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ABSTRACT
In this paper, for the first time, we have proposed a half-adder using single-electron transistors (SETs) operating at room temperature. The
proposed circuit has been designed based on SET logic, and multi-gate SETs based on silicon quantum dots with 2 nm diameters operating at
room temperature have been used as switching transistors. In logic used for the design, ‘0’ and ‘1’ bits of information are represented by low
and high voltage levels, respectively. We have chosen 0.0Volt and 2.9Volt, respectively, for low and high levels of input voltages. The logic
operation of the half-adder has been verified using SIMON simulator. Simulation results show that the designed circuit performs the expected
operation correctly, and low and high levels of output voltages are approximately 0.0Volt and 0.1Volt, respectively.
Keywords: Half-adder, logic gate, single-electron transistor (SET), SET logic, silicon quantum dot (Si-QD).

I. INTRODUCTION

levels quantization and broadening in Si-QD, has been studied in
[15,16]. The paper is organized as follows: in section 2, design

Single-electron transistor [1,2] is one of the best candidates for
future logic VLSI circuits because of its high packing density and
ultra-low power dissipation. The structure of a usual SET consists
of three metallic electrodes of source, drain, and gate as well as a
metallic or semiconductor island. This device utilizing the
coulomb blockade of electron tunneling or single-electron

concept based on SET is discussed. In sections 3 and 4, binary
addition of two bits is described and accordingly the half-adder
circuit is designed. In section 5, the logic operation of the halfadder is simulated using SIMON [17] to verify the correct
function of the circuit. Summary and some remarkable results of
the paper are presented in section 6.

charging effect [2,3] can be used to implement logic circuits in
which one or a few electrons are manipulated to perform logic
operations.

II. BASIC LOGIC OF DESIGN

So far, several SET-based logic circuits have been proposed

SET logic [2,18,19] is one of the usual approaches for

and analyzed [4-10]. SETs with silicon islands (Si-SETs) are more

implementing single-electron circuits. This logic utilizes SETs as

promising than the metallic ones because of their better

switching transistors, in a manner similar to conventional MOS

performance at room temperature. Thus, recently, attentions have

transistors, to implement logic gates and circuits. In this logic,

been attracted more to Si-SETs and circuits implemented using

high and low voltage levels define the ‘1’ and ‘0’ bits,

them [11-14].

respectively. Because of SET’s capability of complementary

In this work, design, simulation, and analysis of a half-adder

operation [8,20], the SET logic-based circuits can be easily

based on 2nm diameter Si-QD-based SET operating at room

conceptualized from CMOS circuits and thus have two important

temperature is presented. The operation of this transistor,

advantages. First, most of logic functions, which are performed

considering the Pauli’s exclusion principle and effects of energy-
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by CMOS, can be implemented by them. Second, coupling to

Vdd

other devices can be easily carried out since outputs are
represented by the charging voltages of output capacitors.
For the design, we have used this logic and employed multi-

CIN

VIN

gate SETs based on Si-QDs with 2 nm diameters operating at

CIN

room temperature as switching transistors. Fig. 1 shows the

VC

equivalent circuit of a double-gate SET based on Si-QD. In this
figure, VIN, VC, and Vdd are the input-gate voltage, control-gate
voltage, and bias voltage applied to drain, respectively. The inputgate and control-gate capacitances have been set to the same
values and denoted by CIN. The parameters of this transistor have

Fig. 1: Equivalent circuit of the double-gate SET based on Si-QD.

been listed in Table I.
60

Fig. 2 illustrates the drain current versus input-gate voltage

4

3

characteristic of this transistor. In Fig. 1, one of the gates has been
50

VC=2.9V, the characteristic is shifted by 180º for the first three

40

Id(nA)

peaks (red curve). In other words, the SET works as a P-type
transistor. Thus, the control gate enables the complementary use
of the SET (as the N- or P-type transistor). In Fig. 2, points “1” to

3

Id (nA)

used as a control gate. By applying a constant dc voltage of

2
1

30

0
-1

2

1
0

2.9

VIN (V)

20

“3”, open circles in blue curve, are operating points for the
transistor, depending on the sum of VIN and VC. As can be seen,

10

the SET is ON when this summation is equal to 2.9V, and the SET

3
0
-2.9

is OFF when this value is equal to 0 or 5.8 V.
TABLE I: Parameters used in SIMON
Parameter

-19

Cd, Drain tunnel junction capacitance

1.25*10-19 F

CIN, Gate capacitance

0.92*10-19 F

CΣ, Island total capacitance

4.34*10-19 F

ΔE, Energy-levels spacing

5.8

8.7 10

gate voltage (VIN) with the bias voltage Vdd=0.1V. The blue and red curves

1.25*10

H, Height multiplication factor

2.9

VIN(V)

Fig. 2: Drain current, Id, of the SET shown in Fig. 1 as a function of inputValue

CS, Source tunnel junction capacitance

RT, Tunneling resistance (Rs=Rd=RT)

0

are drain current for VC= 0 and VC=2.9V, respectively.

F

III. TWO BITS BINARY ADDITION
As we know, when two bits, for example A and B, are added, a
one-bit sum and a one-bit carry are produced. A half-adder is used

1.3*106 Ω

for this purpose. The sum bit is ‘1’ only when one of the addend

1eV2

bits is ‘1’, otherwise it is ‘0’. This result is identical to an XOR

0.43eV

operation. Thus, the sum bit is implementable using an XOR logic

W1, First energy-state broadening

0.0005eV

gate with two inputs of A and B. The carry bit will be ‘1’ if both

W2, Second energy-state broadening

0.005eV

of A and B are ‘1’, otherwise it will be ‘0’. This effect is the same

W3, Third energy-state broadening

0.08eV

as an AND operation. Therefore, the carry bit can be performed

W4, Fourth energy-state broadening

0.11eV

using an AND logic gate with two inputs of A and B. Thus, a halfadder circuit can be implemented by employing an XOR logic

Vdd, Drain bias voltage
Temperature

0.1V

gate and an AND logic gate. In following sections, we concentrate
300 ºK

on design of these two gates as well as explanation of their
operation.
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III.1. AND Logic Gate

VO=A.V1

Fig. 3 illustrates the proposed elemental circuits for design of
AND logic gate. The circuit is composed of two double-gate SETs

A

shown in Fig. 1. These two SETs have a common gate as input

CO

CIN
CIN
CIN

CIN

(A). The remaining gate in the double-gate SET is a control gate

VC

by which we can change type of the SET. Therefore, the two SETs
in the elemental circuit can be used in a complementary manner

SET1

where SET1 and SET2 work as N- and p-type transistors,
respectively. The control-gate voltage has been set zero for N-SET

SET2
V1

and VC=2.9V for P-SET, also the input logic levels ‘0’ and ‘1’

Fig. 3: Elemental circuit for implementation of AND logic gate.

have been set to zero and VIN-H=2.9V, respectively. When the
input is logic ‘1’, SET1 is ON and SET2 is OFF, and when the

VO=A.B

input is logic ‘0’, SET1 and SET2 are OFF and ON, respectively.

CO

The circuit outputs VO=A.V1 with V1 of the bias voltage and A of

A

the input signal.
Fig. 4 shows the equivalent circuit of the proposed 2-input

VC

AND logic gate. In this figure, A and B are two arbitrary input
signals. This circuit is constructed by sequential connection of the
elemental circuit shown in Fig. 3. It is impossible to use the input

SET4

SET3

voltage directly for bias pin because SETs can only use a low
source-drain voltage. In other words, in order to maintain the

CM

coulomb blockade condition, it is needed that V DS<e/CΣ, so the

B

BUFFER have been used in the structure of AND gate.

VC

III.2. XOR Logic Gate
Fig. 5 shows the equivalent circuit of the proposed XOR logic

SET1

gate. The circuit is composed of two three-gate SETs. For these

Vdd

transistors, source and drain tunnel junction capacitances are the
same and are CS=Cd=0.79*10

-19

SET2

F, and their other parameters are

Fig. 4: Equivalent circuit of the proposed 2-input AND logic gate.

identical to the double-gate transistor illustrated in Fig. 1. For this

VO =A  B

circuit, the output is HIGH (logic ‘1’) if solely one of the inputs,
A or B, is HIGH (logic ‘1’), and the output is LOW (logic ‘0’)
when neither or both inputs are HIGH.

A
B

CO

CIN

CIN
CIN

CIN

VC

CIN

CIN
SET1

SET2
Vdd

Fig. 5: Equivalent circuit of the proposed XOR logic gate.

1507

M. Hasani et al., Journal of Electron Devices 18, 1505-1509 (2013)

IV. HALF-ADDER
Fig. 6 shows the equivalent circuit of the proposed half-adder.
The carry and the sum blocks are the circuits shown in Figs. 4 and

Vdd

Carry

0

5, respectively. In Fig. 6, A and B are the addends, CO is the

Vdd

Sum

output node capacitance, and CM is the inter-SET-node

0

capacitance which has been used to suppress the high voltage

VIN-H

B

fluctuations. One can see that the half-adder operation, i.e.,

0

calculation of one-bit sum and carry, can be performed using only

VIN-H

A

six transistors. The operation validity of the designed circuit is

0

investigated in the next section.
0

0.2

CO
A

0.6

0.8

1

Time(sec)

SUM = A  B

CARRY = A  B

0.4

Fig. 7: Logic operation of the half-adder, time variations of input

CO
A

voltages (A and B) and output nodes voltages (sum and carry).
VC

B
VC

VI. CONCLUSION
CM
B

The design and simulation of a SET-based half-adder was
Vdd

presented in this paper. The design is based on SET logic and uses
multi-gate SETs based on Si-QDs with 2 nm diameters operating

VC

at room temperature as switching transistors. The circuit adds two
bits and produces their sum and carry. The circuit comprises six
Vdd

transistors. The inputs ‘0’ and ‘1’ logic levels of the half-adder are
Fig. 6: Equivalent circuit of the half-adder.

corresponding to voltages of 0.0Volt and 2.9Volt, respectively.
The results of simulations provided by SIMON simulator, show
that the low and high levels of output voltages, sum and carry, are

V. SIMULATION RESULTS AND DISCUSSION

approximately 0.0Volt and 0.1Volt, respectively. These results

In this paper, simulations are performed by using SIMON

also indicate that the presented half-adder operates correctly.

which is a Monte Carlo simulator for single-electron devices and
circuits. What we have simulated is the change in the voltage of
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