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Abstract— Steep sub-threshold transistors are promising andi-
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 aea.
In this paper, we propose a novel 6T SRAM design using Si-
TFETSs 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 compdre
with the 7T TFET SRAM cell. We achieve a leakage reduction
improvement of 700X and 1600X over traditional CMOS SRAM
designs atVpp of 0.3V and 0.5V respectively which makes it suitable
for use at ultra-low power applications.

|I. INTRODUCTION

Continued miniaturization of the silicon CMOS transistech-
nology has resulted in an unprecedented increase in stogéeand
multi-core performance of modern-day microprocessorsyéver,
the exponentially rising transistor count has also in@dathe
overall power consumption making performance per watt efgn
consumption the key figure-of-merit for today’s high-penfiance
microprocessors. Today, energy efficiency serves as thératen
tenet of high performance microprocessor technology asyiséeem
architecture level as well as the transistor level usherirtbe era of
energy efficient nanoelectronics. Aggressive supply geltacaling
while maintaining the transistor performance is a diregrapch to-
wards reducing the energy consumption since it reducesytheneic
power quadratically and the leakage power linearly. In MEF§;
the OFF-state leakage currenpgr) increases exponentially with
reduction of threshold voltage and hence there is a fundehen
limit to the scaling of the MOSFET threshold voltage and lenc
the supply voltage. Scaling supply voltage limits the ONrent
(lon) and thelpn — lopr ratio. This fundamental limit to threshold
voltage scaling arises from MOSFETs 60 mV/decade subtblgsh
swing at room temperature.

Leakage power consumption in SRAMs have been a majc

concern in caches since they occupy more than 50% of the gsoce
chip area. Lower threshold voltages increase the subkbles
current exponentially and ultra thin gate oxides cause & ingyease
in gate current. Various methods such as multiple thresholkdges
and increased gate oxide thicknesses have been exploreduoer
leakage in SRAMSs. Adaptive body biasing techniques hawelzden
explored to reduce leakage.

Recently, leakage reduction using steep subthresholdistans
has gained great attention. A steep sub-threshold transdiows
us to operate at very low threshold voltages with ultra loakbge
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and low supply voltage$Vpp). Inter-band Tunnel Transistor also
called as Tunnel Field Effect Transistor (TFETSs) has shawhe a
promising steep subthreshold transistor which works orpthreeiple

of inter-band tunneling [1]. TFETs have shown to be extrgmel
power efficient in [2] for logic circuit applications. The thors
in [2] also point out the problem of uni-directionality in EFs
and it's detrimental impact on 6T TFET SRAMs. To overcomes thi
limitation, they have proposed a 7T SRAM with extra read port
achieve higher stability margins. In this paper, we propasevel
6T SRAM cell to overcome the problem of uni-directionalityda
achieve tolerable stability margins and performance as#me area
of a CMOS design.

The remainder of the paper is organized as follows. Seéfion |
explains the device physics behind the operation of a TFETcam
models used for circuit simulation. Various existing SRAKsns
using CMOS and TFETs are explained in secfioh Ill. Secfioh IV
explains our proposed 6T TFET design. The comparison oficsetr
and the results obtained are presented in sedfibn V. Se®fibn
concludes the paper.

Il. TUNNEL FIELD EFFECTTRANSISTORS(TFETS)

In the recent times, inter-band Tunnel Field Effect Traosss
(TFETS) have been extensively investigated [1][3][4][2ledto its
potential for sub-KT/q subthreshold slope device operatind thus
enabling supply voltage reduction for low power logic apations.
Figure[d shows our optimized double gate device structura &f
based N-channel and P-channel TFET. A N-type TFET consfsts o
a p+ source, intrinsic (i) channel and a n+ drain and the B-typ
TFET has n+ source, intrinsic (i) channel and p+ drain regidine
source and drain regions are heavily doped regions withhbharel
region being intrinsic. The gate work function of N-chanA€&lET
is modified suitably to obtain a P-channel TFET.
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Fig. 1L 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 statés§ = OV,Vps = 1V), the
conduction in MOSFET is limited by the source side p-n junti
barrier which prevents the thermionic emission of carriénsthe
ON state Vgs = 1V,Vps = 1V), the source barrier is negligible
enabling over the barrier thermionic emission. In contra&tETs
operate by tunneling of carriers from the valence band in the

source to the conduction band in the channel. In the OFF state
(Ves = 0V,Vps = 1V), the transmission probability is low due to the
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are represented by a bracket symbol and the current dinsctice

TABLE |
NOMINAL SI-TFET PARAMETERS also shown.
Gate LengthLg 30 nm 1E-3, V_ =1V (PTFET) V=1V (NTFET)
Oxide thicknessTox 2.5 nm 1
Gate di-electric constang, 21 (HfOy) = 1E-5
Body thickness;Tg 7 nm 5 1 P-Channel N-Channel
Gate overlap 2 nm < 1E-74
Source/Drain DopingNg/p 109 cm=2 '_'8 4 s
Channel DopingNch 10 cm3 — 1E-9; D
. 3.9 eV (N-type) = 1
Gate work-function 5.2 eV (P-Type) ® 1E11, o \ l . | l
- ]
thick depletion region associated with the source to cHatummel ‘é 1E-13
junction resulting in very low OFF currents. With the applion of ‘s 1 D S
the gate voltageMgs = 1V,Vps = 1V), the depletion region shrinks o 1E-15 _]
and the carriers tunnel through the barrier. Since the TFEI O E
N . . . 1E-17 - ‘ ‘ T T
current is limited by the inter-band quantum mechanicahéling 1.0 -0.5 0.0 0.5 1.0

compared to thermionic emission over the barrier the ONeruirin
silicon TFETs is much lower than MOSFETs. The reverse biased
leakage current under the condition of OFF stafes(= 0V,Vps=  Fi0- 3 IpVg characteristics of a Si NTFET and PTFET
1V) yields extremely low OFF current in the order of pico-femto
amperes.

Gate Voltage V__ [V]

Figure[4 shows thépVp characteristics of the same device. The
device exhibits expected characteristics due to tunnelirgng pos-
itive Vps (reverse bias conditions) whilgs increases significantly
for two conditions when/ps is negative (forward bias). Whevhg
is ~-1V, there is a significankyg irrespective of the value d¥gs.
Significant current conduction is also observed wkigg is slightly
negative and/gs is positive. This is due to electrons tunneling from
the conduction band of intrinsic ‘i’ region to the valencentaf p+
source region.

— V=0V, V=1V
VeV, V= 1V

Gs

120.0p
Fig. 2 Band diagram of a Si-NTFET under ON and OFF conditions '_|100.0u ]
Table[l shows the nominal parameters of our device struciire % 80.0p 1
non-local tunneling model [6] is used for the simulation ohnel i 60.0u
current which accounts for the actual spatial charge tearesfross 2 40.0p 1
the tunnel barrier by considering the actual potential fafiong — 20.0p A
the entire path connected by tunneling. The inter-band elimg % 0.0
current in the TFET depends on the potential profile along the % -20.0p 1
entire path between two points connected by tunneling. hrtrast O .40.0p
to the local tunneling models commonly used [7][8], we use a .% -60.01
non-local tunneling model [9] which reflects the real spaagier 5 -80.0 1
transport through the barrier taking into account the pgaakprofile ’

. . . -100.0p

along the entire tunneling path. Band edge tunneling masées :

0.5 1.0
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Drain Voltage V

m¢=0.5*my and m,=0.65*my (wheremy is electron rest mass) for -1.0
silicon are used to calculate the local imaginary wave numbe
within the forbidden gap. Kane’s two band model is then used t

calculate the tunneling probability. The results preséritere are Fig. 4 IpVp characteristics of a Si-NTFET

DS

obtained through drift-diffusion simulation where the $&mn and
carrier continuity equations are solved self consisterfhe inter-
band tunneling component is added to the carrier contiragtyation
as a generation-recombination (G-R) term. The G-R termatosit
adjustable scaling factorg. and gy kept at value equal to 0.1 and
0.4 respectively for Si which set the effective Richardsonstant.
We also obtained a excellent fit of our nonlocal tunneling etod
with the experimental data from Fair & Wivell [10] for a reger
biased Si zener diode.

Figure[3 shows thdpVs characteristics of a Si NTFET and
PTFET forVps = 1V. We obtain alpsat = 120 uA/um and the
PTFET characteristics are matched to it. The reverse biasédge
can be set to the order of pico-femto amperes by modifyingytite
work function. We assume that the gate leakage is negligibéeto
the use of high-k dielectrics. We have also denoted the sigrfbo

Since analytical models for TFETSs are not available, we Hax
a look-up table based model using Verilog-A for circuit slation.
The Verilog-A module is then used as instances for circuitgation
in Cadence Spectre. This efficient and accurate way of mugleli
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 $euta[6]
TCAD simulations and stored as a two dimension look-up &ble
We also observed enhanced miller capacitance (Migh) values
for our devices and their effect was observed to be negégibt
circuits with high electrical effort as explained in [2] aff2].

I1l. SRAM DESIGNS
Figure [ shows various SRAM designs. Figlde 5 (a) is the

NTFET and PTFET in figurgl3. The source side tunneling barierstandard 6T SRAM cell and (b) and (c) show the 6T TFET SRAM
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Fig. 5. SRAM designs

design configuration with inward and outward access treorsis above, we observe in figufé 8 that the WNM reduces to 0 for cell
The read noise margin (RNM) of a SRAM design is estimatedatio (3=Wpui|_pown/Waccess) > 0.3 while RNM is 0 for3 < 0.3.
graphically as the length of a side of the largest squaredhatbe Similarly, figure[9 shows that RNM starts to increase onlyRah-up
embedded inside the lobes of a butterfly curve. The Write éloisratios ¥Wpyi1—u pMaccess) greater than 2 while WNM reduces to 0 for
Margin (WNM) is measured through the write trip point definedthe same. Thus, a 6T TFET SRAM with acceptable stability imnarg
as the difference betweevbp and the minimum bit-line voltage is not possible. In order to have enough read and write margin
required to flip the data storage nodes Q or QB. Fiddre 6 andl TFET SRAM configuration with outward access transistoas w
figure[? show an example of RNM measurement, read failure aqmoposed in [2] as shown in figutd 5 (d). In this design, outivar
WNM for a 6T TFET inward access transistors configurationassho access transistor configuration is used to obtain the atlequite
in figure[3 (b). The 6T TFET SRAM design suffers from severemargin while the read margin is improved by providing a reaffer
with an extra transistor and separate read bit-line and Avoed
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noise margin deficiencies due to the uni-directionalityuéss as

shown in figurd B and figurfel 9. Figui 8 and 9 show the read arfdg. 7. Measurement of Write Trip Point (WTP) and WNM
write noise margins (RNM and WNM) for 6T TFET SRAM with

inward and outward access transistor configurations. Agtioresd
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IV. PROPOSEDGT TFET SRAM DESIGN INV1 Q Q Me
= = INV2
As shown in the previous section, a practical 6T TFET SRAN (a) Read Operation Write ‘0’ O ti
design is not feasible. We have proposed a novel 6T TFET SRAN (c) Write peration
keeping minimum number of devices and preserving the adequ: <«-- Read Current Path —— Disabled Cross-Coupling

RNM and WNM as shown in figuife 10. Our proposed design consists

of cross coupled inverters (INV1 and INV2) with the bit-l;d@L  Fig. 11 Read and write operation of the proposed design

and BLB connected to node Q through the access transistonils

M6 (Note that both the access transistors are connectec teattme . . .

node Q). It is a design strategy to provide a virtual grountNig1 t.hen enaple WL = 1 fqr access transistor M5. The.wrlte eaabl
while writing either ‘1’ or ‘0’ to node Q. This virtual grourinig line W_RA is also raised smul_taneously to weaken t_he inverter INV1
helps in improving the WNM, by decoupling (or weakening o th and disable ltrre cross-coupling b‘e'fween the_ tW(_) inverterse)
re-generative action) of the cross-coupled inverters. settles to a "1’ and QB reac_hes_ 0', the V)(th_e is connected to
ground and the cross coupling is enabled. Fiduie 11(b) shbws
write ‘1’ operation.

If the node Q stores a ‘1’ and we intend to write a ‘0", the bit-
We use differential read operation in our proposed des|gnh B line BLB is pulled low to OV. Simultaneously, the write enabline
the bit-lines (BL and BLB) are pre-charged ¥p and then the WRa is also raised simultaneously to virtual ground and the word

WL is asserted to “1’. If the bit stored at node Q is a ‘0’, theh B line WL is asserted. This breaks the cross-coupling and Q@eisield
discharges fronWpp and the sense amplifier is triggered. Otherwiseto ground through the access transistor M6. Once the nodee@Bs
the bit-line BL remains pre-charged #p unperturbed. Figure 11 to & ‘1’, the cross-coupling is enabled. Figliré 11(c) shdveswrite

(a) shows the current path during a read operation in ourguegy ‘0’ operation.

design. We chose inward access transistor for read operatiour In order to demonstrate a successful read and write operatio
design since this configuration allows us to have a higher RNMe have simulated the RNM and WNM of the proposed 6T TFET
than outward access transistor configuration as shown imeflu SRAM for different cell ratios(3) at Vpp=0.5V when the pull up
and figure[® while our design strategy significantly improdes ratio is kept at minimum. In figuie_12, the RNM at half pre-adedt

A. Read Operation

WNM as explained in the later sections. bitline is much better than fully pre-charged bit-line. fHor- 2, there
is no significant improvement in the RNM while a slight degrtioin
B. Write Operation in the WNM is observed, also using the higher cell ratio wittiease

the cell area. Hence, in all the simulations we have usedat#dl ()
The write operation in our design is done through one of ouof 2 unless specified. Due to the asymmetric nature of thegsexh
access transistors depending on the bit to be written oet&BAM  design, writing a ‘1’ is more difficult than writing ‘0’, herc we
cell. To write a ‘1’ onto Q, we charge the bit-line BL ¥pp and have only measured the WNM for writing a ‘1.
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ULTS enables a faster write. Alpp=0.3V, we observe a 46% and 32%im-
V. RES

provement in WNM over 6T CMOS and 7T TFET respectively.
Stability, performance and power of a SRAM design are theethr

key design metrics in the nanometer regime. For compariaen,

have used the existing 6T CMOS SRAM and 7T TFET SRAM 450 4 —®—Proposed 6T TFET
design. We use 32nm Predictive Technology Models (PTM) [13] 400] T ITTRET /
. . < —¥—6T CMOS
for 6T CMOS, while the 6T and 7T TFET SRAMs are simulated E /’
with the same device as the explained in table I. In this sective = 350+ /o /'
have compared these designs for all the design metrics. 'S 300+ °
S 2501 v //
A. Stability $ 200+ -~ e N
An adequate read and write stability is highly desirable dor @ A
successful realization of a SRAM cell. The RNM and WNM are the g 100+ /
widely used metrics for stability analysis of a SRAM cellg&ie[13 50
shows the RNM of different designs. The proposed 6T TFET SRAM 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
and 6T CMOS have bit-lines BL and BLB pre-charged to ¥ib 0.2 03 04 05 06 0.7 08 09 1.0
and halfVpp. The 7T TFET SRAM cell shows the highest RNM, Supply Voltage V. [V]

because of the isolated read-buffer which yields the RNMvadgnt

to Hold Static Noise Margin (SNM). The isolated read buffencept

has been widely explored in CMOS SRAM designs to improvesig. 14 Write Noise Margins for different designs at various supply

RNMs. However, the proposed 6T TFET with fully pre-chargedroltagesVpp

bit-line has the lowest RNM. This is because of the singleegsc

transistor which conducts during the read operation anesribe

internal node (Q) voltage to a higher value than a 6T CMOS SRA

(while the other access transistor does not assist becéttseuni- Read and write delays are the metrics used to compare the

directionality). performance of different SRAM designs. In 6T CMOS and 6T
The RNM of the proposed 6T TFET with half-swing is muchTFET read delay is defined as the time delay between 50% of

better than the 6T CMOS with half and full pre-charged bie§. word line (WL) activation to 10% of pre-charged voltage €iince

In 6T CMOS SRAM, half pre-charged bit-lines are not as efiect between the bit lines. In 7T and 8T SRAM designs, bit-lineseegm

as 6T TFET SRAM. This is due to the symmetric nature of SRAMs done using CMOS logic gates and not by using differengaks

where one of the bit-lines connected to a node (Q or QB) viasec amps [14] [15]. So, for the 7T TFET design, read delay is mesbu

devices storing &pp is also pre-charged to halpp. This scenario  between 50% of word line (WL) activation to 50% of pre-charge

is not effective in holding that node &pp as compared to pre- bit line voltage. Figur€ 15 shows the read delay of differ8RAM

charging to fullVpp due to conduction from the node to bit-line designs. We observe that CMOS performs better than TFETein t

in the former case. However in our proposed 6T TFET desigrentire voltage range due to it's high drive current. V§p=0.3V,

M6 in figure[1I0 does not conduct in the reverse direction ai®l th6T CMOS design has a better read delay than 6T TFET and 7T

contributes to higher RNM at half pre-chargegp. At Vpp=0.3V, TFET by 40% and 58% respectively. However, this problem can b

we observe a 63% improvement in RNM over a 6T CMOS while isolved in TFETs by moving to lower band-gap and low effective

is 59% lesser than a 7T TFET. The advantage of 7T TFET purelyass materials such as Indium Arsenide (InAs) which haveylaehi

comes from the extra transistor used as a read port. tunneling rate through the barrier and higher drive curfégy) of
Figure[I4 shows the WNM of SRAM cell designs for different~85 uA/um for Vpp=0.25V [5].

Vpp. The WNM of the proposed 6T TFET SRAM design is higher The write delay is defined as the time between the 50% adaiivati

than its counterpart designs due to weakening of the inverdiéch  of the word line (WL) to when the internal Q is flipped to 90% tf i

l\ﬁ' Performance
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Fig. 15 Read delay for various supply voltag€sp

full swing. At lower voltages, write delay of the proposed BFET

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.

In this paper, we have proposed a novel 6T Si-TFET based SRAM

VI. CONCLUSIONS

design to enable ultra-low voltage and low power applicetioVe

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 redoaicer

the

entire voltage range and find TFETs a suitable candidate f

SRAM design is significantly less than the 6T CMOS and 7T TFETeplacement for CMOS in SRAM designs at ultra low voltageshsu
SRAM designs as shown in figure]16. This is due to the simple faas 0.3V. Our design has superior margins and performancepexc
for read delay than CMOS due to the low drive current. Ourriitu
than other designs. The write delays for 6T CMOS and 7T TFETwork will be to explore the use of lower band gap materialthsas
are 8.1X and 4.7X times higher than the proposed 6T TFET desidndium Arsenide (InAs) for better performance.

of breaking the cross coupling which enables a faster wpted

atVpp=0.3V.
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Fig. 16 Write delay for various supply voltagésp

C. Leakage Power
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