Design of Ternary Memory Cell Using QDGFET
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Abstract— Ternary logic is able to handle higher data in less number of gate counts. So it can be said that it is a promising option to running
binary logic. So this approach is very cost effective as less number of gates require less area in a chip. A novel design of a ternary memory cell
based on QDGFETSs is proposed. Two B2B (Back to Back) connected inverters are use to make memory cell. It is the regular 6T memory cell
design. Hence the advantage of QDGFET is that it does not do any change and can be used directly in the circuit by replacing CMOS. Embedded
memory requires the largest share of area in modern high-performance circuit designs. As the technology progresses the demand for high
capacity memories also increases. So to fulfil this demand, researchers are trying to come up with new technology and solutions. The use of
ternary logic instead of binary logic is a possible solution. So in this research ternary memory cell is designed which can store one bit of ternary

logic data.
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l. INTRODUCTION

A conventional FET conducts based on the applied voltage
in its gate terminal. When the gate voltage is higher than the
threshold voltage of the FET, an inversion layer is formed
underneath the gate region which allows charge carriers to flow
from the source region to the drain region of the transistor.
According to Moore’s law, the number of transistor in the
integrated circuits doubles after every 2 years. There are two
approaches to follow Moore’s law: one is to decrease the
dimensions of the electronic devices and the other one is to
increase the bit-handling capacity per device. As the different
dimensions of the device decrease, other issues like gate
leakage current [1]-[3], ON-OFF ratio as well as the noise
margin, and so on also degrade. So the second approach, which
is, to increase the bit-handling capacity of transistor, becomes
more important to achieve Moore’s law.

Multivalued logic (MVL) has the following advantages.

e In MVL, each wire can transmit more logic state than
a binary component. As a result, the number of
connections within the chip is reduced.

e Since each MVL component can process more
information than a binary element, the complexity of
circuits may be decreased.

e The ON- and OFF-chip connections can be reduced to
assist alleviate the pin-out difficulties that arise with
increasingly larger chips.

e The speed of serial information transmission will be
quicker because the transmitted information per unit
time is increased.

However, theory also predicts several disadvantages of

using MVL circuits.

e For fixed values of the highest and the lowest
voltages, the tolerances of the MVL circuits with more
logic levels will be more crucial than the binary
circuits.

e To realize low-output impedance, additional sources
of power are necessary to produce the intermediate
voltage outputs.
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e The process technology for the MVL circuit may be
more complex because the elements in a circuit must
deal with multivalued signals.

There are many applications of ternary logic circuits. The
main advantage of the ternary logic circuit is the high density
of logic elements. For example, in an N bit processor, the
number of bits per word that needs to be stored is N2, whereas
in the ternary logic, the number of bits per word should be N *
log32. Three-valued memory can reduce 37% overall area of
the upcoming microprocessor units. The number of memory
cells and hence the capacitance of both the bit lines and the
word lines also decreases using three-value logic circuit, which
can produce significant advantage in terms of the read power
and the write power [4]. The comparison of a binary full adder
and a ternary full adder in terms of delay, power, and power-
delay product is discussed in other works [4].

The drawback of three-valued logic circuit is the static
power dissipation. But since the number of circuit elements is
less in the ternary logic, the total power is also less for the large
memory size. For large memory size, ternary logic can
noticeably reduce the area and the power consumption.

MVL can be implemented using different kinds of devices
like resonant tunneling diodes [5], [6], resonant tunneling
transistors [7]-[8], modulation-doped FETs [9]-[11], high
electron mobility transistors [13]-[15], carbon nanotube field
effect transistors (CNTFETS), single electron transistors
(SETs), and so on. Among these semiconductor devices,
CNTFET, SET and QDGFET are the most promising devices
to implement the MVL in future.

In the CNTFET based ternary logic circuits [18], the circuit
design is based on different CNTFETs which have different
Vth based on the CNTFET is different than the conventional
CMOS architecture. In the resistor based CNTFET circuits, the
value of the resistor is so high that it is difficult to fabricate on
the chip. Whereas, the conventional CNTFET-based circuit has
more number of elements than that in the CMOS circuit, for
example, standard ternary inverter (STI) has six CNTFETS.
Besides this uniform CNTs having same diameter and similar
orientation are difficult to fabricate.

On the other hand, the main problems of SET-based [19]
logic implementation is lithography techniques, background



charge, co-tunneling, and room temperature operation. Two
major drawbacks of the SET as an electronic circuit component
are, it does not have internal memory and it cannot carry direct
current, so that an ultrasensitive electrometer is necessary to
measure its charge state.

Randomness of the background charges of an SET may also
produce capacitive coupling between the different gates of the
different transistors.

Direct copying of CMOS circuits using SET is impossible,
and in order to get substantial parameter margins, even the
simplest logic gates have to be redesigned. Besides this, their
operation range starts shrinking under the effect of thermal
fluctuations as soon as their scale kBT reaches approximately
0.01E.

Because of the presence of quantum dots in the gate region,
QDGFET produces one extra intermediate state between its
two stable states in its transfer characteristics [15], [16]. The
generation of the intermediate state can be explained by the
resonant tunneling of charge carriers from the inversion layer to
the quantum dots on top of the gate region. Because of the
quantum dots in the gate region are cladded by a high band gap
insulator, charge leakage for these devices are very small,
which gives the stability to the generation of the intermediate
state between its normal ON and OFF states. Another
advantage of QDGFET is that it can be fabricated in
conventional CMOS process at room temperature. The
quantum dot self-assembly is also performed at room
temperature. The threshold voltage of QDGFET can be
controlled easily either by changing the gate insulator thickness
or changing the number of quantum dot layers on top of the
gate region. The background charge problem of SET is also
absent in QDGFET. In our proposed circuit design, we use
QDGFET as the key circuit element which itself can produce
three stable states in its transfer characteristics. QDGFETS can
be used in the conventional CMOS architecture to implement
ternary logic circuits. The design complexity will decrease
when implementing ternary logic circuits based on QDGFET.

In three-value logic circuit, one more substantial drawback
is that none of the transistors in each complementary pair is
closed too well, so that the static leakage current in these
circuits is fairly substantial. The static power consumption for
relatively large devices operating at helium temperatures is
negligible. However, at the prospective room temperature
operation, this power becomes on the order of 10-7 W per
transistor. Though apparently low, this number gives an
unacceptable static power dissipation density (>10 kW/cm2)
for the circuits which would be dense enough (>1011
transistors per square centimeter) to present a real challenge for
the prospective CMOS technology. Static leakage current flow
in QDGFET based ternary logic circuit is very low.

This paper is organized as follows. Section Il describes the
fabrication methodology of a QDGFET. Sections Il describes
circuit model. IV explains inverter operation. Section V
explains proposed memory cell. Section VI gives conclusion
and after that there are references which are used to do research
for this topic.

Il.  FABRICATION METHODOLOGY

Structurally the QDGFET and the QDG nonvolatile
memory are same. The basic differences are: i) absence of any
control oxide layer separating the quantum dot layer and the
gate electrode and ii) inclusion of two layers of cladded
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quantum dots in the gate region of the QDGFET. NVMs work
even with one layer of quantum dots serving as a floating gate.

The detailed method of fabrication is discussed in different
papers [17].

P-type silicon wafer is used to fabricate QDGFET.
Phosphorous is diffused at 1000 °C for 5 minutes in the source
and drain regions of the sample where 1200-A oxide is used as
a mask, Source and drain diffusion is followed by the growth of
the gate oxide. In this process, first, the gate region is etched
with buffered oxide etch, and 20-A oxide is grown at 800 °C
for 5 min in a dry oxidation furnace. Quantum dots are
deposited on top of the gate oxide by a site-specific self-
assembly method. In this method, SiOx-cladded -Si quantum
dots are deposited on top of the gate insulator because of the
pH of the quantum dot solution. Silicon dots of desired size can
be obtained by repeatedly oxidizing and etching the dot
solution. Silicon dot self-assembly is followed by the
source/drain contact formation using gold—arsenic (AuAs). At
last, gate contact is formed by evaporating aluminum on top of
the sample and forming metal interconnect by patterning the
Au.
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Figure 1. (a) Cross-sectional schematic of QDGT:ET. (b) High-resolution
micrograph image (HRTEM) picture of a fabricated QDGFET
Fig. 1(a) shows the cross-sectional schematic of a
QDGFET. Fig. 1(b) shows the HRTEM of a fabricated
QDGFET which shows the presence of two layers of silicon
oxide cladded -Si quantum dots on top of the gate insulator.

I1l.  CIrRCUIT MODEL

Initially, the effective threshold voltage is divided into three
regions, OFF state, intermediate state and ON state, based on
the fabricated device transfer characteristics. The threshold
voltage of a QDGFET can be given according to (1).

As the gate voltage increases, initially the threshold voltage
is same as a conventional FET which is represented by VT.



When the gate voltage increases through a range of voltages,
Vg1 to Vg2, the threshold voltage changes linearly with respect
to the gate voltage. This changes is controlled by the o
parameter. With a= 0, the model behaves like a conventional
FET and with o= 1 the model has a threshold voltage that
changes directly with the gate voltage which represents QDG-
FET characteristics. The parameter o depends on the size and
number of dots which can be controlled at fabrication time, and
as a result change the QD gate charge. The Vgl and Vg2 terms
are also determined at fabrication time. Using the equations for
VTeff from Eq.(1), the drain current equations can be derived
using traditional MOSFET circuit modeling techniques.

Vr, Ves < Vg
Viers =4Vr+ a (Ves = Vgr)s Vg1 <Vgs <Vgz (1)
VT + a (ng - Vgl)' VGS > ng
0, Vs < Vress

w v
Colt (Vcs —Vrefr- ?) Vps:

2
(Ves=Vrefr)
B a—

Ips = o Vps <Ves —=Vrerr (2

7%
T Cou Vs > Vs — Vrery

It should be noted that QD gate lowers the current when
Vs>V Moreover when o = 1, Vit = V1 + Vgs — Vg
meaning that IDS = (W/L)Cou[Vg — V1 — (Vps/2)] Over the
Vgl to Vg region. According to this equation Ips is
independent of Vgg over this region, leading to a flat current
curve over the region. Using these principles, the Vth of
conventional FET is modified according to (1) in Berkeley
Simulation model (BSIM 3.2.0 and BSIM 3.2.4) which is very
popular for nano-FET modeling and conducted simulations of
QDGFET based ternary logic circuits using Cadence.

IV. THREE STATE COMPLEMENT FUNCTION

A three stare complement is an operation with one input
(nand three outputs (10, I1,and 12) such that r is the number of
states in the logic space [18]. The implementation of ternary
inverters requires three inverters: negative ternary inverter
(NTI), STI, and positive ternary inverter (PTI) where lo, I;,and
I, should be the different outputs, respectively [19]. The truth
table for these three inverters is shown in Table I.

_ % ifr—20
b= 0 ifr=
1’1 = Zq— 4 ) -
I‘=f_‘ if v+ 2
7o, ifr=2

The circuit diagram of QDGFET STI is shown in Fig 2.
This circuit is the same as a conventional CMOS inverter,
except that the transistors have been replaced by QDGFETS. In
this circuit, when the input is 0, the P-QDGFET is in the ON
state and the N-QDGFET is in the OFF state, which makes the
output 2. When the input is 2, the P-QDGFET is OFF and the
NQDGFET is ON, which make the output 0. When Vin is
equal to 1, both transistors are in the intermediate mode, thus
making both of them behave like a resistor. In this situation, the
circuit behaves like a voltage divider which produces an
intermediate logic output assuming both transistors have
equivalent Bs. This intermediate logic output depends on
different parameters of both QDGFETS and their size ratios. In
other words, changing the size ratio will give different
complement functions.
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The circuit diagram for the NTI and the PTI is same as
given in Fig. 4(a) where the QDGFETs are replaced by
conventional pMOS and nMOS transistors with 22 nm feature
size parameters. According to the Vth of pMOS and nMQOS, the
inverter can behave as a NTI or as a PTI. For NTI, the
threshold voltage of the pMOS is —0.3 V and that of the nMOS
is 0.11 V. When the input voltage is below 0.11 V, the nMOS
is OFF and the output is 0.5 V. When the input voltage is above
0.11 V, nMOS is ON and the output is zero. For the PTI
implementation, the threshold voltage of the nMOS and the
pMOS should be 0.3 V and —0.2V, respectively.

VDD
P-QDG-FET
Vin Vout
N-QDG-FET
Ground
~NS
Figure 2: Circuit Diagram of STI
Input | STI | PTI | NTI
0 2 2 2
1 1 2 0
2 0 0 0

Table 1: Truth table of STI, PTI and NTI

V. TERNARY MEMORY CELL

The schematic diagram of ternary memory cell is shown in
fig 3.

Figure 3: Circuit diagram of ternary memory cell
As shown in the fig 3, back to back connected two inverters
form the memory cell. Four transistors M1, M2, M3 and M4
form the two back to back connected inverters. Transistors M1
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Figure 4: Output waveform of ternary memory cell.

circuits than the other. QDGFET allows MVL processing
which gives one intermediate state between the two stable
states. Apart from these advantages, the main advantage of
QDGFET is that it can be used directly by replacing cmos with
QDGFET in the existing circuit. No need to design the circuit
from the scratch.

and M6 form the wwil logic.

Output waveform of the circuit shown is shown in the fig 4.

In the waveform, first two lines waveforms are of wbl and
rbl. The inputs wbl and rbl are inverse of each other. Third
waveform is wwl logic. And Last two waveform is of first and
second inverters.

As we can see in the output waveform, when ever the wwl
line is enabeld, both the inverters are connected to wbl and rbl
lines. And the value supplied in wbl and rbl lines is reflected in
the output of the both the inverters. So from the output
waveforms we can say that QDGFET works as a stable ternary
memory cell eliment.

VI. CONCLUSION

From the properties and behaviour of QDGFET, it can be
concluded that there are many advantages of using QDGFETS
than other CMOS device because it require less no of circuit
element than CNTFET and CMOS. Low power consumption
was also observed in the QDGFET-based three-value logic
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