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Current mirror is basic building block of amplifier, oscillator and comparator circuit. An ideal current
mirror is independent of input power and temperature. The output current is constant mirrored image of
input current. In order to avoid wrong equilibrium it must have high output impedance. This can be
achieved by using super cascode formation. The single electron coulomb blockade structure provides low
voltage operation and scaling of transistor to 10 nm. The Single Electron Transistor (SET) based CM is
modeled and analyzed by simulation and the results shows improved performance of CM.
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1. BACKGROUND

The rapid growth in IC manufacturing leads to scal-
ing of transistors to a nanometre range [1-3]. According
to Gorden Moore the number of transistors per unit
area in ICs becomes double after every 18 months [4].
Over a decade the size of transistors continues to de-
crease but it reached to optimum value in current years
[6, 6]. The promising approach to continue scaling of
transistor is single electron transistor (SET) architec-
ture [7, 8].

In the semiconductor physics electron play a very
important role. The flow of electron is from higher po-
tential to lower potential [9]. The operation of field ef-
fect transistor is controlled by threshold voltage. So
FET called as voltage controlled device and comple-
mentary BJT are current controlled device [10]. The
output characteristic of field emitter transistor shows
that width of channel plays an important role in the
drain current conduction. Generally area of source is
greater than drain. On the other hand scaling of tran-
sistors to nano-range leads channel length modulation
(CLM) effect. The CLM causes the change in output
current in the integrated circuits. To maintain the val-
ue of current constant in the electronic circuit the cur-
rent mirror (CM) circuit is used. The CM is fundamen-
tal building block of amplifiers, filters, attenuators,
OTA, current conveyors, analog to digital converters,
digital to analog converters and VCO [11-13]. The cur-
rent mirror causes the mirroring of the input current
with output current irrespective of its loading. The
need of future IC is compactness in size and accuracy of
operation [14, 15]. For that purpose modelling of cur-
rent mirror is important. In the modelling the hybrid
combination of SET and CM gives reduced size, low
power consumption and higher accuracy performance.

1.1 Basics of Current Mirror

The current mirror circuit is the basic building
block of analog circuit design. The circuit which is
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forced, output current equal to input current. The de-
signs which can be formed by current mirror are analog
converters, oscillators and amplifiers [16]. Important
characteristic of integrated circuit design is low-voltage
operation, low power consumption, wide bandwidth
and minimum area requirements therefore, and there
is a growing need for new low-voltage analog circuit
design [17, 18]. The VCO and delay locked loops are
important circuits operated at low power with current
mirror [19-21]. The basic block diagram of current mir-
ror is as shown in Fig. 1.
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Fig. 1 — Block diagram of current mirror

Ideal current mirror has zero input resistance and
infinite output resistance, which implies that the input
voltage does vary with the input currents and the out-
put currents are independent of applied voltage [23]. In
reality a CM require minimum voltage at the output to
ensure that the device operate in saturation [24]. This
called the output compliance voltage. Accurate mirror-
ing of the signal requires perfect matching of the mir-
roring transistor M1 and Mo.

From Fig. 2 it is observed that if a transistor is bi-
ased at Irer, then it produces VGS = f~ 1(Irer). Thus if
this voltage is applied to the gate and source terminals
of second MOSFET, the resulting current is lovr=f
[~ Y(Irer) = Irer as shown in Fig. 2. From another point
of view, two identical MOS devices that have equal
gate source voltage and operate in saturation carries
equal current (if A =0). From the figure having M and
Mz, neglecting channel-length modulation, the current
relations can be expressed as,

© 2021 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.13(1).01017
mailto:vidhate.a.d@gmail.com
mailto:shrutisuman23@gmail.com

ASHOK. D. VIDHATE, SHRUTI SUMAN

\JVI.\}
Vour
TN
W 10ur
M1 I 1\ 1\ I M2
VGs1 ‘:[SZ
777 Ground
Fig. 2 - Basic MOS current mirror
IrEF= (1/2),un00x(W/L)I(Vgs—‘/th)z (11)
Ilour= (1/2),un00x(W/L)I(Vgs—‘/th)z (12)

Dividing equation (2) by equation (1), the relation
between Iour and Irer is obtained as,

Iour= Irer [(WIL)2 [(WIL)1] (1.3)

If width to length ratio of both transistors is same
mirroring of current from input to output takes place.

1.2 Cascode Current Mirror

To remove out the drawback of basic current mirror
the new structure is cascode current mirror. In cascode
current mirror the two basic CM circuits are connected
one above one i.e. in stacked form. This structure in-
creases output resistance as well as increases gain of
the CM [25]. The cascade CM is as shown in Fig. 3.
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Fig. 3 — Cascode current mirror

The cascade structure is formed by using n-p-n
MOSFET. In the previous circuit the effect of channel
length modulation is not considered due to that accura-
cy of basic CM is less. This problem is overcome by cas-
code CM. For cascode CM small signal output re-
sistance is given as,
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rour = roz+ roz2(1 + ros3(gms + gms3)) = gmarosroz (1.4)

Hence the output resistance of cascode CM is equal
to output resistance of simple CM multiplied by gain of
MOSFET Ms. This means by increasing cascode levels
the output resistance of CM increases. But the main
drawback is that this also increases the voltage head-
room which not applicable for power saving structures
[26].

1.3 Basics of Single Electron Transistor

In electronics transistor is most important device.
The transistor can work as switch and amplifier. In
computers transistors are used as tiny switches for
turning ON and OFF. It is also used to amplify the sig-
nals. In modern days transistors are large in size but
now a day’s transistor size is reduced to nanoscale [27].
In a microchip now a days billions of transistors are
available each one turning ON and OFF bullions time
per second. Every year the size of transistor is reduced.
In modern days to switch ON the transistor it requires
10 million electrons. But in present day transistor re-
quires approximately 10 thousand electrons rather
than moving many electrons through transistor it is
necessary to move one electron at a time for better effi-
ciency. This concept is called single electron phenome-
non [28].

Fig. 4 shows single schematic of single electron
transistor. The single electron transistor consists of
conductive island dot separated by three conducting
terminals [29]. These three connecting terminals are
gate, source and drain. In this structure possible to add
fourth gate terminal to form four terminal transistor
devices. The SET structure consists of two tunnel junc-
tions having high resistance (RD and RS). These high
resistive junctions provide path for flow of electron. As
these three electrodes are separate in between Quan-
tum dot and electrode the capacitances formed are gate
capacitance Cg, source capacitance Cs and drain capac-
itance Cd. The capacitance is also called as tunnelling
capacitance [30]. Due to wave properties of electron
tunnelling can easily done through barrier junction.
The SET is in conduction when the voltage is applied to
the gate terminal, this is Coulomb Blockade effect [31].
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Fig. 4 — Schematic of single electron transistor

The quantum dot is nano-size particle. As the size
of quantum dot is small, its capacitance decreases
when size is large it has greater capacitance when the
size 1s small the capacitance is small. So the size of
quantum dot decreases its charging energy denoted by
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wc increases. Charging energy is the energy needed to
add the electron to the quantum dot. When this charg-
ing energy is greater than thermal energy it does not
allow the electron to enter or exit from the quantum
dot. So no electrons can tunnel to or from quantum dot
[32]. So coulomb blockade is the charging effect which
blocks the injection or rejection of a single charge in to
or from a quantum dot.

For proper operation of CB effect:
a) The bias voltage is less than Vi < e/lc. Where e is the
electron charge and c is the capacitance of the junction;
b) The electrostatic charging energy must be greater
than thermal energy e%/2c;
¢) Quantum hall resistance h/e?2 must be greater than
tunnelling resistance.
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Fig. 5 — Voltage diagram of single electron transistor

Fig. 5 shows voltage diagram of single electron
transistor. It consists of quantum dot having nano-size.
Across this quantum dot three electrodes are placed
these are source, drain and gate. In between source and
drain it has quantum dot structure. Also it has capaci-
tor between gate and the quantum dot. The capacitor
tune the energy level of quantum dot to flow electron.
The quantum dot (QD) structure is mesoscopic struc-
ture. The source acting as electron donor and drain
acting as electron collector. QD acting as resister bel-
low the bias voltage based on energy level. When some
voltage is applied to gate the capacitance will change
and tune the energy level. This brings down the energy
level to the fermi energy of source. This causes electron
tunnel through the barrier junction and collected by
drain terminal.

Fig. 6 shows energy level diagram of electron tun-
nelling. It has shadow region at left and right side the-
se are source and drain. The source and drain are filled
with electron, one electron is shown by dot. In between
source and drain the central material is quantum dot.
The quantum dot is nano size so that energy level of
quantum dot is discrete in nature. There are two barri-
ers first barrier is in between source and Quantum dot
and another one is in between quantum dot and drain.
Without bias the energy level of source electron is not
matching with quantum dot so there is no conduction of
electron. After providing bias in between drain and
source still the energy level not change. If the voltage
(Vy) applied to gate terminal the capacitance change
between gate and quantum dot. The capacitance tune
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the energy level so it brings energy level to Fermi level
of the source value. Due to tuning energy level electron

tunnels through the barrier and quantum dot to reach
at drain. Only one electron conduction occurs.
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Fig. 6 — Energy level diagram of electron tunnelling

Fig. 7 shows equivalent circuit of an SET. It is in
separate input and output form. It has four resistors,
two diodes and two voltage sources. Drain source cur-
rent-voltage characteristic (lus — Vis) are shown by two
branches, these are Re— Vp and D2 and R3, Vp and Ds
respectively. To have positive and negative current flow
in the source-drain bias the directions of voltage and
diode are opposite. The charging energy is the cosine
function of the gate bias voltage. These are shown as,

Gate Drain

Re <

Vp Vp

Source

Fig 7 — Equivalent model of SET
R1(Vg) = CR1+ CRacos(Cf1-Vy),
R2(Vy) = R3(Vg) = CV/[CIz — 2CVe/R1(Vg)].

(1.4)
(1.5)

From the above equation the I-V characteristic find
out at various gate voltage.

In this paper, improved current mirror based on
single electron transistor is proposed. By applying cas-
code configuration the MOSFETs are connected in
stacked form which ensures high output impedance at
output side. Section 2 described the proposed single
electron based transistor current mirror architecture.
In section 3 the result analysis of SET CM is discussed
and presented in graphical form. Finally, conclusions
are given in section 4.
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2. METHOD

Previously the modelling of single electron transis-
tor has been restricted by temperature. Due to this
application of set are limited but today the modelling of
set is independent of temperature range. The set model
plays an important role in stable operation of set cir-
cuits. Set has advantages such as low voltage require-
ment, high output impedance and compact in size but
has limitations like background charge effect and lower
gain. Hybrid circuits are formed by cmos-set circuit
architecture. The hybridization of set with cmos re-
moves the limitations of set and high voltage gain and
high speed driving.

2.1 The Model

The modelled CM is bilateral gate implemented
self-biased current mirror. The circuit consists of four
n-MOS field effect transistor and two SETs. The circuit
is bilateral and symmetric which provides stable opera-
tion. The transistor M1 and Mz form basic current mir-
ror in this the drain and gate terminal of M are short-
ed to form diode connected configuration. The gate to
source voltage of both transistors (Vg1 and Vigs2) are
equal which ensures the output current is mirror image
of input current. The Vg voltage provides control gate
bias voltage to the quantum dot. This causes electrical-
ly induced quantum dot to provide high performance in
terms of parasitic MOSFET operation.
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Fig. 8 — Single electron transistor based current mirror
(SET-CM)

Imperial set modelling SET valley current modu-
lates as per input voltage and better operation in terms
of phase shift and coulomb oscillation period. This du-
plicates the complementary current to the output stage
regardless of leakage current.

3. RESULTS

Tanner EDA is used to model the circuit and Monte
Carlo simulation. The 1V input power supply used.
Simulations are carried out to find out input character-
istic, output characteristic and frequency response. At
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temperature 7= 30 K the gate capacitance of SET is
Cg = 3.3 af with junction capacitance of C=1.5 af, the
barrier resistance is R = 100 MQ.

3.1 I-V characteristic

Fig. 9 shows IV; characteristics of SET. Due to ap-
plication of input voltage current starts to flow in the
CM.

Iy [nA]

-0.04 -002 000 0.02 0.04

Vi [V

Fig. 9 — I-V characteristics

The current value is zero up to 0.5V as input be-
yond this current starts increasing exponentially. The
minimum compliance voltage obtained at the input side
is 0.6 V; this implies that ACM has low input re-
sistance.

3.2 [I-V Characteristic at Various Temperature

Fig. 10 shows output characteristics of ACM. In
VLSI output resistance should be high. The minimum
compliance voltage obtained for the CM is 0.2 V.

TIK

—-— 10

004 002 000 002 004
Vi [V

Fig. 10 — I-V Characteristic at Various Temperature Values

The specification of proposed CM with temperature
is given in Table 1 and the values are compared with
related CM circuit. It can be seen the output resistance
significantly increased with minimum input resistance.
In addition, its bandwidth is increased without sacrific-
ing any performance.
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Table 1 — Model parameters at various temperature

Temperature |10K |[30K |80K |100K |[300K
CI1 (nf) 0.21 [0.22 ]0.25 [0.27 0.37
CR1 (GQ) 1.35 |0.3 0.18 |0.15 0.1
CR2 (GQ) 1.2 0.1 0.01 ]0.005 0

4. CONCLUSION

In this paper, proposed current mirror using single
electron transistor is presented. Using this technique
input resistance and input compliance voltage get re-
duced to 5 Q and 0.2 V respectively. The frequency re-
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