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Abstract— Steep sub-threshold transistors are promising candi-
dates to replace the traditional MOSFETs for sub-thresholdleakage
reduction. In this paper, we explore the use of Inter-Band Tunnel
Field Effect Transistors (TFETs) in SRAMs at ultra low supply
voltages. The uni-directional current conducting TFETs limit the
viability of 6T SRAM cells. To overcome this limitation, 7T SRAM
designs were proposed earlier at the cost of extra silicon area.
In this paper, we propose a novel 6T SRAM design using Si-
TFETs for reliable operation with low leakage at ultra low voltages.
We also demonstrate that a functional 6T TFET SRAM design
with comparable stability margins and faster performancesat low
voltages can be realized using proposed design when compared
with the 7T TFET SRAM cell. We achieve a leakage reduction
improvement of 700X and 1600X over traditional CMOS SRAM
designs atVDD of 0.3V and 0.5V respectively which makes it suitable
for use at ultra-low power applications.

I. I NTRODUCTION

Continued miniaturization of the silicon CMOS transistor tech-
nology has resulted in an unprecedented increase in single-core and
multi-core performance of modern-day microprocessors. However,
the exponentially rising transistor count has also increased the
overall power consumption making performance per watt of energy
consumption the key figure-of-merit for today’s high-performance
microprocessors. Today, energy efficiency serves as the central
tenet of high performance microprocessor technology at thesystem
architecture level as well as the transistor level usheringin the era of
energy efficient nanoelectronics. Aggressive supply voltage scaling
while maintaining the transistor performance is a direct approach to-
wards reducing the energy consumption since it reduces the dynamic
power quadratically and the leakage power linearly. In MOSFETs,
the OFF-state leakage current (IOFF ) increases exponentially with
reduction of threshold voltage and hence there is a fundamental
limit to the scaling of the MOSFET threshold voltage and hence
the supply voltage. Scaling supply voltage limits the ON current
(ION ) and theION − IOFF ratio. This fundamental limit to threshold
voltage scaling arises from MOSFETs 60 mV/decade subthreshold
swing at room temperature.

Leakage power consumption in SRAMs have been a major
concern in caches since they occupy more than 50% of the processor
chip area. Lower threshold voltages increase the sub-threshold
current exponentially and ultra thin gate oxides cause a huge increase
in gate current. Various methods such as multiple thresholdvoltages
and increased gate oxide thicknesses have been explored to reduce
leakage in SRAMs. Adaptive body biasing techniques have also been
explored to reduce leakage.

Recently, leakage reduction using steep subthreshold transistors
has gained great attention. A steep sub-threshold transistor allows
us to operate at very low threshold voltages with ultra low leakage
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and low supply voltages(VDD). Inter-band Tunnel Transistor also
called as Tunnel Field Effect Transistor (TFETs) has shown to be a
promising steep subthreshold transistor which works on theprinciple
of inter-band tunneling [1]. TFETs have shown to be extremely
power efficient in [2] for logic circuit applications. The authors
in [2] also point out the problem of uni-directionality in TFETs
and it’s detrimental impact on 6T TFET SRAMs. To overcome this
limitation, they have proposed a 7T SRAM with extra read portto
achieve higher stability margins. In this paper, we proposea novel
6T SRAM cell to overcome the problem of uni-directionality and
achieve tolerable stability margins and performance at thesame area
of a CMOS design.

The remainder of the paper is organized as follows. Section II
explains the device physics behind the operation of a TFET and our
models used for circuit simulation. Various existing SRAM designs
using CMOS and TFETs are explained in section III. Section IV
explains our proposed 6T TFET design. The comparison of metrics
and the results obtained are presented in section V. SectionVI
concludes the paper.

II. T UNNEL FIELD EFFECTTRANSISTORS(TFETS)

In the recent times, inter-band Tunnel Field Effect Transistors
(TFETs) have been extensively investigated [1][3][4][5] due to its
potential for sub-KT/q subthreshold slope device operation and thus
enabling supply voltage reduction for low power logic applications.
Figure 1 shows our optimized double gate device structure ofa Si
based N-channel and P-channel TFET. A N-type TFET consists of
a p+ source, intrinsic (i) channel and a n+ drain and the P-type
TFET has n+ source, intrinsic (i) channel and p+ drain regions. The
source and drain regions are heavily doped regions with the channel
region being intrinsic. The gate work function of N-channelTFET
is modified suitably to obtain a P-channel TFET.

Fig. 1. Double gate N-channel and P-channel Si-TFET

Figure 2 shows the band-diagram of a N-type TFET during the
ON and OFF state. In the OFF state (VGS = 0V,VDS = 1V ), the
conduction in MOSFET is limited by the source side p-n junction
barrier which prevents the thermionic emission of carriers. In the
ON state (VGS = 1V,VDS = 1V ), the source barrier is negligible
enabling over the barrier thermionic emission. In contrast, TFETs
operate by tunneling of carriers from the valence band in the
source to the conduction band in the channel. In the OFF state
(VGS = 0V,VDS = 1V ), the transmission probability is low due to the



TABLE I
NOMINAL SI -TFET PARAMETERS

Gate Length,LG 30 nm
Oxide thickness,TOX 2.5 nm

Gate di-electric constant,ξ 21 (H f O2)
Body thickness,TSi 7 nm

Gate overlap 2 nm
Source/Drain Doping,NS/D 1020 cm−3

Channel Doping,NCh 1015 cm−3

Gate work-function
3.9 eV (N-type)
5.2 eV (P-Type)

thick depletion region associated with the source to channel tunnel
junction resulting in very low OFF currents. With the application of
the gate voltage (VGS = 1V,VDS = 1V ), the depletion region shrinks
and the carriers tunnel through the barrier. Since the TFET ON
current is limited by the inter-band quantum mechanical tunneling
compared to thermionic emission over the barrier the ON current in
silicon TFETs is much lower than MOSFETs. The reverse biased
leakage current under the condition of OFF state (VGS = 0V,VDS =
1V ) yields extremely low OFF current in the order of pico-femto
amperes.

Fig. 2. Band diagram of a Si-NTFET under ON and OFF conditions

Table I shows the nominal parameters of our device structure. A
non-local tunneling model [6] is used for the simulation of tunnel
current which accounts for the actual spatial charge transfer across
the tunnel barrier by considering the actual potential profile along
the entire path connected by tunneling. The inter-band tunneling
current in the TFET depends on the potential profile along the
entire path between two points connected by tunneling. In contrast
to the local tunneling models commonly used [7][8], we use a
non-local tunneling model [9] which reflects the real space carrier
transport through the barrier taking into account the potential profile
along the entire tunneling path. Band edge tunneling massesof
mc=0.5*m0 and mv=0.65*m0 (wherem0 is electron rest mass) for
silicon are used to calculate the local imaginary wave numbers
within the forbidden gap. Kane’s two band model is then used to
calculate the tunneling probability. The results presented here are
obtained through drift-diffusion simulation where the Poisson and
carrier continuity equations are solved self consistently. The inter-
band tunneling component is added to the carrier continuityequation
as a generation-recombination (G-R) term. The G-R term contains
adjustable scaling factorsgc and gv kept at value equal to 0.1 and
0.4 respectively for Si which set the effective Richardson constant.
We also obtained a excellent fit of our nonlocal tunneling model
with the experimental data from Fair & Wivell [10] for a reverse
biased Si zener diode.

Figure 3 shows theIDVG characteristics of a Si NTFET and
PTFET for VDS = 1V. We obtain aIDSAT = 120 µA/µm and the
PTFET characteristics are matched to it. The reverse biasedleakage
can be set to the order of pico-femto amperes by modifying thegate
work function. We assume that the gate leakage is negligibledue to
the use of high-k dielectrics. We have also denoted the symbols for
NTFET and PTFET in figure 3. The source side tunneling barriers

are represented by a bracket symbol and the current directions are
also shown.

Fig. 3. IDVG characteristics of a Si NTFET and PTFET

Figure 4 shows theIDVD characteristics of the same device. The
device exhibits expected characteristics due to tunnelingduring pos-
itive VDS (reverse bias conditions) whileIDS increases significantly
for two conditions whenVDS is negative (forward bias). WhenVDS
is ∼-1V, there is a significantIDS irrespective of the value ofVGS.
Significant current conduction is also observed whenVDS is slightly
negative andVGS is positive. This is due to electrons tunneling from
the conduction band of intrinsic ‘i’ region to the valence band of p+
source region.
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Fig. 4. IDVD characteristics of a Si-NTFET
Since analytical models for TFETs are not available, we havebuilt

a look-up table based model using Verilog-A for circuit simulation.
The Verilog-A module is then used as instances for circuit simulation
in Cadence Spectre. This efficient and accurate way of modeling
is well suited for the emerging devices for which compact or
SPICE models are not available [11]. In this model, I-V and C-
V characteristics of the TFET devices extracted using Sentaurus [6]
TCAD simulations and stored as a two dimension look-up tables.
We also observed enhanced miller capacitance (HighCGD) values
for our devices and their effect was observed to be negligible for
circuits with high electrical effort as explained in [2] and[12].

III. SRAM D ESIGNS

Figure 5 shows various SRAM designs. Figure 5 (a) is the
standard 6T SRAM cell and (b) and (c) show the 6T TFET SRAM



Fig. 5. SRAM designs

design configuration with inward and outward access transistors.
The read noise margin (RNM) of a SRAM design is estimated

graphically as the length of a side of the largest square thatcan be
embedded inside the lobes of a butterfly curve. The Write Noise
Margin (WNM) is measured through the write trip point defined
as the difference betweenVDD and the minimum bit-line voltage
required to flip the data storage nodes Q or QB. Figure 6 and
figure 7 show an example of RNM measurement, read failure and
WNM for a 6T TFET inward access transistors configuration shown
in figure 5 (b). The 6T TFET SRAM design suffers from severe

Fig. 6. Measurement of RNM and Read failure

noise margin deficiencies due to the uni-directionality issues as
shown in figure 8 and figure 9. Figure 8 and 9 show the read and
write noise margins (RNM and WNM) for 6T TFET SRAM with
inward and outward access transistor configurations. As mentioned

above, we observe in figure 8 that the WNM reduces to 0 for cell
ratio (β=WPull−Down/WAccess) > 0.3 while RNM is 0 forβ < 0.3.
Similarly, figure 9 shows that RNM starts to increase only forPull-up
ratios (WPull−U p/WAccess) greater than 2 while WNM reduces to 0 for
the same. Thus, a 6T TFET SRAM with acceptable stability margins
is not possible. In order to have enough read and write margins, a
7T TFET SRAM configuration with outward access transistors was
proposed in [2] as shown in figure 5 (d). In this design, outward
access transistor configuration is used to obtain the adequate write
margin while the read margin is improved by providing a read-buffer
with an extra transistor and separate read bit-line and word-line.

Fig. 7. Measurement of Write Trip Point (WTP) and WNM
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Fig. 8. Noise margins for 6T TFET SRAM with inward access transistors
at VDD=0.5V
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Fig. 9. Noise margins for 6T TFET SRAM with outward access transistors
at VDD=0.5V

IV. PROPOSED6T TFET SRAM DESIGN

As shown in the previous section, a practical 6T TFET SRAM
design is not feasible. We have proposed a novel 6T TFET SRAM,
keeping minimum number of devices and preserving the adequate
RNM and WNM as shown in figure 10. Our proposed design consists
of cross coupled inverters (INV1 and INV2) with the bit-lines BL
and BLB connected to node Q through the access transistors M5and
M6 (Note that both the access transistors are connected to the same
node Q). It is a design strategy to provide a virtual ground toINV1
while writing either ‘1’ or ‘0’ to node Q. This virtual grounding
helps in improving the WNM, by decoupling (or weakening of the
re-generative action) of the cross-coupled inverters.

A. Read Operation

We use differential read operation in our proposed design. Both
the bit-lines (BL and BLB) are pre-charged toVDD and then the
WL is asserted to ‘1’. If the bit stored at node Q is a ‘0’, then BL
discharges fromVDD and the sense amplifier is triggered. Otherwise,
the bit-line BL remains pre-charged atVDD unperturbed. Figure 11
(a) shows the current path during a read operation in our proposed
design. We chose inward access transistor for read operation in our
design since this configuration allows us to have a higher RNM
than outward access transistor configuration as shown in figure 8
and figure 9 while our design strategy significantly improvesthe
WNM as explained in the later sections.

B. Write Operation

The write operation in our design is done through one of our
access transistors depending on the bit to be written onto the SRAM
cell. To write a ‘1’ onto Q, we charge the bit-line BL toVDD and

Fig. 10. Proposed 6T TFET SRAM

Fig. 11. Read and write operation of the proposed design

then enable WL = ‘1’ for access transistor M5. The write enable
line WRA is also raised simultaneously to weaken the inverter INV1
and disable the cross-coupling between the two inverters. Once Q
settles to a ‘1’ and QB reaches ‘0’, the WRA line is connected to
ground and the cross coupling is enabled. Figure 11(b) showsthe
write ‘1’ operation.

If the node Q stores a ‘1’ and we intend to write a ‘0’, the bit-
line BLB is pulled low to 0V. Simultaneously, the write enable line
WRA is also raised simultaneously to virtual ground and the word-
line WL is asserted. This breaks the cross-coupling and Q is drained
to ground through the access transistor M6. Once the node QB settles
to a ‘1’, the cross-coupling is enabled. Figure 11(c) shows the write
‘0’ operation.

In order to demonstrate a successful read and write operation,
we have simulated the RNM and WNM of the proposed 6T TFET
SRAM for different cell ratios(β ) at VDD=0.5V when the pull up
ratio is kept at minimum. In figure 12, the RNM at half pre-charged
bitline is much better than fully pre-charged bit-line. Forβ > 2, there
is no significant improvement in the RNM while a slight degradation
in the WNM is observed, also using the higher cell ratio will increase
the cell area. Hence, in all the simulations we have used cellratio (β )
of 2 unless specified. Due to the asymmetric nature of the proposed
design, writing a ‘1’ is more difficult than writing ‘0’, hence, we
have only measured the WNM for writing a ‘1’.
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Fig. 12. Noise margins for modified 6T TFET SRAM with inward access
transistors atVDD=0.5V

V. RESULTS

Stability, performance and power of a SRAM design are the three
key design metrics in the nanometer regime. For comparison,we
have used the existing 6T CMOS SRAM and 7T TFET SRAM
design. We use 32nm Predictive Technology Models (PTM) [13]
for 6T CMOS, while the 6T and 7T TFET SRAMs are simulated
with the same device as the explained in table I. In this section, we
have compared these designs for all the design metrics.

A. Stability

An adequate read and write stability is highly desirable fora
successful realization of a SRAM cell. The RNM and WNM are the
widely used metrics for stability analysis of a SRAM cell. Figure 13
shows the RNM of different designs. The proposed 6T TFET SRAM
and 6T CMOS have bit-lines BL and BLB pre-charged to fullVDD
and halfVDD. The 7T TFET SRAM cell shows the highest RNM,
because of the isolated read-buffer which yields the RNM equivalent
to Hold Static Noise Margin (SNM). The isolated read buffer concept
has been widely explored in CMOS SRAM designs to improve
RNMs. However, the proposed 6T TFET with fully pre-charged
bit-line has the lowest RNM. This is because of the single access
transistor which conducts during the read operation and rises the
internal node (Q) voltage to a higher value than a 6T CMOS SRAM
(while the other access transistor does not assist because of its uni-
directionality).

The RNM of the proposed 6T TFET with half-swing is much
better than the 6T CMOS with half and full pre-charged bit-lines.
In 6T CMOS SRAM, half pre-charged bit-lines are not as effective
as 6T TFET SRAM. This is due to the symmetric nature of SRAM
where one of the bit-lines connected to a node (Q or QB) via access
devices storing aVDD is also pre-charged to halfVDD. This scenario
is not effective in holding that node atVDD as compared to pre-
charging to fullVDD due to conduction from the node to bit-line
in the former case. However in our proposed 6T TFET design,
M6 in figure 10 does not conduct in the reverse direction and this
contributes to higher RNM at half pre-chargedVDD. At VDD=0.3V,
we observe a 63% improvement in RNM over a 6T CMOS while it
is 59% lesser than a 7T TFET. The advantage of 7T TFET purely
comes from the extra transistor used as a read port.

Figure 14 shows the WNM of SRAM cell designs for different
VDD. The WNM of the proposed 6T TFET SRAM design is higher
than its counterpart designs due to weakening of the inverter which
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Fig. 13. Read Noise Margins for different designs at various supply
voltagesVDD

enables a faster write. AtVDD=0.3V, we observe a 46% and 32%im-
provement in WNM over 6T CMOS and 7T TFET respectively.
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Fig. 14. Write Noise Margins for different designs at various supply
voltagesVDD

B. Performance

Read and write delays are the metrics used to compare the
performance of different SRAM designs. In 6T CMOS and 6T
TFET read delay is defined as the time delay between 50% of
word line (WL) activation to 10% of pre-charged voltage difference
between the bit lines. In 7T and 8T SRAM designs, bit-line sensing
is done using CMOS logic gates and not by using differential sense
amps [14] [15]. So, for the 7T TFET design, read delay is measured
between 50% of word line (WL) activation to 50% of pre-charged
bit line voltage. Figure 15 shows the read delay of differentSRAM
designs. We observe that CMOS performs better than TFETs in the
entire voltage range due to it’s high drive current. AtVDD=0.3V,
6T CMOS design has a better read delay than 6T TFET and 7T
TFET by 40% and 58% respectively. However, this problem can be
solved in TFETs by moving to lower band-gap and low effective
mass materials such as Indium Arsenide (InAs) which have a higher
tunneling rate through the barrier and higher drive current(ION) of
∼85 µA/µm for VDD=0.25V [5].

The write delay is defined as the time between the 50% activation
of the word line (WL) to when the internal Q is flipped to 90% of its
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Fig. 15. Read delay for various supply voltagesVDD

full swing. At lower voltages, write delay of the proposed 6TTFET
SRAM design is significantly less than the 6T CMOS and 7T TFET
SRAM designs as shown in figure 16. This is due to the simple fact
of breaking the cross coupling which enables a faster write speed
than other designs. The write delays for 6T CMOS and 7T TFETs
are 8.1X and 4.7X times higher than the proposed 6T TFET design
at VDD=0.3V.
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Fig. 16. Write delay for various supply voltagesVDD

C. Leakage Power

Due to the inherent nature of TFETs, the OFF state leakage
current of a TFET is orders of magnitude lower than CMOS. Thus,
we see a huge improvement in terms of leakage reduction. Figure 17
shows the standby leakage/cell of various SRAM designs. Both 6T
and 7T TFET has equal leakage power due to the presence of the
same leakage paths. We obtain a 700X and 1600X improvement in
leakage reduction over CMOS designs at 0.3V and 0.5VVDD. This
shows that TFETs are a potential replacement candidate for CMOS
transistors at low voltage and low power applications.
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Fig. 17. Standby leakage/Cell for CMOS and TFET SRAM designs

D. Area

The proposed 6T TFET SRAM cell is not expected to have an
area increase while a 7T TFET SRAM is bound to have an increase
of around 15% [2]. Thus, a design with comparable margins and
better performances can be obtained using a 6T instead of 7T.

VI. CONCLUSIONS

In this paper, we have proposed a novel 6T Si-TFET based SRAM
design to enable ultra-low voltage and low power applications. We
show that our proposed 6T Si-TFET SRAM cell has comparable
margins and better performances than the 7T TFET SRAM design.
We also obtain a significant improvement in leakage reduction over
the entire voltage range and find TFETs a suitable candidate for
replacement for CMOS in SRAM designs at ultra low voltages such
as 0.3V. Our design has superior margins and performance except
for read delay than CMOS due to the low drive current. Our future
work will be to explore the use of lower band gap materials such as
Indium Arsenide (InAs) for better performance.
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