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Abstract—This paper proposes a new design of a highly stable
and low-power static RAM (SRAM) cell using carbon nanotube
FETs (CNTFETsS) that utilizes different threshold voltages for best
performance. In a CNT, the threshold voltage can be adjusted
by controlling the chirality vector (i.e., the diameter). In the pro-
posed six-transistor SRAM cell design, while all CNTFETs of the
same type have the same chirality, n-type and p-type transistors
have different chiralities, i.e., a dual-diameter design of SRAM
cell. As figures of merit, stability, power dissipation, and write
time are considered when selecting the chirality for the best over-
all performance. A new metric, denoted as “SPR,” is proposed to
capture these figures of merit. This metric shows that a CNTFET-
based SRAM cell provides an “SPR” that is four times higher
than for its CMOS counterpart that has the same configuration,
thus attaining superior performance. Finally, the sensitivity of the
CNTFET SRAM design to process variations is assessed and com-
pared with its CMOS design counterpart. Extensive simulations
have been performed to investigate the distribution of the power
and delay of the CNTFET-based SRAM cell due to variations in
the diameter, supply voltage, and temperature of the CNTFETs.
The CNTFET-based SRAM cell demonstrates that it tolerates the
process, power supply voltage, and temperature variations signifi-
cantly better than its CMOS counterpart.

Index Terms—Carbon nanotube FET (CNTFET), high perfor-
mance, process variations, static RAM (SRAM) design, threshold
voltage.

I. INTRODUCTION

T nano-feature sizes, scaling has resulted in increased
A short-channel effects, reduced gate control, exponentially
rising leakage currents, severe process variations, and high
power density. As today’s very large scale integration (VLSI)
systems mostly rely on silicon MOS technology, the Indus-
try Technology Roadmap (ITR) has predicted that in the nano
regimes, the expected high density will encounter substantial
difficulties in terms of physical phenomena and technology
limitations, possibly preventing the continued improvements
in figures of merit, such as low power and high performance.
Nanoscaled alternatives to bulk silicon transistors are therefore
being pursued. Ultrathin body devices such as FInFETs have re-
ceived an increasing attention in recent years [1]. Furthermore,
new materials and devices have been investigated to replace sili-
con in nanoscaled transistors from the year 2015 and beyond (as
per ITR prediction). Carbon nanotube FETs (CNTFETS), for ex-
ample, are promising due to their unique 1-D band structure that
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suppresses backscattering and makes near-ballistic operation a
realistic possibility [2]-[5].

Design of fast and power-efficient memory structures contin-
ues to be of the highest priority, and ballistic transport operation
and low OFF current make the CNTFET a suitable device for
high performance and increased integration density of SRAM
design. Moreover, the MOSFET-like model of the CNTFET is
likely to be scaled down to 10 nm channel length, thus pro-
viding a substantial performance and power improvement com-
pared to the MOSFET model (with minimum channel length
of 32 nm [6]). Therefore, an SRAM design implemented using
CNTFETS requires a significantly smaller area than its CMOS
counterpart. A resistive-load CNTFET-based SRAM cell has
been proposed in [7]. However, large off-chip resistors (i.e.,
100 M) are needed in the configuration due to the current
requirements of the CNTFETs. This resistive-load CNTFET-
based SRAM cell design is modified with p-type transistors as
active load to address this problem, as proposed in this paper.

The use of transistors with multiple threshold voltages (i.e.,
a so-called multithreshold design) is widely utilized in today’s
CMOS circuits to improve performance. The threshold volt-
age can be changed by applying different bias voltages to the
bulk terminal of the CMOS transistors. The threshold voltage of
CNTFET is determined by the CNT diameter. Therefore, CNT-
FETs with different threshold voltages can be accomplished by
growing CNTs with different diameters (chiralities). In this pa-
per, a CNTFET-based SRAM cell design with optimized thresh-
old voltages is proposed, assessed, and compared to the CMOS
implementation of the same cell. Different diameters (and there-
fore, chirality) are utilized for the two types of CNTFETs (i.e.,
n or p). The optimum chirality is selected to achieve the best-
combined performance in terms of stability, power consumption,
and write time of the CNT-based SRAM cell. The write opera-
tion of the SRAM cells is evaluated using the novel comprehen-
sive metric denoted as “SPR.” The analysis and simulation for
systematic and random process variations are also performed to
demonstrate that the CNTFET memory cell is less susceptible
to random variations than its CMOS counterpart.

II. CARBON NANOTUBE FET

CNTFETs utilize semiconducting single-wall CNTs (SWC-
NTs) to assemble electronic devices; CNTFETs have been
shown to have properties similar to MOSFETs. An SWCNT
consists of only one cylinder, and the simple manufacturing
process of this device makes it a very promising alternative to
today’s MOSFET. An SWCNT can act as either a conductor or a
semiconductor, depending on the angle of the atom arrangement
along the tube. This is referred to as the chirality vector and is
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Fig. 1. Schematic diagram of a CNTFET. (a) Cross-sectional view. (b) Top
view.
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Fig.2. Equivalent circuit model for the intrinsic channel region of a CNTFET

[6].

represented by the integer pair (n, m) [6]. A simple method
to determine whether a CNT is metallic or semiconducting is
based on considering the indexes (n, m), i.e., the nanotube is
metallic if n = m or n — m = 3i, where ¢ is an integer. Other-
wise, the tube is semiconducting. The diameter of the CNT can
be calculated from [6] as a function of m and n. Fig. 1 shows the
schematic diagram of the CNTFET [6]. Similar to the silicon
device, the CNTFET has four terminals. Also, a dielectric film is
wrapped around a portion of the undoped semiconducting nan-
otube, and a metal gate surrounds the dielectric. Fig. 2 shows the
equivalent circuit model implemented in HSPICE, as proposed
in [6]. Heavily doped CNT segments are placed between the gate
and the source/drain to allow for a low series resistance during
the ON-state [8]. As the gate potential increases, the device is
electrostatically turned on or off via the gate.

The I-V characteristics of the CNTFET are shown in Fig. 3,
and they are similar to those of MOSFET. The CNTFET device
current is saturated at higher Vg, (drain-to-source voltage) as
channel length increases, as shown in Fig. 3, and the ON-current
decreases due to energy quantization in the axial direction at
32 nm (or less) gate length [6]. The threshold voltage is defined
as the voltage required to turn on the transistor, and the threshold
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Fig. 3. I-V characteristics of a ballistic CNTFET.

voltage of the intrinsic CNT channel can be approximated to the
first order as the half bandgap, which is an inverse function of
the diameter [6]

Vi ~ & — @ aVz )
th 2e 3 eDCNT

where a = 249 A is the carbon-to-carbon atom dis-
tance, V; = 3.033 eV is the carbon m—m bond energy
in the tight bonding model, e is the unit electron charge,
and Dcgnt is the CNT diameter. Then, the threshold volt-
age of the CNTFETs using (19, 0) CNTs as channels is
0.289 V because Doyt of a (19, 0) CNT is 1.49 nm. Simu-
lation results have confirmed the correctness of this threshold
voltage. As the chirality vector changes, the threshold voltage
of the CNTFET will also change. The threshold voltage of the
CNTFET is inversely proportional to the chirality vector of the
CNT. For example, the threshold voltage of the CNTFET us-
ing (13, 0) CNTs is 0.423 V, while the threshold voltage of the
CNTFET using (19, 0) is 0.289 V. Fig. 4 shows the threshold
voltage of p-type CNTFET (PCNTFET) with CNTs of different
chirality vectors. For n-type CNTFET (NCNTFET), the thresh-
old voltage is determined similarly to that of the PCNTFET, but
has an opposite sign [6]. The threshold voltage of the CNTFET
depends only on the chirality vector of the CNT. Therefore,
CNTFETs provide a unique opportunity for threshold voltage
control by changing the diameter of the CNT [9]. Extensive
research has been pursued for manufacturing well-controlled
CNTs [10], [11]. In this paper, a dual-diameter CNTFET-based
SRAM design is proposed and designed for best performance.
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Fig. 5. 6T SRAM cell in (a) CMOS and (b) CNTFET.

III. SRAM DESIGN

Fig. 5(a) shows the conventional [six-transistor (6T)] SRAM
cell configuration used as the core storage element of most reg-
ister file and cache designs in CMOS. With today’s aggressive
scaling, substantial problems such as power consumption and
stability have already been encountered when the 6T SRAM
cell configuration is utilized in CMOS at nanoscale ranges. In
this paper, the 6T SRAM cell of Fig. 5(a) is designed using
CNTFETsS [shown in Fig. 5(b)], and its performance is assessed
comprehensively with a newly proposed figure of merit, denoted
as “SPR,” to compare stability, power dissipation, and write time
with other existing SRAM cell designs. The basic design con-
cept of the CNTFET-based memory has been proposed in [13]
by the same research group, and this paper presents the actual
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Fig. 6. MN4/MN2 ratio versus voltage rise at nq for SRAM cells.

design of the concept addressing the realistic design challenges
and issues such as performance, static noise margin (SNM),
power consumption, and tolerance to process, power supply
voltage, and temperature (PVT) variations.

A. Read Operation

Prior to the read operation, BL and BLB of Fig. 5(b) are
precharged to high level. When the wordline signal WL is high,
the access transistors MN1 and MN2 are turned on, and the data
stored in the SRAM are read. However, a read-upset problem is
present during the read operation, and this may change the data
stored in the SRAM cell. The read-upset problem can be de-
scribed as follows. Assume that the cell is currently storing 1 so
that q is 1 and nq is 0. When WL is high, MN1 and MN2 are ON
and the voltage at node nq will rise. An appropriate sizing ratio
between MN4 and MN?2 is required to limit the voltage at node
nq to be lower than V;y, such that the stored logic value does
not change during the read operation. In the traditional CMOS
design, the MN4/MN?2 ratio should be greater than 1.28 for this
requirement [12]. For the CNTFET SRAM design, simulations
have been performed to establish the sizing ratio of MN4 and
MN?2. The gate and source of MN2 are connected to V44, and the
gate of MN4 is also connected to Vg4 as the voltage at g needs to
be set to 1. The simulation results are shown in Fig. 6 for various
MN4/MN?2 ratios and gate lengths. Unlike MOSFET, the tran-
sistor size ratio of the two CNTFETsS is measured as the number
of tubes in the two CNTFETs. As mentioned in Section II,
the threshold voltage of the (19, 0) CNTFET is 0.289 V. There-
fore, the MN4/MN?2 ratio should be kept greater than 0.5 to
keep the voltage of nq below threshold voltage. However, for
fair comparisons, the MN4/MN?2 ratio used in this paper for the
CNTFET SRAM design needs to be greater than 1.4 to control
the low state voltage below the threshold voltage of the 32-nm
MOSFET, which is 0.18 V [16].

B. Write Operation

During the write operation, the wordline WL is high to allow
the data on bitlines BL and BLB to be written into the SRAM
cell. For a successful write to an SRAM cell, the pull-up tran-
sistor should not be too strong. Assume that the SRAM cell is
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Fig. 7. MPS5/MNI ratio versus write voltage at g for SRAM cells.

storing “1” and it is required to write a new data “0” into the
SRAM cell. The node q in Fig. 5(b) is going to be low, so the
pass gate MN1 must be significantly more conductive than the
PMOS MP5. In the traditional CMOS design, the MPS/MN1
ratio should not be greater than 1.6 [12]. For CNTFET SRAM
design, simulations have been performed to establish the size
ratio between MP5 and MNI1. The bias voltage on the gate of
MPS5 is kept below V4, and the bias voltage on the gate of MN1
is Vqq. Fig. 7 shows the simulation results for various ratios and
channel lengths. Any MP5/MNI ratio of less than 1.6 can pull
node q below 0.289 V, which is the threshold voltage of a CNT-
FET with (19, 0) nanotubes. Similarly to the read operation,
the MP5/MNI ratio used in this paper for the CNTFET SRAM
design needs to be less than 1 to ensure that the write voltage
at node q is not higher than the threshold voltage of the 32-nm
MOSEFET (.e., 0.18 V).

Therefore, for the proposed dual-diameter CNTFET-based
SRAM cell design, the transistor size ratios among the pull-
up FET, the pull-down FET, and the access transistors are
MP5/MN1 = 0.5 and MN4/MN2 = 1.5. PCNTFETs with one
tube are used for MP5 and MP6, while NCNTFETSs with three
tubes are used for MN3 and MN4. The number of tubes used
for MN1 and MN?2 is 2.

As the channel length of the CNTFET decreases to 32 nm or
below, the drain current of the CNTFET decreases due to energy
quantization in the axial direction. Phonon scattering in short-
channel devices further reduces the ON-current [17]. As shown
in Fig. 3, the drain current of CNTFET decreases dramatically
when the channel length is less than 20 nm. Therefore, by con-
sidering area and performance, a 20 nm gate length is chosen in
this paper for the design of the CNTFET-based SRAM cell.

As the distance between two adjacent tubes within the same
device is 20 nm and the channel length chosen in this paper
(as per previous discussion) is also 20 nm [6], the dimensions
of the pull-up transistor MPS5, the pull-down transistor MN3,
and the pass-gate transistor MN1 are 40/20, 80/20, and 60/20
nm, respectively (40/20 nm denotes the width to length ratio).
For a CMOS SRAM cell with a transistor length of 32 nm

and circuit performance similar to the CNTFET SRAM cell
proposed in this section, the widths of MP5, MN3, and MN1 are
found to be 80, 160, and 120 nm, respectively. Therefore, there
are two 80/32 nm PMOS transistors, two 160/32 nm NMOS
transistors, and two 120/32 nm NMOS transistors in the CMOS
SRAM cell. Compared to the CMOS at 32 nm feature size,
the CNTFET-based SRAM cell has two 40/20 nm p-CNTFETs,
two 80/20 nm n-CNTFETs, and two 60/20 nm n-CNTFETs.
These transistors are used in the next section to establish the
best operation under the optimized threshold voltages for the
dual-diameter CNTFET-based SRAM cell.

IV. DUAL-CHIRALITY SRAM CELL DESIGN

Since the threshold voltage of CNTFET can be controlled
by adjusting tube’s diameter, the design of CNTFET-based cir-
cuits with different threshold voltages is possible because CNTs
can be grown with different diameters [9]-[11]. In this paper,
NCNTFETs and PCNTFETSs use CNTs that have different chi-
rality vectors for the best (optimized) performance. However,
all NCNTFETSs use CNTs with the same chirality vector and all
PCNTFETsS also use the same chirality vector (the dual-diameter
arrangement is used for simplicity, although additional thresh-
old voltages could also be utilized by using CNTs with different
diameters in the transistors).

A new index is defined for the CNTFET-based SRAM de-
sign, and it is given by the triplet (np, nn, m), where np and
nn represent the first chirality vector “n” of the PCNTFETSs
and NCNTFETs, respectively, and m is the common second
chirality vector “m” of the two CNTFETs. For example, an
SRAM cell with (16, 0) PCNTFETS and (19, 0) NCNTFETS is
represented by the index triplet (16, 19, 0). The difference in
chirality between NCNTFETs and PCNTFETs must also take
into account the performance of the SRAM memory cell. As
for CMOS SRAM, the threshold voltage of the pull-up p-type
FETs [MP5 and MP6 shown in Fig. 5(b)] have a close relation-
ship with the SNM of the SRAM cell (the SNM is defined as
the maximum value of dc noise voltage that can be tolerated by
the SRAM cell without changing the stored bit [14]). The SNM
is commonly used as a metric for static stability of an SRAM
cell [15].

To investigate the SNM of the proposed dual-diameter CNT-
FET SRAM, extensive simulations have been performed on
CNTFET SRAM cells with index triplets of (10, 19, 0),
(13, 19, 0), (16, 19, 0), (19, 19, 0), and (22, 19, 0) for the
transistors. Fig. 8 shows the simulation results of the read SNM
of the SRAM cell at 0.9 V power supply and room temperature.
For the 6T SRAM cell configuration in Fig. 5, the worst-case
stability condition occurs when the cell is accessed for read
operation, i.e., the read SNM is lower than the hold SNM. Sim-
ulation has shown that as the chirality vector of the PCNTFETSs
changes from (10, 0) to (22, 0), the SNM of the CNTFET SRAM
is increased. As shown in Fig. 8(a), the read SNM of the CNT-
FET SRAM is larger than that of the CMOS SRAM at 32 nm
feature size. Simulation has also been performed by changing
the chirality vector of the NCNTFETs in the range from (10, 0)
to (22, 0). As shown in Fig. 8(b), the values of the read SNM of
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Fig. 8. SNM of the SRAM cell with (a) different PCNTFET chirality vectors
and (b) different NCNTFET chirality vectors.

the CNTFET SRAM change little as the chirality vectors of the
NCNTFETSs change. Therefore, for best stability, the chirality
vector of the PCNTFETSs must be adjusted.

The stability of the SRAM cell can be increased by decreas-
ing the absolute value of the threshold voltage of the pull-up

transistor by controlling its chirality vector. However, there is
a conflicting constraint between performance and stability. At
a better ability to hold data, it is also harder to write new data
into the SRAM cell, i.e., it takes more time to write new data.
To find the optimum chirality for both PCNTFETs and NCNT-
FETs, both the SNM and the write time must be considered.
Table I shows the SNM and the write time of the CNTFET
SRAM cell with different threshold voltages of the PCNTFET
at 0.9 V power supply and room temperature. Both the SNM
and the write time increase with decrease of the absolute value
of the threshold voltage of the pull-up transistor. For a highly
stable and low-delay design, a high SNM and a fast write time
are desired. Therefore, the SNM is divided by the write time
to find the best threshold voltage of the PCNTFET for both
high SNM and fast write time. As shown in Table I, when the
threshold voltage of the PCNTFET is |0.343 V| for a (16, 19,
0) SRAM cell, the ratio between the SNM and the write time is
the highest among the CNTFET SRAM cells listed in Table I.
Therefore, the (16, 19, 0) SRAM cell is selected for best overall
performance. It is also shown in Table I that the ratio between
the SNM and the write time for the CNTFET SRAM cell is
significantly higher than for the CMOS SRAM cell, i.e., high
stability is attained at a low write time.

V. METRIC FOR MEMORY CELLS

To compare the dual-diameter CNTFET and CMOS SRAM
cell configurations, a novel metric is introduced in this section.
This is required to comprehensively assess the performance as a
function of delay, stability with respect to noise, and power dis-
sipation within a comprehensive metric. HSPICE simulations
are performed using the Stanford CNTFET model [6] and the
Berkeley Predictive 32 nm CMOS model [16] to compare the
CNTFET and CMOS 6T SRAM cells. It has been shown in [15]
that both the SNM and the static current noise margin (SINM)
must be used to address the static stability of an SRAM cell.
Therefore, SNM and SINM are multiplied together to yield a
comprehensive figure of merit as the static power noise mar-
gin (SPNM). The power delay product (PDP) is an important
parameter, and is often used to measure and compare the cir-
cuits. It has been shown in [17] and [18] that the CNTFET has
very high ON/OFF current ratio compared to its CMOS counter-
part. Therefore, the standby power of the CNTFET SRAM is
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TABLE I
SPR OF SRAM CELLS AT 0.9 V POWER SUPPLY AND ROOM TEMPERATURE
Write Write
SRAM cell (Sgy) S(Iulil\)/l Power Delay SPR (1/s)
(uW) (ps)
CMOS
SRAM cell 117.6 34.33 29.56 24.64 4.142¢+9
CNTFET
SRAM cell 206.3 31.53 16.47 24.97 1.582e+10

significantly lower than for the CMOS SRAM. However, it is
also important to address write power dissipation as the power
dissipated by a memory cell during the write operation is higher
than the power dissipated during the read operation due to the
full swing charge and discharge on the bitlines during the write
operation. Therefore, the PDP of the SRAM cell proposed in
this paper is the product of the write power and the write delay.

The new comprehensive performance metric that is proposed
in this paper includes delay, stability, and power. It is given
by dividing the SPNM by the PDP, and this is referred to as
the SPNM to PDP ratio (SPR). The SPR (in seconds inverse)
can be expressed as SPR = (SNM x SINM)/(Write Power x
Write Delay) and provides a metric for high stability, low de-
lay, and low power in the operation of a memory cell. SPR
is also versatile as it can be used to assess performance un-
der different operational conditions, such as standby and write.
Table II shows the SNM, SINM, Write Power, and Write Delay
of the CMOS SRAM cell and the CNTFET SRAM cell at 0.9
V power supply and room temperature. As shown in Table II,
the CNTFET SRAM cell is designed to have the same write
delay as the CMOS SRAM cell. However, the other figures of
merit may change to meet this requirement. The decrease of the
write delay implies that it is easier to write data into an SRAM
cell, thus making stability degrade. Also, the improvement in
delay performance usually requires a larger transistor size, thus
increasing power consumption. Therefore, to comprehensively
assess performance as a function of delay and stability with re-
spect to noise and power dissipation, a new metric must be used.
The proposed SPR provides such a metric for an SRAM cell in
terms of delay, stability, and power. Table II confirms that the
SPR of the CNTFET 6T SRAM cell is four times higher than its
CMOS counterpart, hence attaining low power, high stability,
and low delay within the comprehensive metric provided by the
SPR under write conditions.

VI. IMPACT OF VARIATIONS

Systematic and random variations in PVT pose a major chal-
lenge to nanoscale CMOS integrated circuits. Systematic varia-
tions in power supply voltage and temperature are shared among
all devices and have become a significant concern to the para-
metric yield in terms of energy and delay. Fig. 9 shows the
PDP with different supply voltages and temperatures for the
CNTFET and CMOS cells. All simulation results are normal-
ized to the PDP at 0.9 V power supply and room temperature.
Due to the ballistic transport of the CNTFET, the PDP variation
of the CNTFET to voltage and temperature variations is very
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small. Therefore, the CNTFET is very insensitive to voltage and
temperature as systematic variations.

In CMOS process, random process variations often cause ge-
ometric variations in the gate (length, width, and thickness) as
well as gate oxide thickness. In short-channel devices, a varia-
tion in channel length also induces a change in threshold voltage
due to the drain-induced barrier lowering [19]. These variations
still exist even in CNTFET. However, due to the cylindrical
geometry, a variation in the gate oxide thickness that strongly
affects the drive current and capacitance of CMOS transistors
has a negligible impact on the CNTFET’s operation. The gate
width in CNTFET is not the effective channel width of the
transistor. This depends only on the CNT diameter and the num-
ber of tubes under the gate, and does not affect the drive current.
As in [20], only the CNT diameter has the strongest impact on
the CNTFET performance, while other process variations have
only a small impact. Monte Carlo simulation by HSPICE has
been performed to investigate the impact of the random varia-
tions on the delay and power of the CNTFET, and CMOS SRAM
cellsat 0.9 V power supply and room temperature. Fig. 10 shows
the distribution of the write time of the CNTFET and CMOS 6T
SRAM cells under geometric parameters with random changes.
All simulation results are normalized to the SRAM’s write time
under no process variation. Fig. 10 shows that the write time of
the proposed dual-diameter CNTFET 6T SRAM cell has much
better tolerance to process variations compared to its CMOS
counterpart. Fig. 11 shows the distribution of the standby power
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Fig. 11. Standby power dissipation distribution of CMOS and CNTFET
SRAM cells.

consumption of the CNTFET and CMOS 6T SRAM cells. As
in the previous cases, all simulated results are normalized to the
SRAM cell standby power consumption under no process vari-
ation. Due to the significantly low standby power consumption
and fewer parameters causing changes in power consumption,
the CNTFET SRAM cell shows a significantly better tolerance
to process variations.

VII. CONCLUSION

This paper has investigated the use of CNTFETs in 6T SRAM
design. As the threshold voltage of the CNTFET can be con-
trolled easily by changing the chirality vector of the CNTs, a
dual-diameter CNTFET SRAM cell configuration with different
threshold voltages is designed, which is made possible by using
different diameters for the p-type and n-type CNTs in the cell.
The best chirality for the PCNTFETs was selected to achieve
high stability, fast write time, and low power consumption. The
proposed design shows significant improvements (compared to
the design of [7]) in terms of power consumption and area.

A new comprehensive metric for SRAM cells denoted as
SPR has been proposed in this paper. SPR is a composite and
versatile performance measure in terms of stability, power, and
delay. The proposed dual-diameter CNTFET SRAM cell has a
better SPR under write operation than its CMOS counterpart
cell. Moreover, simulation has shown that the proposed dual-
diameter CNTFET-based SRAM design has significant lower
sensitivity to PVT variations.
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