé” characteristics. Our

model provides a good accuracy for an island siz89f= 40
nm, 90 nm, and 140 nm at 77 K.

Finally, based on our model, a SPICE simulation was per-
formed for a complementary SET inverter, as shown in Fig. 12.
The accuracy of the voltage transfer characteristics of an SET

inverter obtained from the SPICE simulation was within 15%

the measured data.

V. CONCLUSION

A practical SPICE model for real Si SETs was develope

based on a simple analytical model and its appropriate mod
cation. This new SPICE model can reproduce not only the t
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