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Abstract—In this paper, the effects of energy quantization on
different single-electron transistor (SET) circuits (logic inverter,
current-biased circuits, and hybrid MOS-SET circuits) are ana-
lyzed through analytical modeling and Monte Carlo simulations.
It is shown that energy quantization mainly increases the Coulomb
blockade area and Coulomb blockade oscillation periodicity, and
thus, affects the SET circuit performance. A new model for the
noise margin of the SET inverter is proposed, which includes the
energy quantization effects. Using the noise margin as a metric,
the robustness of the SET inverter is studied against the effects of
energy quantization. An analytical expression is developed, which
explicitly defines the maximum energy quantization (termed as
“quantization threshold”) that an SET inverter can withstand be-
fore its noise margin falls below a specified tolerance level. The
effects of energy quantization are further studied for the current-
biased negative differential resistance (NDR) circuit and hybrid
SETMOS circuit. A new model for the conductance of NDR char-
acteristics is also formulated that explains the energy quantization
effects.

Index Terms—Coulomb blockade, energy quantization, Monte
Carlo (MC) simulation, noise margin, orthodox theory, single-
electron transistor (SET).

I. INTRODUCTION

IN THE RECENT past, the hybridization of single-electron
transistor (SET) with CMOS technology has attracted much

attention [1], [2]. Such integration can offer new functionalities,
which are very difficult to achieve either by pure CMOS or by
pure SET approaches. As a result, silicon SETs are appearing
to be more promising than metallic SETs for their possible inte-
gration with CMOS. SETs are normally studied on the basis of
the classical orthodox theory [3], where quantization of energy
states in the island is completely ignored. Though this assump-
tion greatly simplifies the physics involved, it is valid only when
the SET is made of metallic island. As one cannot neglect the
energy quantization in a semiconductive island, it is extremely
important to study the effects of energy quantization on silicon
SET logic performance.

In this paper, primarily, the effects of energy quantization
on voltage-state SET inverter performance are analyzed using
Monte Carlo (MC) simulation and analytical modeling. It is
found that energy quantization mainly alters the Coulomb block-
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ade region and the drain current of SET devices, and thereby, it
affects the noise margin, power dissipation, and the propagation
delay of the SET inverter. A new model is proposed for the noise
margin of the SET inverter by including the energy quantiza-
tion effects. Using the noise margin as a metric, the robustness
of the SET inverter is studied against energy quantization. It
is found that the SET inverter designed with CT : CG = 0.366
(where CT and CG are tunnel junction and gate capacitances,
respectively) offers maximum robustness against the energy
quantization.

The study is further continued for current-biased SET (CBS),
which is an integral part of almost all hybrid CMOS-SET archi-
tectures [1], [2] as it provides unique triangular periodic output
with monotonous increase of its gate voltage. It is found that
energy quantization has no impact on the gain of the CBS char-
acteristics though it changes the output voltage levels. The ef-
fects of energy quantization are then studied for two CBS-based
SET circuits: one is pure SET-based negative differential resis-
tance (NDR) [4], [5] and the other is hybrid CMOS-SET-based
SETMOS [6] cell.

The energy quantization effects start to appear in SET charac-
teristics when the dimension of the SET island becomes compa-
rable to the Fermi wavelength of the electrons, which is inversely
proportional to the free electron density. Therefore, the amount
of energy quantization in the SET island depends on several
properties of the island like size, shape, material, doping con-
centration, property of the tunnel barrier, etc. In this paper, we
have not attempted to deal with the complex quantum physics
involved in obtaining a definite value of energy gap between two
successive energy levels (∆E) for any particular device geom-
etry. Here, ∆E is treated as an electrical parameter so that we
can study the effects of energy quantization when it is gradually
introduced into a metallic island without detailing how to obtain
the exact value of ∆E for the structure. The problem of devel-
oping analytical expressions for the quantum physics involved
in ∆E itself is a complicated work and is not the objective of
this paper. However, the range of values considered in all our
simulations as well as our development of the analytical model
are quite practical, as they are in the range of quantized energy
steps analogous to square potential well problem (if we consider
energy quantization is solely due to the island geometry), which
are often encountered in low-dimensional physics. It should be
noted that, here, we use parabolic potential well so that all ∆E’s
are equal to avoid complication.

II. MODELING AND SIMULATION METHODOLOGY

In this paper, the widely accepted single-electron device
simulator SIMON [7] is used to comprehend the effects of
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Fig. 1. Schematic of the energy diagram of an SET (a) with and (b) without
energy quantization. Here, Ec is the charging/addition energy. (adapted after
[11]).

energy quantization. So far, SIMON has been used extensively
to study circuits based on metallic SET having continuous en-
ergy states. Simulating single-electron tunneling in SETs with
islands having discrete energy levels is not so straightforward
like simulating a metallic SET. Because of this reason, to our
best knowledge, SIMON has never been used to study the effect
of energy quantization on the SET circuit. In this paper, for the
first time, we have demonstrated how to use SIMON in order
to study such the effects by gradually introducing energy quan-
tization in a metallic SET. Fig. 1 shows the situation inside the
island with (a) continuous energy states (as in metals) and (b)
discrete energy states (as in semiconductors). The total tunnel
rate (Γ) from the occupied states (initial states i) on one side of
the barrier to the unoccupied states (final states f ) of the other
side of the barrier, considering the change in free energy and
using Fermi’s golden rule, can be expressed as the following
summation [8], [9]:

Γ(∆G) =
2π

h̄
|T |2

∫ ∞

Ec , i

∫ ∞

Ec , f

Di(Ei)Df (Ef )f(Ei)

×{1 − f(Ef )}δ(Ei − Ef − ∆G)dEf dEi (1)

where f(E) is the Fermi–Dirac distribution, T is the transmis-
sion probability, Ec,i (Ec,f ) is the conduction band edge of the
side where electron resides initially, i.e., initial side (tunneling
to final side), and Di(Ei) and Df (Ef ) are the densities of states

(DOSs) on the initial and final sides of the barrier. For metallic
islands, the DOSs Di and Df may be considered as constant
in the small window of energy f(Ei){1 − f(Ef )} and can be
taken out of the integral. Thus, (1) reduces to the orthodox the-
ory expression for single-electron tunneling rate, which is given
by

Γ(∆G) =
∆G

q2RT {1 − exp(−∆G/kB T )} (2)

where ∆G denotes the change in Gibbs free energy of the
electron during tunneling, q, kB , and T denote the elemen-
tary charge, Boltzmann constant, and the temperature (in
kelvin), respectively, and RT = h̄/2πq2 |Tif |2DiDf denotes
the phenomenological quantity called “tunneling resistance.” In
SIMON, RT has to be specified by the user.

For nonmetallic islands with discrete energy levels, in order
to calculate the total tunneling rate, one typically starts from
Fermi’s golden rule as mentioned before. The only difference is
that now we cannot take Df (Ef ) as a constant since the DOS for
a discrete energy spectrum is a sum of delta functions. A more
realistic treatment would be to consider finite lifetime broaden-
ing that introduces the Lorentzian shape functions instead of the
delta functions, which is given as [9], [10]

Df (Ef ) =
h̄

2π

∑
n

γ

(En − E)2 + (h̄γ/2)2 (3)

where En are the discrete energy levels (due to quantization)
in the island, and γ denotes the total exit rate in inverse second
from any particular energy state, which determines the shape of
the Lorentzian function. For γ → 0, the Lorentzian approaches
an ideal delta function. Using this formulation, deriving the
tunneling rate expression from first principles (as followed in
the orthodox theory) for the realistic case of infinite number of
energy states leads to the same expression (2), with the tunneling
resistance term changing into

R′
T =

RT

[(h̄γ/2πDf )/((En − E)2 + (h̄γ/2)2)]
. (4)

The height H = (h̄γ/2πDf ) and width W = (h̄γ/2) used in
SIMON, which define the Lorentzian shape, are constants re-
lated to the total exit rate from any particular energy state
(γ) [8]–[10] and need to be tuned manually, as discussed in
the following section.

One might conceptualize a metallic SET to be equivalent
to a nonmetallic one in which the energy states of the is-
land extend from lower bound Emin → −∞ to upper bound
Emax → +∞ with the energy gaps between successive energy
states ∆E → 0. In order to study the energy quantization ef-
fects, we first simulate an SET with metallic (continuous en-
ergy spectrum) island for a particular set of device parame-
ters (CG and CT are given in units of attofarad and RT is
given in units of megaohm, where CG is the gate capacitance,
CT is the tunnel junction capacitance, and RT is the tunnel
junction resistance). Then, for the same set of device parame-
ters, we simulate a nonmetallic SET with discrete states, where
Emin = −1 eV, Emax = 1 eV, and ∆E = 0.01 meV. As the
magnitudes of Emin and Emax are much larger and ∆E is much
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smaller than the charging energy (tens to hundreds of millielec-
tronvolts) of the SET, we can expect that such a device should
behave as metallic SET if W and H parameters are properly
tuned. After exhaustive simulations, we have found that for
H = 0.04 eV2 and W = 0.001 eV, the I–V characteristics of
the nonmetallic SET with discrete energy states completely su-
perimposes over the characteristics obtained from the metallic
SET having the device parameters CG = 2 aF, CT = 1 aF, and
RT = 1 MΩ (for CΣ = CG + 2CT = 4 aF, where CΣ denotes
the net capacitance at the island with respect to the ground).
For a smaller device with CG = 0.5 aF, CT = 0.25 aF (i.e.,
CΣ = 1 aF), and RT = 1 MΩ, the H and W parameters were
found to be H = 0.01 eV2 and W = 0.001 eV. It is further ob-
served that these values of H and W are almost independent
of device capacitances within 50% change in the magnitudes
of the device parameters. Using these calibrated magnitudes of
H and W , keeping Emax and Emin constant, the value of ∆E
has been gradually increased in order to simulate the effects of
energy quantization on SET device and circuit performances.

When energy quantization is introduced, the net change in
electron energy (∆F ) during tunneling becomes the sum of
electrostatic energy contributed by Gibbs free energy (addition
energy) and the energy gaps between the quantized energy levels
(excitation energy). Consequently, including the quantization
term ∆E into the expression for the net energy change ∆F for
n → n + 1 transition, we obtain [11]
{

∆Fs,i

−∆Fi,s

}
=

q

CΣ

[
CT VDS + CGVGS − nq ∓ q

2

]

−
{

(n + 1)
n

}
∆E (5)

{
∆Fi,d

−∆Fd,i

}
=

q

CΣ

[
(CG + CT )VDS − CGVGS + nq ∓ q

2

]

−
{

n
(n + 1)

}
.∆E (6)

In (5) and (6), the upper term in the left-hand side equates the
upper symbol sequence on the right-hand side and vice versa for
the lower term in the left-hand side. For the sake of compactness
throughout the paper, we have coupled two equations into one in
the same manner. Here, CΣ is the total island capacitance with
respect to the ground (equal to CG + 2CT ), and n denotes the
number of electrons in the island and ∆Finitial,final denotes the
net free energy change for the electron tunneling from “initial”
to “final,” which may be any of the source “s,” island “i,” or
drain “d” region.

Therefore, one might approach the energy quantization prob-
lem in two ways: one is the way SIMON handles it by replacing
Df in the orthodox model with its discrete equivalent, which
is given in (3), and keeping the net energy change term (∆F )
in (5) and (6) equal to the Gibbs free energy change ∆G, ex-
cluding the energy quantization term involving ∆E. The other
approach, which is more elegant for developing the compact
model, is to consider energy quantization as an additive term to
the Gibbs free energy resulting in the expressions for net energy
change ∆F as given in (5) and (6), and keeping the Df term

Fig. 2. Influence of energy quantization on VD S − VG S surface character-
istics (drain current contour) of an SET. The solid and broken lines repre-
sent the solution of ∆F = 0 for quantized (∆E = 10 meV) and continuous
(∆E = 0) energy levels in the island, respectively. (simulated for RT = 1 MΩ,
CG = 0.5 aF, CT = 0.25 aF, and temperature T < q2 /kB CΣ = 90 K).

constant as in the orthodox theory. This approach is accurate
when the energy gaps between successive energy levels inside
the island are extremely small compared to the electron charg-
ing energy q2/CΣ , and there are (practically) infinite number
of energy levels in the island. This situation is quite realistic in
case of semiconductor islands where the quantized energy gaps
between the adjacent energy levels are few orders of magnitude
lower than the charging energy at practically realizable SET di-
mensions. The later approach is used in this paper to develop
analytical models for SET circuits, and it gives good agreement
with SIMON simulation.

III. RESULT AND DISCUSSION

A. Energy Quantization Effects on SET Device

Fig. 2 shows the VDS − VGS surface characteristics (drain
current contour) as obtained from the SIMON simulation for
∆E = 10 meV, and the four linear equations represented by
(5) and (6) are plotted with ∆F = 0 for different n, and they
encompass the four sides of the so-called “Coulomb blockade
parallelogram.” It is evident from Fig. 2 that energy quantization
increases the area of the Coulomb blockade as indicated by the
region enclosed by the solid lines being more than that of the
broken lines. By solving these four linear equations, the co-
ordinates of the intersection points An and Bn (see Fig. 2) are
found to be

An ≡
[

nq

CG
+

q

2CΣ
+

∆E

q

(
n +

CG + CT

CG

)
,

q

CΣ
+

∆E

q

]

(7)

Bn ≡
[
(n − 1)

q

CG
+ n

∆E

q
, 0

]
. (8)

Using (7) and (8), the increase of Coulomb blockade area due
to energy quantization could be found as

∆area =
∆E

q

[
q

(
1

CG
+

1
CΣ

)
+

∆E

q

]
. (9)
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Fig. 3. Influence of energy quantization ∆E on VOUT versus VIN char-
acteristics at constant VD D = −VS S = 20 mV plotted for capacitance ratio
α = CT /CG = 1/3 (simulated for RT = 1 MΩ and CG + CT = 4 aF).

As the current contour plot (see Fig. 2) can also be treated as
input–output characteristics of a CBS, it can be said that energy
quantization increases the voltage level by an amount ∆VDS =
∆E/q and the periodicity by an amount ∆VGS = CΣ∆E/qCG

of a CBS output. At the same time, as the slope (∂VDS /∂VGS )
of the equations ∆F = 0 does not depend on ∆E, it is inferred
that the gain of CBS is independent of energy quantization. It is
noteworthy that the increase of Coulomb blockade area due to
energy quantization has been experimentally demonstrated by
Saitoh and Hiramoto [12].

The MC simulation results reported in this paper often took
several days (as a specific example, the drain current contour
simulation (see Fig. 2) took 4 days 18 h 28 min to complete on
a 64-bit octacore Linux server, with all the jobs multithreaded
and submitted parallely in all the cores dedicated just for this
paper). Hence, the compact analytical models developed in this
paper will be of immense use to potential circuit designers, as
discussed in the following sections.

B. Energy Quantization Effects on the SET Inverter

In this paper, we analyzed the effect of energy quantization
on the voltage-state SET logic inverter, which was described
in [13]. Fig. 3 shows the influence of energy quantization on
SET inverter transfer (VOUT versus VIN ) characteristics and also
indicates that increasing energy quantization ∆E shifts the in-
verter characteristics toward the right, thus implying that larger
input voltage VIN is required for switching of a nonmetallic
SET with quantized energy states than its metallic counterpart.
This is analogous to the influence of fixed positive background
charges in the island, as described in [13]. It might be pos-
sible to compensate this horizontal shift by adding a second
gate to the SET island with appropriate control bias. Fig. 4
demonstrates the fact that increasing supply voltage degrades
the inverter performance. Therefore, the supply voltage values
VDD = −VSS = q/2 (CG + CT ), which are optimum [1] for
the metallic SET inverter, also appear to be optimum in pres-
ence of energy quantization. Fig. 5 shows the influence of en-
ergy quantization on power-delay product of the SET inverter.
Here, power dissipation is static in nature and is calculated as
(VDD − VSS ) ISTATIC , where ISTATIC is the steady-state cur-

Fig. 4. Influence of bias VD D (= −VS S ) on VOUT versus VIN character-
istics at constant ∆E = 5 meV plotted for capacitance ratio α = CT /CG =
1/3 (simulated for RT = 1 MΩ and CG + CT = 4 aF).

Fig. 5. Variation of power-delay product (in pWns) with capacitance ratio
α = CT /CG using different values of energy quantization ∆E (in millielec-
tronvolts) as a metric.

rent flowing from VDD to VSS [1], [13]. The inverter delay
increases and power dissipation decreases as the drive current
decreases with increasing ∆E.

C. Modeling of Inverter Noise Margin

The expressions for orthodox noise margin (NM ) parameters
were derived in [13] as

VOH = −VOL =
αVDD

2α2 + α + 1
(10)

VIH = −VIL =
α2VDD

2α2 + α + 1
(11)

NM = NMH = NML =
α (1 − α) VDD

2α2 + α + 1
. (12)

Inclusion of energy quantization alters the previous noise margin
parameters into the following expressions (see the Appendix):{

V ′
OH

V ′
OL

}
=

{
VOH

VOL

}
−

(
1

2α2 + α + 1

)
∆E

q
(13)

{
V ′

IH

V ′
IL

}
=

{
VIH

VIL

}
+

(
2α2 + 2α + 1
2α2 + α + 1

)
∆E

q
. (14)

Throughout this paper, primed variables (′) refer to
the quantities including energy quantization effects, while
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Fig. 6. Variation of normalized noise margins NM ′
H /NM and NM ′

L /NM
of the SET inverter with energy quantization ∆E for different α = CT /CG

ratios at constant VD D = 20 mV bias. The symbols represent simulated data
while solid lines indicate the results predicted by the model (noise margin
tolerance is taken as 10% of the orthodox value).

unprimed variables refer to the ideal classical situation
with the metallic SETs, following the orthodox theory of
single-electron tunneling. Equation (14) indicates that the
entire transfer characteristics shift toward the right by the
amount ∆E

(
2α2 + 2α + 1

)
/
(
2α2 + α + 1

)
q with respect

to the orthodox characteristics. Equation (13) shows that
both the output voltage levels decrease simultaneously by
∆E/

(
2α2 + α + 1

)
q.

From the basic definitions of noise margins NMH
�
=VOH −

VIH and NML
�
=VIL − VOL , we obtain{

NM ′
H

NM ′
L

}
= NM ∓ 2

(
α2 + α + 1
2α2 + α + 1

)
∆E

q
. (15)

From (15), it is evident that energy quantization in-
creases the noise margin for low logic and decreases
the noise margin for high logic by the same amount
2∆E

(
α2 + α + 1

)
/
(
2α2 + α + 1

)
q. Thus, it is seen that for

the continuous spectrum (∆E = 0), (15) reduces to the ortho-
dox model of noise margin, as proposed in [13].

From the inverter transfer characteristics simulated in SIMON
for different α and ∆E, the values of VOH , VOL , VIH , and VIL

are recorded and the corresponding NMH and NML are cal-
culated. In Fig. 6, these values are plotted and the variation of
normalized noise margins with energy quantization is shown.
Fig. 6 also demonstrates the excellent agreement between the
proposed model (15) and the simulated results. Here, we intro-
duce a parameter quantization threshold (∆ETH ), which may
be defined as the maximum allowable energy quantization, for a
given capacitance ratio α = CT /CG , which the SET logic cir-
cuit can withstand before the noise margin falls below a specific
tolerable value. Equating the relation for noise margin with any
specified value of noise tolerance (x%) and putting the expres-
sion of orthodox noise margin NM from (12) in (15), we finally
obtain

∆ETH =
qxα (1 − α) VDD

2 (α2 + α + 1)
. (16)

The optimal α = CT /CG ratio of the SET inverter circuit for
which the maximum robustness can be achieved is calculated by

Fig. 7. Variation of quantization threshold ∆ETH as a function of α =
CT /CG ratio for a noise tolerance of 10% of the orthodox noise margin (i.e.,
x = 0.1). Note that (CG + CT ) value is decreased (considering SET devices
with smaller dimensions) proportionally with increase in VD D .

maximizing (16). Now, by solving ∂∆ETH/∂α = 0, it is found
that the condition for achieving maximum robustness against
energy quantization effects occurs at α =

(√
3 − 1

)
/2 = 0.366

and the maximum quantization threshold ∆ETHm a x an SET
logic circuit can tolerate is given as

∆ETHm a x = ∆ETH

∣∣∣
@α=0.366

=
qxVDD

13
. (17)

Equation (16) is plotted in Fig. 7, where it is shown that
the SET inverter can withstand the maximum ∆ETHm a x of
qxVDD /13 at the optimum CT /CG ratio of 0.366. It is worth
noting that in our earlier work [13], we have shown that
CT /CG = 1/3 design criteria also provide maximum robust-
ness against background charge and device parameter variation.
On the other hand, for a given bias VDD and ∆E, the value of
α, for which one can get maximum noise margins, is obtained
from the relations ∂NM ′

Hm a x
/∂α = 0 and ∂NM ′

Lm a x
/∂α = 0

as

α(∆E)

∣∣∣∣∣{NM ′
Hm a x

NM ′
Lm a x

}

=

[
±1 +

√(
qVDD

∆E

)2

+ 1 ∓ 3
2

(
qVDD

∆E

)

−1
2

(
qVDD

∆E

)]/[
3
2

(
qVDD

∆E

)
∓ 1

]
. (18)

Here, (+,−,−) sequence is used for NM ′
Hm a x

and (−,+,+)
sequence is used for NM ′

Lm a x
. Equation (18) is plotted in Fig. 8,

which shows that for high VDD /∆E values, the noise margins
NM ′

H and NM ′
L asymptotically merge together at the ortho-

dox noise margin NM , and this occurs at α ≈ 1/3. From this
figure, it can also be concluded that in the presence of energy
quantization, it is not possible to optimize both noise margins
simultaneously by tuning the α parameter. The maximum opera-
ble temperature for using voltage-state SET-based inverter logic
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Fig. 8. Variation of α = CT /CG ratio as a function of the ratio qVD D /∆E ,
indicating the value of α necessary at a given bias VD D and energy quantization
∆E to obtain maximum noise margins.

Fig. 9. Influence of energy quantization and temperature on IIN − VIN char-
acteristics of the NDR circuit. The solid and the broken lines represent the plots
at temperatures 40 and 80 K, respectively. The minor dotted lines represent
the path followed by the circuit during operation, giving rise to the hysteresis
shown in Fig. 10 (simulated for IBIAS = 5 nA, RT = 1 MΩ, CG = 0.5 aF,
and CT = 0.25 aF).

circuits was demonstrated earlier [1], [13] as Tmax <
q2/40kB CΣ , which implies T ≈ 11.6 K for CΣ = 4 aF. As the
noise margin does not change with temperature in this operat-
ing regime, we have not included the temperature term in the
proposed model. The amount of energy quantization could be
reduced by increasing the doping concentration of the island.

D. Effects of Energy Quantization on the NDR Circuit

CBS is an integral part of almost all CMOS-SET hybrid cir-
cuits. First, we discuss the effects of energy quantization on
NDR (and corresponding hysteresis circuit), which was pro-
posed by Mahapatra and Ionescu [4], [5]. Fig. 9 shows the
influence of energy quantization on the IIN − VIN characteris-
tics of the CBS-based NDR circuit. It indicates that increasing
energy quantization ∆E as well as increasing temperature de-
creases the dynamic range as well as the slope (conductance) of
the NDR region. Also, the peak position of the NDR is shifting
toward the higher VIN values as the x-coordinate of An increases
with energy quantization.

Fig. 10. Effect of energy quantization on the current hysteresis characteristics.
The solid and the broken lines represent the plots at temperatures 40 and 80 K,
respectively (simulated for IBIAS = 5 nA, RT = 1 MΩ, CG = 0.5 aF, and
CT = 0.25 aF).

Considering only the most probable electron tunneling events
(0 ↔ 1 transitions) in the SETs using the Mahapatra, Ionescu,
and Banerjee (MIB) model [2], the net current through the NDR
may be written as

IIN =
1

RT VIN

[
CG + CT

CΣ
VIN − CG

CΣ
VOUT + α

]

×
[
CT

CΣ
VIN +

CG

CΣ
VOUT − α

]
(19)

where α = (q/2CΣ + ∆E/q) and VOUT is the output of CBS.
Equation (19) is differentiated with respect to VIN to obtain

RT C2
Σ

∂IIN

∂VIN
=

∂VOUT

∂VIN

[
C2

G +
2αCGCΣ

VIN
− 2C2

GVOUT

VIN

]

+
α2C2

Σ

V 2
IN

+
C2

GV 2
OUT

V 2
IN

− 2αCGCΣVOUT

V 2
IN

+ CT (CG + CT ) . (20)

Replacing VGS = VOUT and VDS = VIN in (6) and differentiat-
ing it, we get ∂VOUT/∂VIN = (CG + CT ) /CG , and using (5)
and (6), we finally obtain the following form:

∂IIN

∂VIN
=

α2

RT V 2
IN

=
1

RT V 2
IN

(
q

2CΣ
+

∆E

q

)2

. (21)

It should be noted that (12) is derived from the MIB model,
which based on the orthodox theory, and hence, it is valid for
∆E 
 q2/CΣ (small perturbation). Similar to the NM model,
(12) does not contain any temperature term, since they hold good
for T < q2/40kB CΣ . The NDR circuit can also be used as a
hysteresis loop circuit [5], and the effect of energy quantization
on the loop area is shown in Fig. 10. As the NDR region degrades
with ∆E, the area of the hysteresis loop also reduces. The effects
of energy quantization on CBS circuits could be compensated
by reducing the bias current. It is worth noting that in CBS-
based circuits, we use smaller values of CΣ in comparison to
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Fig. 11. Effect of the energy quantization on the SETMOS characteristics.
Here, VG S and ID S refer to gate voltage of SET and drain current of MOSFET,
respectively, as explained in [6].

the SET inverter, and thus, the values of ∆E in CBS circuits are
taken to be higher than the inverter circuits.

E. Effect of Energy Quantization on the SETMOS Circuit

SETMOS [6] is a hybrid CMOS-SET architecture that offers
Coulomb blockade oscillation at much higher current level than
normal SET. As the MOSFET is operated in the subthreshold
region, the output drain current exponentially amplifies the os-
cillations of the drain voltage of the CBS, and the amount of cur-
rent amplification depends on the MOSFET feature size. Fig. 11
shows the effects of energy quantization on the SETMOS cir-
cuit. The output of CBS is first simulated with SIMON, and then
fed to AIMSPICE [14] in order to obtain the SETMOS char-
acteristics. In AIMSPICE, we use a 45-nm high-performance
(HP) BSIM predictive technology model [15] card to simu-
late the MOSFET behavior. In this simulation, we neglected
the MOSFET’s gate leakage current since in this model card,
the gate current (approximately in picoamperes) is found to be
much smaller than SET bias current (approximately in nanoam-
peres). It is observed that with the increase of ∆E, both the peak
and valley currents increase; however, the peak-to-valley ratio
decreases.

IV. CONCLUSION

In this paper, the effects of energy quantization on SET de-
vices and circuits are studied using analytical models and MC
simulation. Including the energy quantization term, a new noise
margin model for the SET inverter is proposed, and then used
to study the robustness of the SET inverter against energy quan-
tization effects. It is found that the SET inverter designed with
CT : CG ∼ 0.366 offers the maximum robustness against en-
ergy quantization, and the maximum tolerable value of energy
quantization is found to be (qxVDD /13) eV for x% tolerance
over the orthodox noise margin. Impact of energy quantization
is then studied for two CBS circuits: pure SET-based NDR and
hybrid CMOS-SET-based SETMOS circuit. It is observed that,
in general, the energy quantization degrades the performances
of SET circuits.

APPENDIX

Energy quantization shifts the transfer characteristics to-
ward the right. One can simplify the calculations by shifting
the origin of the inverter transfer characteristics (which was
at VIN = 0 in the orthodox model) to V ′

IN = VIN − ∆E/q.
The transfer characteristics of a typical voltage-state SET in-
verter is V 3

OUT + A2V
2
OUT + A1VOUT + A0 = 0 [1], [13]. For

a voltage-state SET inverter, V 3
OUT + A2V

2
OUT term is much

smaller than A1VOUT + A0 , and hence, one can linearize it
as A1VOUT + A0 = 0. Now, including the energy quantization
term ∆E, the coefficients A0 and A1 change from the standard
orthodox forms into

A′
1 = A1 −

q2

4CT (CG + CT )3

[
2CG∆E

(
C2

G − C2
T

)
q2

+
4C2

G∆E2 (CG + CT )2

q4

]
(22)

A′
0 = A0

[
1 − 2CG (CG + CT ) ∆E

q2CT

]
. (23)

Using (22) and (23) in A′
1V

′
OUT + A′

0 = 0, one obtains the
expressions for V ′

OH and V ′
OL as

V ′
OH

V ′
OL

= ±CGVDD

[
CT − 2CG (CG + CT ) ∆E/q2

C2
G + CGCT + 2C2

T

]
. (24)

The slope of the transfer characteristics in the transition region
is given as

∂VOUT

∂VIN
= −CG

CT
=

V ′
OH

V ′
IL − ∆E/q

. (25)

Using this slope formulation, one can obtain the expressions for
V ′

IL and V ′
IH as

V ′
IL

V ′
IH

= ∆E ∓ CT VDD

[
CT − 2CG (CG + CT ) ∆E/q2

C2
G + CGCT + 2C2

T

]
.

(26)
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