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Abstract—A novel single-electron tunneling transistors (SETTs)
based analog-to-digital converter (ADC) is proposed in this paper.
The scheme we propose fully utilizes Coulomb oscillation effect,
can properly operate at T > 0 K, and only a capacitive divider
(built with 2n — 2 capacitors) and n pairs of complementary
SETTs are required for an n-bit ADC implementation. When
compared with other state-of-the-art SET based ADCs our method
provides the most compact solution measured in terms of circuit
elements and has a potential advantage in terms of conversion
speed. To illustrate the operation of the proposed scheme, a 4-bit
ADC is demonstrated at 10K by means of simulation.

Index Terms—Analog-to-digital conversion (ADC), circuit mod-
eling, semiclassical method, single-electron tunneling.

1. INTRODUCTION

INGLE-ELECTRONICS, a new field of solid-state sci-
S ence and technology, has been developed rapidly in both
theory and experiments because the essential nanofabrication
techniques have become available during the past two decades
[1]-[3]. The fundamental principle of single-electronics is the
Coulomb blockade, which was first observed and studied by
Gorter [4]. Single-electron tunneling (SET) circuits appear to
be a promising candidate for future large scale integrations
(LSIs) due to their ultralow power, ultrasmall size, and rich
functionality. Several SET circuits have been proposed in the
literature, e.g., SET memories [5], SET inverters [1], [6], SET
pumps [7], SET majority gates [8], and SET threshold gates [9],
etc. Furthermore, some hybrid SET/FET circuits have also been
proposed, e.g., hybrid SET/FET memories [3], multiple-valued
logic [10], etc. However, only a few circuits fully explore the
inherent SET characteristics such as Coulomb blockade and
Coulomb oscillation so far, and temperature effect is usually
ignored in the design.

In this paper, we first investigate complementary SET transis-
tors (SETTs) based implementation of periodic symmetric func-
tions (PSFs) [11]. The proposed PSF implementation is based on
a two-SETT complementary structure, fully utilizes Coulomb
oscillation effect, and can properly operate at the temperature
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Fig. 1. SETT schematic.

T > 0 K. Efficient implementation of PSFs is of premium
importance in practice as numerous computer arithmetic oper-
ations, e.g., parity, counting, and addition, etc., belong to this
class of functions [11]. Moreover, analog to digital converter
(ADC) behavior can be described as a PSF and this makes our
scheme an ideal candidate for ADC compact implementations.
Based on this PSF structure, we propose a novel ADC architec-
ture that requires a capacitive divider (built with 2n — 2 capac-
itors) and n PSFs (built with 2n SETTS) for an n-bit ADC im-
plementation. Using this scheme, a 4-bit ADC is demonstrated
at 10 K by means of simulation.

The remainder of this paper is organized as follows: Sec-
tion II briefly describes SETT, PSF, and their characteristics.
Section IIT introduces the PSF structure, analyzes it, and dis-
cusses the influence of T > 0 K on its behavior. Section IV
presents the novel ADC scheme, simulation results, and com-
parisons. Finally, Section V concludes the paper with some final
remarks.

II. BACKGROUND

SETT is reminiscent of the usual metallic-oxide-semicon-
ductor field-effect-transistor (MOSFET), but with a small con-
ducting island embedded between two tunnel junctions [2], in-
stead of the traditional inversion channel. For the tunnel junc-
tions composing the SETT in Fig. 1, the tunnel conductance is
GG1 and (G2, the junction capacitance is C'y and Cs, respectively,
and the gate and backgate capacitance is Cg and Cp, respec-
tively. The drain, source, gate, and backgate voltage is Vp, Vs,
Vi, and Vg, respectively. For the proper operation of the SETT,
both G; and G5 should be much smaller than 1/Rg, where
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Fig. 2. (a) SETT stability diagram. (b) SETT I,s — Vps characteristics. (c)
SETT Ips — Vs characteristics.

R = h/e* ~ 25.8 k() is the quantum unit of resistance. Fur-
thermore, we assume that the charge energy is dominant to the
thermal fluctuation, that is, €2 /2C > kpT, where C is the total
capacitance between the island and environment, and it is equal
to Ch + C2 + Cg + Cp.

When assuming an operation temperature around 0 K, one
can easily get the SETT stability diagram depicted in Fig. 2(a),
where go = 0 (qo is the background charge in the island) and
Ve = 0V are assumed. The diamond shadow areas are stable
regions, where n stands for the number of electrons present in
the island. If Vs is assumed to be zero, the boundaries between
stability and instability can be described by the following equa-
tions:

1
—e (n + 5) + qo :CG(VD — Vg)
+ C2Vp + Cp(Vp — V) (D

< )—(Jo Ca(Va —Vp)
— CyVp 4+ Cp(Vp — Vp) )
1
< 5) =CegVe+ C1Vp +CpVp 3)
1
< 5) +q=—-CgVg—-CiVp -CgVs. 4

The Ips—Vps, Ips—Vas SETT characteristics are depicted
in Fig. 2(b) and (c), where the Coulomb blockade effect is shown
in Fig. 2(b) and the periodic Coulomb oscillation with the period
e/Cq is shown in Fig. 2(c).

A PSF F,(X) is a symmetric function that satisfies F,(X) =
F,(X + T,), where T}, is the function’s period. Such a PSF
is graphically depicted in Fig. 3, where a, b are corresponding
to the first positive transition and the first negative transition,
respectively [11]. Also, we can define k = (b — a)/T), as the
duty ratio of the PSF. In this way, a PSF can be characterized by
k, a, and T},.

The periodic behavior in Fig. 2(c) clearly indicates that SETT
is an ideal candidate for the implementation of PSFs. In the next
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Fig. 3. Periodic symmetric functions.

Fig. 4. Schematic of PSF structure.

section, we utilize the Coulomb oscillation effect and propose a
SETT-based PSF implementation structure with & = 50% and
a=T,/2.

III. ANALYSIS OF SET-BASED PSF

A two-SETT based complementary structure was first pro-
posed by Tucker in [1]. This is similar to a complementary
MOS (CMOS) inverter circuit in structure and the work in [1]
is focused on the inverter behavior of such a structure. This
topology, however, can produce more than an inverter function.
In this section, we explore the inherent periodic oscillation char-
acteristic of the SETT and derive the circuit parameters corre-
sponding to a PSF structure with k& = 50% and a = T,,/2. We
achieve this mainly by modifying the backgate bias mode. In
Tucker’s inverter, the backgate bias mode is Vp;, = Vp and
Vpu = 0 V. To implement a PSF having about 50% duty ratio
of square-wave-like output with a = T}, /2, we have to derive the
appropriate bias and device parameters for the structure in Fig. 4
such that when Vi, = X, Vo = F,(X). This requires a back-
gate bias mode is as follows: AVp = Vg — Vey = €/2Cp.
Vs value was chosen to adjust the first PSF positive transition
at a = T,/2. Vp value was chosen to make the upper SETT
open in one half period and closed in the other half period, and
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Fig. 5. Separate Ips — Vs characteristics of the upper SETT and lower
SETT of the PSF structure.

the lower SETT has a half-period phase shift of Coulomb os-
cillations for the backgate bias mode (see Fig. 5). In this way,
for the PSF structure, in the first half period, when g, = €
(gout 1s the stored charges in the output capacitor, gt = e (or
Vo = ¢/Cp) stands for logic “1” and ¢out = 0 (or Voo = 0)
for logic “0”) in the preceding state, the lower SETT will turn
on, and as a consequence, one electron is transported to ground
and the transportation of more electrons is prohibited by the
Coulomb blockade. When ¢o.t = 0, the output will be kept
stable by the Coulomb blockade. In the other half period, when
dout = 0 in the preceding state, the upper SETT will turn
on and one electron is transported to output capacitor and the
transportation of more electrons is prohibited by the Coulomb
blockade. When ¢,,+ = e, the output will be kept stable by
the Coulomb blockade. Although the discussion only covers the
first period, the same rule follows in other periods because SETT
has the inherent Coulomb oscillation with the period e/C¢. To
adjust the oscillation period to the targeted 7}, value, one has
to change the C¢ value accordingly. Therefore, it is possible
to get a square-wave-like output signal having about 50% duty
ratio (the period is ¢/C¢) by using the structure in Fig. 4. By
solving the upper SETT boundary conditions for n = 0, from
(2) and (4), we obtain

Vi — CGvG (& (5)
P Ce+Cp+C; " 2(Co+Cp+Co)
—CGVG e
Vp=_—97¢, °
b=—— to 6)

Then, to keep the upper SETT closed in one half period and
open in the other half period when the Vg is kept constant, Vp
has to be set to

— CgVg e
Vb = corénias T a5caT0s o) o
Vi = _CG(VG+ﬁ) + ==
D = C1 2Cy°

By solving (7), we can get

e

Vp = .
D= 2(Cq+ Cp+ Cr + C)

®)
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Fig. 6. PSF transfer characteristic at 7' = 0K, 30 mK, 100 mK, 0.5 K, 5 K,
10K, 20K, 30 K.

For the lower SETT, Vp = ¢/Cp, where C1,/Cy, Cr,/C5 are
required to be much larger than 1, and this leads to

O~ < =2(Cg + Cp + Cy + Cs). )
Vb

Finally, we use Vg to adjust the first PSF positive transition
toa = 1T,/2

e Cl
Vau = — —— . 10
BU 20 Cg+Cp+ C1 + Cy (10)
e
Ver ==+ Vau. (1T)

2Cp

If we assume that C; = Cy = Cy, Cqg = Cp = 200,
Cy =0.1aF, Gy = G, = Gy = 1 puS, according to (8)—(11),
we derive the proper parameters for a 50% PSF structure with
a = T,/2 as follows: Vp = ¢/2(C1 + C2 + Cp + Cg) =
0.019 V, CL = e/VD = 8400, VBU ~ 0 V, and VBL =
Veu + ¢/2Cp = 0.04 V. We note here that the method we
discussed in this section is general and can be utilized for the
instantiation from the generic structure in Fig. 4 of any PSF with
a duty ratio of k and a = T, /2.

We simulated the 50% PSF design with SIMON [12], one of
most popular SET circuit simulators, and the simulation results
at various operation temperatures are depicted in Fig. 6. Be-
cause SETT has the inherent Coulomb oscillation with the pe-
riod e/C, the simulations only cover the PSF transfer charac-
teristic in one period. The diagrams in Fig. 6 clearly indicate
the presence of output’s hysteresis when 7" = 0 K. This phe-
nomenon is induced by the fact that for 7" = 0 K, the turn-on
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Fig. 7. Architecture for an n-bit SETT-based ADC.

region of the gate voltage for the upper SETT is [¢/2Cs + Vp +
ne/Cg,e/Cq + ne/Cg| when gou: = 0 in the preceding state,
and the turn-on region of the gate voltage for lower SETT is
[ne/Cq,e/2Ce — Vp + ne/Cg] when ¢out = e in the pre-
ceding state [13]. However, when the temperature increases the
hysteresis range decreases, until it almost vanishes (see Fig. 6).
This can be explained by the fact that, when the temperature in-
creases to a certain extent, both the upper SETT and lower SETT
have no strict turn-off region or Coulomb blockade region, but
have different turn-on probabilities. In the region of [e/2Cq +
ne/Cgq,e/Cq + ne/Cg], the circuit turn-on behavior is dom-
inated by the upper SETT for its bigger turn-on probability, so
the output is high; in the region of [ne/Cq, e/2Cs + ne/Cq],
the circuit turn-on behavior is dominated by the lower SETT
for its bigger turn-on probability, so the output is low. Our sim-
ulation experiments indicate that the 50% PSF structure has a
square-wave-like output without hysteresis from 0.5 to 20 K (see
Fig. 6). If the temperature increases further, the periodic oscil-
lation becomes less sharp, but this problem can be alleviated by
the addition of a comparator to the output stage.

IV. SET-BASED ADC

Based on the above 50% PSF structure, we propose an n-bit
ADC architecture as depicted in Fig. 7. It consists of a capac-
itive divider and n PSFs with the same circuit parameters. Ac-
cording to [14], the input capacitance of SETT, CsgrT, can
be estimated as follows: for large amounts of charge transfer
in the gate node, the net change in the SETT island is small
when compared to the change in Vz and Csgrr is estimated by
Csgrr =~ Cg; for small amounts of charge transfer in the gate
node, the net change in the SETT island cannot be neglected
when compared to the change in Vi, and Csgrr is computed
as Csgrt = Cg(1 — dVisland/dVg). In the case of the pro-
posed ADC scheme, the first situation is applicable and the ef-
fect of each of the input capacitance of the SETT-based PSF can
be compensated as 2C¢: two parallel SETTs from the point of
view in the capacitive divider.

The proposed ADC operates as follows: first, the input signal
Viy is divided into Vi, /2%, i = 0,1,2,...,n — 1, by the capac-
itive divider; then it is encoded into the corresponding binary
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Fig. 8. Simulation results for the 4-bit SETT-based ADC at T' = 10 K.

output signals by the PSFs. If the ADC input Vi, € [0, Vipax],
Vinax = 2”_1Tp, the output bit D;, following the radix-2
counting rule, can be evaluated with 50% PSFs after the input is
divided into Vi, /2,7 = 0,1,...,n — 1. This means that when
Vin € (mT,-2%, Vigax /2" +mT},-2"),m = 0,1,...,n—i—1,
the output D; = 0, and otherwise, D; = 1 [11]. Using this
scheme, we simulated a 4-bit ADC built with PSFs having the
parameters in Section III. The simulation results at 7' = 10 K
are depicted in Fig. 8, which clearly displays ADC behavior.
The extension of the 4-bit ADC design to a higher number of
bits is straightforward and does not require redesigning the
parameters of the PSF structure and/or the capacitive divider.

When compared with conventional flash ADCs, the proposed
ADC is more compact because it utilizes the SETTs inherent pe-
riodicity. In particular for an n-bit ADC our scheme requires n
PSFs, whereas a conventional flash n-bit ADC requires 2" — 1
comparators and latches for the encoding function. Asymptot-
ically speaking this means an O(n) area instead of an O(2")
area. In practice, this means more than reducing the area from
an exponential complexity to a linear complexity due to the fact
that a comparator and latch is more complex than a PSF block.
Additionally, our proposal does not require the thermometer
code to binary code encoder in conventional flash ADCs be-
cause the outputs of PSF blocks in our proposal are already
normal binary code. When compared with previous proposed
SET-based ADCs [10], [15], [16] our scheme requires less cir-
cuit elements (area). In particular, it doesn’t require the dis-
charge circuit and a sign reverser circuit like the one in [15]. No
structures for coding the analog input signal into pulse-width
modulation or voltage ramp circuit are necessary like the one
in [16]. When compared with the ADC proposed in [10], it re-
quires roughly the same amount of basic building blocks but the
PSF we use requires two SETTs only, whereas the literal gate in
[10] is built with one SETTs and two MOSFETs. Besides, our
proposal can operate at T' > 0 K, whereas the ones in [15] and
[16] require O K for the proper operation. Finally, due to a lower
network depth, our proposal has a potential advantage in speed
when compared with [10], [15], and [16].
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V. CONCLUSION

In this paper, we first investigated the SETT-based implemen-
tation of PSFs. The scheme we proposed fully utilizes Coulomb
oscillation effect can properly operate at 7' > 0 K and only
two complementary SETTs are required for a PSF implementa-
tion. Based on the proposed PSF structure, we proposed a novel
ADC architecture that can properly operate at 7' > 0 K. Our
proposal requires a capacitive divider (built with 2n — 2 capaci-
tors) and n PSFs for an n-bit ADC implementation, and it is the
most compact SET based ADC scheme up to date. Additionally,
due its shallow network it has a potential advantage in terms
of speed when compared with other state-of-the-art SET-based
ADC schemes [10], [15], [16]. Using this scheme, a 4-bit ADC
was demonstrated at 10 K by means of simulation. Although our
work was validated by means of simulation, only existing ex-
periment [10], demonstrating the feasibility of interconnecting
SETT with a capacitive divider suggests that our approach uti-
lizing Coulomb oscillation in circuit design can be potentially
implemented. Practical validation of our proposal still needs fur-
ther experimental demonstration and constitutes future work.
Last but not least, the PSF implementation we proposed might
potentially open new research avenues in SET-based logic and
arithmetic circuits.
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