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Abstract—We propose heterojunction intra-band tunnel
(HIBT) FETs based on different semiconductor materials (with
matched lattice constants) for the source/drain (S/D) and channel.
HIBT FETSs have an energy band offset at the interface of the S/D
and channel. As a result, carrier transport in the ON state occurs
by intra-band tunneling. We analyze the device characteristics of
HIBT FETs with Si S/D and GaP channel for different values of
band offsets. We show that, due to intra-band tunneling, HIBT
FETs exhibit lower ON current at iso-OFF current compared to
Si double gate (DG) MOSFETs. However, the energy band offset
at the S/D—channel interface leads to 40%-59% lower drain-
induced barrier lowering/thinning and significantly reduced
variation in OFF current across a range of supply voltages (Vpp).
Moreover, due to the heterovalent nature of S/D and channel
materials, there is negligible dopant straggle in HIBT FETs,
which further improves their process variation tolerance. We
evaluate the impact of low OFF-current variations in HIBT FETs
on 6T SRAM stability and leakage. Considering the worst case
parameter variations at Vpp = 0.4 V, HIBT-FET-based 6T
SRAMs show 1.56X to 2.85X reduction in cell leakage, 1.28X
to 1.58X increase in read static noise margin (SNM), 1.04X to
1.07X higher hold SNM, and 1.7X to 3X increase in write margin
compared to Si-DG-MOSFET-based 6T SRAM. The enhancement
of cell stability and reduction in cell leakage at low Vpp under
process variations make HIBT FETs suitable for low-voltage
SRAMs.

Index Terms—Dopant straggle, double gate (DG) metal-oxide—
semiconductor field-effect transistors (MOSFETs), heterojunc-
tion, low-voltage SRAM, process variations.

I. INTRODUCTION

S METAL-OXIDE-SEMICONDUCTOR field-effect
transistors (MOSFETSs) continue to scale to achieve higher
integration density, lower power, and higher performance, the
effect of parameter variations on the device characteristics
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aggravates [1]. With countable dopant atoms in scaled bulk
MOSFETS, random dopant fluctuation (RDF) has been shown
to be the dominant component of parameter variations [2].
Furthermore, as bulk MOSFETs are scaled, short-channel
effects worsen their performance as switches, leading to a large
increase in leakage [3]. As an alternate to bulk MOSFETs,
multigate FETs with ultrathin body (UTB) have emerged as
potential devices for scaled technologies due to the following:
1) superior gate control of the channel and 2) elimination of
RDF in the channel as a source of variation due to undoped
UTB [4]-[7]. However, body thickness variation can be a
problem in these devices [6].

The impact of parameter variations is further aggravated with
supply voltage (Vpp) scaling. It has been shown that the o/
(here, o is the standard deviation, and p is the mean) of different
metrics like circuit delay and leakage increases at reduced
Vpp [8]. Hence, for systems operated at scaled Vpp, device
and circuit design in scaled technologies becomes extremely
challenging.

The adverse effect of parameter variations is particularly
critical for circuits like SRAMs, in which mismatch between
transistors can lead to cell failures. Conflicting requirements for
stable read and write operations in 6T SRAMs further aggravate
this issue.

In order to address the issues related to parameter variations
in scaled technologies, techniques have been proposed at pro-
cess [9], device [10], circuit [11], and architecture levels [8].
Since SRAMs show large susceptibility to process variations,
the design of robust SRAMS to operate at the minimum possible
supply voltage (Van) is an active area of research [12],
[13]. The need for variation-tolerant design techniques assumes
more importance for low-power low-throughput applications
like implantable devices and sensor nodes, in which low Vpp
operation and low leakage variations are critical to meet the
power budget.

To that effect, we propose a heterojunction intra-band tunnel
(HIBT) FET with near-dopant straggle-free characteristics and
lower variation in OFF current compared to Si double gate (DG)
MOSFETS. In addition, HIBT FETs show significant reduction
in drain-induced barrier lowering/thinning (DIBL/T) at the cost
of some degradation in the ON current at iso-subthreshold
leakage. We analyze the impact of low OFF-current variations
in HIBT FETs on the cell stability and leakage of 6T SRAMs
and show the suitability of the proposed device for low-voltage
SRAMs. The analysis in this paper is based on a simulation
framework using non-equilibrium Green’s function (NEGF)-
based models [14] for devices.

0018-9383/$31.00 © 2012 IEEE
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Fig. 1. Device structure of the proposed Si—-GaP HIBT FET.

The contributions of this work are summarized as follows.

1) We propose an HIBT FET based on different semicon-
ductor materials (with matched lattice constants) for the
source/drain (S/D) and channel.

2) We perform a detailed device analysis and evaluate the
benefits and tradeoffs associated with HIBT FETs with
Si S/D and GaP channel. The analysis is performed for
different values of band offsets introduced at the hetero-
junction. We show improvement in DIBL/T and output
conductance in HIBT FETs compared to those in Si DG
MOSFETs. We also describe the near-dopant straggle-
free aspect of HIBT FETs.

3) We analyze the sensitivity of ON and OFF currents with
respect to variations in different parameters. Our analysis
shows lower OFF-current variations in HIBT FETs com-
pared to those in Si DG MOSFETs.

4) We explore the application of HIBT FETSs in low-voltage
SRAMs. Our simulations show that HIBT-FET-based 6T
SRAMs exhibit higher cell stability and lower leakage at
low Vpp under process variations.

The rest of this paper is organized as follows. Section II intro-
duces the device structure and describes the impact of hetero-
junction on the current—voltage characteristics. In Section III,
we perform the sensitivity analysis of HIBT FETs with respect
to different device parameters. Section IV analyzes HIBT-FET-
based 6T SRAMs from the point of view of cell stability
and leakage across a range of Vpp under process variations.
Section V concludes this paper.

II. DEVICE STRUCTURE AND CHARACTERISTICS
A. Device Structure

Fig. 1 shows the structure of the proposed HIBT FET.
Different semiconductor materials are used for the S/D and
channel so that a heterojunction is formed. Two requirements
for S/D and channel materials are as follows: 1) matched lattice
constants and 2) a positive conduction band offset (CBO) from
the S/D to channel for an n-type device (Fig. 2). One of the
material pairs which meet the requirements for n-type HIBT
FETs is Si—GaP, in which the lattice mismatch is less than
0.4% [15], [16]. With a Si S/D and GaP channel, CBO ~ 0.1-
0.35 eV is introduced at the interface of the S/D and channel.
We perform a subsequent analysis for n-type Si—-GaP HIBT
FETs for three values of CBO: 0.1, 0.25, and 0.35 eV. The
first and the last values are deduced from energy bandgaps
of Si and GaP and the valence band offsets (VBOs) observed
experimentally in [17] and [18]. The second value has been
predicted using theoretical calculations in [19]. In order to
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Fig. 2. Conduction band profiles of HIBT FET and Si DG MOSFET at
Vas = (a) 0 and (b) 0.7 V showing CBO and intra-band tunneling barrier in
HIBT FET. Inset shows abrupt S/D junction in HIBT FET.

fabricate Si—-GaP HIBT FETs, vertical growth of Si source, GaP
channel, and Si drain is required, similar to [20] and [21].

Another set of lattice-matched materials suitable for n-type
HIBT FETs can be Ge-GaAs (CBO = 0.23 eV [22]). Suitable
materials with unmatched lattice constants may also be used
in HIBT FETs. However, the analysis of such devices would
require detailed calculations of strain effects. Hence, to illus-
trate the device concept, we limit our discussion and analysis
to materials with matched lattice constants. We specifically
consider the Si—-GaP material pair and analyze the benefits and
tradeoffs associated with HIBT FETs.

Note that the Si—GaP material pair is not suitable for
p-type HIBT FETs because of unacceptably large VBOs [17]—
[19]. A material pair that can be potentially useful for p-type
HIBT FETs is Si—-GaAs (VBO = —0.14 eV [23]). However,
since this material pair has a lattice mismatch of ~4% [23],
strain effects need to be considered in the evaluation of the
p-type Si—GaAs device. As mentioned earlier, this paper fo-
cuses on n-type Si—-GaP HIBT FETs to explain the proposed de-
vice idea and to compare HIBT FETs with Si DG homojunction
MOSFETs. The devices are evaluated using NEGF [14]-based
simulation framework, which we will briefly discuss next.

B. Simulation Framework and Device Design

HIBT FETs and Si DG MOSFETs are modeled using NEGF-
based formalism [14]. Ballistic NEGF equations are solved
self-consistently with 2-D Poisson’s equation to obtain the
device characteristics, taking into account the quantum effects.
Devices are designed with gate length = 10.8 nm. HfOs +
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TABLE 1

DEVICE PARAMETERS FOR HIBT FET AND
HomoJsuNcTIiON Si DG MOSFET

Channel Material HIBT | GaP
SiDG | Si
Source/Drain Material Si
Lattice Constant GaP |5.45A
Si |5.43A
Band Gap GaP |2.26eV
Si |1.12eV

Gate Dielectric (Dielectric Constant)

HIBT | HfO5(26)+Gay03/GaPQy(7.5)
Si DG | HfO,(26)+Si0,(3.9)

Physical Gate Length (Lg) 10.8nm

Body Thickness (Tgopy) 4.5nm

Physical Oxide Thickness (Tgyx) 2.4nm

Effective Oxide Thickness (EOT) HIBT | 0.471nm
SiDG|0.615nm

Spacer Thickness (Lgp) 2.4nm (Si DG and HIBT)

0.9nm (HIBT iso-Lgy)
Intrinsic
102°¢cm-

1.5nm/decade

Body Doping

Source/Drain Doping

Dopant Straggle (Opop)

native oxide of the channel (SiO5 for Si DG MOSFETs and
Gay,03/GaP0O, [24] for Si-GaP HIBT FETs) is used as the
gate dielectric stack with a physical oxide thickness (Tox) of
2.4 nm. A higher dielectric constant of Ga;03/GaPO4 com-
pared to SiO5 [25], [26] leads to a lower effective oxide
thickness (EOT) in HIBT FETs (0.471 nm) compared to that
in Si DG MOSFETs (0.615 nm). A body thickness (Tgopy ) of
4.5 nm is used. Gaussian profile is assumed for the dopant strag-
gle into the channel with a straggle value of 1.5 nm/decade. The
devices are designed with an S/D doping equal to 10%° cm™3
and intrinsic channel. Gate workfunction (®¢) for the de-
vices is chosen to obtain the transistor threshold voltage
(V) ~0.3 V.

As we will discuss in the next subsection, HIBT FET's exhibit
negligible dopant straggle. This leads to a larger effective
channel length (Lcy) in HIBT FETs compared to that in Si
DG MOSFETs. Hence, for comprehensive evaluation of the
advantages and disadvantages of HIBT FETs, the comparison
of HIBT FETs and Si DG MOSFETs is performed at the
following: 1) iso-spacer length (Lgp ), i.e., with identical device
footprint, and 2) iso-Lcy. For the former case, Lgp = 2.4 nm
is used for HIBT FETs and Si DG MOSFETs leading to larger
Lcy and gate underlap in HIBT FETs. For the latter case,
Lgp is reduced to 0.9 nm for HIBT FETSs to obtain Lcy and
gate underlap equal to those of Si DG MOSFETs. Table I
summarizes the device parameters used in this work.

C. Near-Dopant Straggle-Free Characteristics of Si—-GaP
HIBT FETs

Heterovalent materials in the S/D and channel (i.e., group
IV S/D and III-V channel materials) result in an interesting
property of Si—GaP HIBT FETs. Si S/D regions are doped
n-type with phosphorous (P) atoms. However, when P atoms
diffuse into the channel, they do not act as dopants for the
GaP channel. As a result, the effective channel length and
the device characteristics of HIBT FETs become insensitive
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to the straggle of P atoms. Note that there is a possibility
of cross-doping of GaP with Si [27] which results in n-type
doping in GaP [28]. However, the dopant concentration of Si
in GaP is small [27]-[29] and therefore has negligible effect
on the device characteristics (as shown later). We assume peak
cross-doping of 108 cm~3 [28], [29] with a Gaussian dopant
straggle of 1.5 nm/decade. (We have confirmed, from our
simulations, that the device characteristics are fairly insensitive
to the dopant straggle because of low peak doping. Hence, other
values of dopant straggle will not change the trends that we
present later.) Thus, HIBT FETs exhibit near-dopant straggle-
free characteristics due to the following: 1) heterovalent S/D
and channel materials and 2) low cross-doping. The inset of
Fig. 2 compares the doping profile of HIBT FETs and Si DG
MOSFETs showing near-abrupt S/D junctions in HIBT FETs.

Other important attributes of HIBT FETs are the following:
1) symmetric device structure with equal bidirectional drain
current (unlike band-to-band tunnel (BTBT) FETs [30]) and
2) absence of ambipolar conduction [30], [31] due to the large
bandgap of Si S/D (unlike BTBT FETs and Schottky barrier
FETs with low-bandgap channel material [31]). Note that, due
to the absence of ambipolar conduction in HIBT FETs, suitable
material pairs with low-bandgap channel materials and high-
bandgap S/D materials can also explored.

With the understanding of the device structure, we now
present a quantitative analysis of the device characteristics of
HIBT FETs.

D. Device Characteristics

Positive CBO from the S/D to the channel of HIBT FETs
results in higher OFF-state energy barrier compared to Si DG
MOSFETSs and, therefore, lower subthreshold current (Isyg).
We perform comparison of HIBT FETs and Si DG MOSFETSs
under iso-Igyp conditions. In order to achieve equal Isyp at
Vbop = 0.7V, alower gate workfunction (® ) is used for HIBT
FETs so that the devices have a similar OFF-state energy barrier
[Fig. 2(a)]. It can be observed from Fig. 2(a) that, at gate voltage
(Vas) = 0V, carrier transport in HIBT FETSs occurs by thermal
injection of the carriers over the source barrier. However, in the
ON state, the dominant mechanism of carrier transport is intra-
band tunneling [Fig. 2(b)]. As a result, the ON current (IoN)
degrades in HIBT FETs. Figs. 3 and 4 and Table II show that
Ion degradation is higher for larger CBO due to increase in the
tunneling barrier. For CBO = 0.1 eV, Ion for HIBT FETs is
comparable to that of Si DG MOSFETsS at iso-L¢y in spite
of intra-band tunneling. This is due to lower EOT in HIBT
FETs (see Section II-B). Ion at iso-Lcy is higher than that
at iso- Lgp due to lower effective channel length and lower gate
underlap. (Note that larger gate underlap at iso-Lgp leads to
weaker modulation of the intra-band tunneling barrier by the
gate voltage, which degrades IoN).

Abrupt discontinuity in the potential energy due to CBO
at the S/D—channel heterojunction results in reduced effect of
drain electric fields on the drain current (Ip ). Therefore, HIBT
FETs exhibit lower DIBL/T compared to Si DG MOSFETs, as
can be observed in Figs. 3 and 4 and Table II. The reduced
differential of Ip with respect to drain voltage (Vpg) is also
evident in the output characteristics of HIBT FETs showing
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Fig. 4. Ip-Vas and I p—Vpg characteristics of Si DG MOSFET and HIBT FETs with CBO = (a) 0.1, (b) 0.25, and (c) 0.35 eV at iso-Lcy.

TABLE 1II
DEVICE METRICS FOR HIBT FETS AT Vpp = 0.7 V NORMALIZED
TO THE RESPECTIVE METRICS FOR Si DG MOSFET

Iso-Lsp Iso-Lcy

CBO (eV) mmp | 0.1 0.25 ([ 0.35| 0.1 | 0.25 | 0.35

lon 0.85X|0.56X | 0.4X | 1X | 0.8X |0.68X

Isus X | 1X [ x| x| 1X | 1X

lgorr 0.55X | 1.1X |2.14X|1.29X|2.93X|6.49X

lorr = Isug + lgorr | 1X 1X [ 1X | 1X | 1X | 1X

lcon 21X | 6.5X | 18X [ 1.7X [ 6.1X |16.7X

ILEAK 1.02X [ 1.07X (1.15X| 1X (1.02X|1.14X
=0.5*(Igon * Isug)

DIBL/T 0.6X | 0.52X |0.41X(0.76X|0.56X| 0.5X

SS 0.91X| 1.1X |1.25X|0.99X]| 1.1X |1.16X

Im 0.76X | 0.58X |0.46X|0.97X|0.86X|0.77X

dbs 0.51X | 0.46X |0.38X|0.68X|0.66X|0.72X

Ron 1.35X | 2.88X [5.16X|1.06X[1.79X|2.59X

oz 0.92X | 0.55X |0.37X|1.03X |0.76X |0.62X

lower output conductance (gpg) in the saturation region. How-
ever, at the same time, CBO leads to reduced differential of
I'p with respect to Vgg as well. This results in the following:
1) higher subthreshold swing (SS), 2) lower Ion—Isup ratio,
and 3) lower transconductance (g, ). A higher resistance in the
linear region (Ron ) is also observed in HIBT FETs. This is due
to the tunneling barriers at the S/D—channel interfaces.

It can be observed in Table II that gpg (at iso-Lgp) and
DIBL/T decrease with increasing CBO, which explains the role
of heterojunction in improving DIBL/T and gpg. However, at
iso-Lcy, an increase in gpg is observed as CBO is increased

from 0.25 to 0.35 eV. This is explained as follows. While higher
CBO on the source side tends to decrease the sensitivity of
Ip to Vpgs, higher CBO on the drain side tends to have an
opposite effect. This is because the band profile and electric
field in the channel are also controlled by the drain CBO and
Vbs [see Fig. 2(b)]. For higher drain CBO and lower Lcy (iso-
Lcy), the effect of Vpg on channel electrostatics increases.
Hence, an increase in gpg with increasing CBO may occur if
the effect of drain CBO is more dominant than that of source
CBO. However, in most cases, in Table II, the effect of source
CBO dominates. As a result, DIBL/T and gpg decrease with
increasing CBO. Note that a lower EOT in HIBT FETs also
contributes to lower short-channel effects. However, the role of
CBO in improving DIBL/T and gpg is significant, as is evident
from the trends for different CBOs in Table II. Table II also
show that g,,, SS, and Ron degrade with increasing CBO.

Comparison of the iso-Lgp and iso-Lcy cases shows im-
proved DIBL/T and gpg for devices with a larger channel length
(iso-Lgsp) due to lower short-channel effects. However, at the
same time, a lower g,, is observed at iso-Lgp. This is due to
larger gate underlap and weaker modulation of the intra-band
tunnel barrier with gate voltage. Ron at iso-Lgp is higher than
that at iso- Ly due to larger channel length. SS for the device
with a larger channel length (iso-Lgp) is lower compared to
that at iso-Lcy for CBO = 0.1 eV. This is because of lower
short-channel effects at iso-Lgp. However, for large CBO, SS
is higher at iso-Lgp. This is because, when CBO is large, the
current at low Vg (which determines SS) may be due to intra-
band tunneling. Hence, due to reduced sensitivity of the tunnel
barrier to Vg at iso-Lgp, SS degrades. (Also, note that SS is
not constant for HIBT FETs. This is due to the fact that, as Vigg
increases, subthreshold current transport changes from thermal
injection of the carriers to intra-band tunneling).

We also compare the effective drain current (Ipgrr)
defined as the average of Ip at (Vas, Vbs) = (Vbp, Vbp/2),
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(Vas, Vbs) = (Vbp /2, Vbp), and  (Vas, Vbs) = (3Vbp /4,
3Vbp/4) [32]. IpeFr is a measure of the circuit delay. It can be
observed from Table II that, for low CBO, Ipgrr degradation
is lower than that of Ioy at iso-Lgp. This is because of the
lower gps and similar saturation voltage (Vpsar) of HIBT
FETs compared to those of Si DG MOSFETs. For the same
reason, Ipprr at iso-Lcop is improved for HIBT FETs for
CBO = 0.1 eV. However, for high CBO, degradation in / pprr
is larger than that in Ion. This is because, at high CBO, HIBT
FETs have a higher Vpgar compared to Si DG MOSFETs (see
Figs. 3 and 4). As a result, Ip at (Vis, Vbs) = (Vbp, Vbp/2)
is lower in HIBT FETs which reduces I pgrr.

Gate current (I) comparison of HIBT and Si DG FETs is
also shown in Table II. We define Ioon as I at Vas = Vpp
and Vpg = 0 and Iqorr as I at Vgg = 0 and Vpg = Vpp. It
can be observed that oy is higher for HIBT FETs compared
to Si DG MOSFETSs. This is because, in the ON state, direct
tunneling current (Ipr) is the dominant component of I; due
to high carrier concentration in the channel. Devices with a
lower gate workfunction (®¢) and lower tunnel barrier at the
interface of the channel and gate dielectric exhibit higher Ipr.
Note that HIBT FETs have lower gate tunneling barriers due to
CBO and lower &5 compared to Si DG MOSFETs. (Recall
that lower ® is used in HIBT FETs to achieve iso-Isyp
conditions.) As a result, /o is higher in HIBT FETs, and it
increases with increasing CBO. Also, Igon atiso-Lgp is higher
compared to that at iso- Ly because of lower @ used in the
former case.

The comparison of Igorr in Table II shows that HIBT
FETs may exhibit higher or lower /gorr compared to Si DG
MOSFETs depending on the value of CBO. This is explained
as follows. For Vg less than the transistor threshold voltage
(Vrn), edge tunneling current (Igr) dominates. At iso-Lgp,
the near-dopant straggle-free nature of HIBT FETs leads to
larger gate underlap compared to Si DG MOSFETs. This
tends to decrease Iyr. However, lower gate tunneling barriers
in HIBT FETs compared to Si DG MOSFETs (as discussed
earlier) tend to increase IgT. Hence, for low CBO, HIBT
FETs have a lower IgT compared to Si DG MOSFETs due to
larger gate underlap. However, for large CBO, gate tunneling
barriers are relatively low, which increases Igr. At iso-Lcy,
gate underlap is comparable to that of Si DG MOSFETs. As a
result, the effect of lower gate tunneling barriers in HIBT FETs
is more dominant, leading to higher /;orr for all CBOs.

Table II also show that, in spite of a large increase in I in
HIBT FETs, OFF current (Iorpr = Isus + Igorr) is similar.
Also, the average leakage current (i.e., the average over the
ON- and OFF-state leakage) I pax = 0.5 * (Igon + IorF) is
comparable or only mildly increased. This is because high-
k dielectric (HfO,—Fig. 1) limits I and makes Igyp the
dominant component of the total leakage.

Lower Ipn and Ipgprr in HIBT FETs (for certain values of
CBO) compared to Si DG MOSFETS limits the application of
HIBT FETs to low-throughput systems like implantable devices
and sensor nodes. Such systems are typically operated at low
Vbp to save power. Hence, in addition to standard voltage
(Vbp = 0.7 V), subsequent analysis of HIBT FETs will be
performed at low Vpp (= 0.4 V) as well. In the later sections,
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TABLE III
DEVICE METRICS FOR HIBT FETS AT Vpp = 0.4 V NORMALIZED
TO THE RESPECTIVE METRICS FOR Si DG MOSFET

Iso-Lsp Iso-Lcy

CBO (eV) ‘ 0.1 0.25 (0.35| 0.1 | 0.25 | 0.35

lon 1.2X | 0.57X |0.32X| 1X |0.65X| 0.5X

Isug 1.2X | 1.3X |1.43X|1.12X|1.27X|1.41X

lcorr 0.5X | 0.69X |1.09X[1.15X|1.99X(3.49X

lorr = Isug * lgore | 1-2X | 1.3X |1.43X|1.12X|1.27X|1.41X

lcon 1.4X | 4.5X |10.8X[1.84X| 5X |10.7X

ILEAK 1.2X | 1.3X |1.44X|1.12X|1.28X|1.42X
=0.5*(Igon * Isus)

DIBL/T 0.52X | 0.49X |0.41X|0.69X|0.54X|0.48X

SS 0.91X|1.05X |1.24X|0.98X|1.09X|1.18X

Im 1.09X | 0.57X [0.34X|1.04X(0.67X|0.55X

dbs 0.42X | 0.23X |0.15X|0.72X|0.42X|0.37X

Ron 09X | 25X | 64X | 1X | 2X [ 3.3X

oz 1.4X |0.62X |0.32X| 1.1X |0.67X| 0.5X

we will show the potential of HIBT FETs in low-voltage
SRAMs. Note that, since the target applications for HIBT FETs
are low-voltage systems, higher gate leakage in HIBT FETs
becomes less critical. This is because the contribution of gate
leakage to the total leakage decreases at low Vpp.

Table III shows the comparison of HIBT FETs and Si DG
MOSEFETs at Vpp = 0.4 V. The trends for different device
metrics can be understood following the discussion that we
presented in this section for Vpp = 0.7 V. Note that Isyp
is higher for HIBT FETs compared to Si DG MOSFETs at
Vop = 0.4 V due to lower DIBL/T. However, if one wants
to optimize the devices for low-voltage operation, it is al-
ways possible to design the gate workfunction to achieve
equal Isyp at Vpp = 0.4 V. In this paper, the device com-
parisons are performed at iso-subthreshold leakage at Vpp =
0.7 V to explore the design space across the entire range
of Vpp. It may also be mentioned that at Vpp = 0.4 V, the con-
tribution of intra-band tunneling current to Ion decreases and
that due to thermal injection of carriers increases. This relative
decrease in intra-band tunneling current is more significant for
low CBO. Hence, (unlike the trends at Vpp = 0.7 V), ¢g,,, at
iso-Lgp is larger than that at iso-Lcy for CBO= 0.1 eV as a
result of lower @ in the former device. For the same reason,
Ion at iso-Lgp is larger than that at iso- Loy for CBO = 0.1eV
(Table IIT). Another point to note is that at Vpp = 0.4 V, the
contributions of Ipt and Igt to Igon become comparable.
This is due to lower carrier concentration in the channel com-
pared to that at Vpp = 0.4 V. Hence, the comparison of iso-
Lgp and iso-Lcy for Igon shows different trends for Vpp =
0.4V and can be understood from the discussion on g and
Ipt presented before.

To sum up, HIBT FETs show lower /oy at iso-Igyp due
to intra-band tunneling and higher Ison due to lower gate
tunneling barriers. CBO in HIBT FETs results in reduced
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Fig. 5. Variation of Iopr with respect to different device parameters for
HIBT FETs and Si DG MOSFET at iso-Lgp at (a) Vpp = 0.4 V and
(b) Vbp = 0.7 V. The range of variation in &5 = 410 mV. The range of
variation in other device parameters is ~ £5% of the nominal value.

differential of Ip to Vs and Vpg leading to higher SS, lower
9gm,» lower DIBL/T, and lower gpg.

The analysis in this section illustrates the role of CBO in re-
ducing the impact of drain and gate biases on /. This suggests
a possible reduction in the sensitivity of Ip to variations in
device parameters due to CBO. In the next section, we perform
sensitivity analysis of HIBT FETs and evaluate the effect of
CBO on the variations in /opr and Ipn.

III. SENSITIVITY TO PARAMETER VARIATIONS

Sensitivity analysis for HIBT FETs and Si DG MOSFETs is
performed by varying the device parameters, viz., body thick-
ness (Tgopy ), gate dielectric thickness (Tox ), spacer length
(Lsp), gate length (L), dopant straggle depth (opop), and
device width (W), by ~ +5% around the nominal values. Gate
workfunction (®¢) is varied by £10 mV around the nominal
values. (Note that, at iso- Ly, variation in Lgp in HIBT FETSs
is ~ +17% because of lower nominal value compared to Si
DG MOSFET.) The impact of parameter variations on Ion and
Iopr is analyzed at Vpp = 0.4 V and Vpp = 0.7 V.

Figs. 5 and 6 show the sensitivity of Iox and Iopp with
respect to individual parameters at iso-Lgp. The trends at iso-
Ly are similar and are not shown to avoid repetition. However,
later, we will discuss the joint effect of all parameters on Ion
and Iopy at iso-Lgp and iso-L¢y. It can be observed in Fig. 5
that the sensitivity (S) of Iorr with respect to Tsopy, 70X,
Lgp, and L is significantly lower for HIBT FETs compared
to that for Si DG MOSFETs. This is attributed to CBO at
the S/D—channel interfaces which reduces the impact of pa-
rameter variations. Decreasing sensitivity with increasing CBO
shows the role played by the heterojunction in lowering the
OFF-current variations. Due to near-abrupt S/D junctions in
HIBT FETs (see Section II-C), S' with respect to dopant strag-
gle depth is negligible. S due to W is comparable for HIBT

20
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Fig. 6. Variation of Ion with respect to different device parameters for HIBT
FETs and Si DG MOSFET at iso-Lgp at (a) Vpp = 0.4 V and (b) Vpp =
0.7 V. The range of variation in ®5 = £10 mV. The range of variation in
other device parameters is ~ 5% of the nominal value.

FETs and Si DG MOSFETSs. On the other hand, .S due to ®¢
is slightly higher in HIBT FETs compared to that in Si DG
MOSFETs. However, the maximum increase in the variability
is only 9% for a variation in @ of +10 mV. Note that .S due
to @ is related to SS at Vg = 0V, since the changes in Vg
and P have a similar effect on the drain current. It can be
observed from Fig. 3 that HIBT FETs (CBO = 0.1 and 0.25 eV)
have a slightly lower SS compared to Si DG MOSFETs at
Vas = 0, which leads to a marginally higher sensitivity due
to ®5. However, SS averaged over a range of Vg (shown in
Tables IT and III) is higher for HIBT FETs, as discussed before.
It may also be mentioned that, in addition to the variation in
®, the variations in device dimensions, particularly Tsopy,
are critical for highly scaled devices. As discussed before, a
significantly large reduction in the sensitivity of Iopr with
respect to other parameters is observed in HIBT FETs (Fig. 5).
For instance, HIBT FETs show 40%—69% reduction in S for
+5% variability in Tgopy compared to Si DG MOSFETs. Also
(as we will show later), considering variations in all the device
parameters, /orr in HIBT FETs shows a significant resilience
to process variations.

The analysis of Ion (Fig. 6) shows reduced S for HIBT FETs
with respect to Tgopy and L¢g due to CBO. S with respect
to dopant straggle depth is negligible, and that with respect
to & and W is comparable. However, S for Ion of HIBT
FETs is large with respect to Tox and Lgp. This is because the
tunneling barrier width is significantly affected by the change
in Tox and Lgp, resulting in a large variation in the intra-band
tunneling current. Note that, at Vpp = 0.4 V, S with respect to
Lgp decreases for CBO = 0.1 eV. This is because, at low Vpp,
the current contribution due to intra-band tunneling is reduced
for low CBO and the chief transport mechanism is thermal
injection of the carriers.
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It can also be observed from Fig. 6 that .S with respect to
L¢ decreases with increasing CBO. On the other hand, Ion
variations due to 7ox and Lgp increase for a higher CBO due to
the increase in the intra-band tunneling barrier. S with respect
to @ is higher for a higher CBO because the nominal value
of the current is lower. This increases the relative deviation of
Ion. One trend that requires a more detailed explanation is the
non-monotonic change in /oy variations due to Tgopy with
increasing CBO. The explanation is as follows. The change
in current due to variation in Tgopy can be attributed to two
main factors: 1) The effect of drain electric fields on the source
barrier decreases with decreasing Tpopy, and 2) quantum
confinement effects in the source lead to a larger energy gap
between the subbands for a lower Tsopy. The former effect
tends to lower the current, while the latter effect tends to
increase the current for lower subbands. The explanation is as
follows. Due to the larger energy gap between subbands for
lower Tzopy, the relative contribution of the lowest subband
to the total charge density increases. In order to maintain the
charge equilibrium in the source and drain regions, the Fermi
level is at a higher energy relative to the lowest subband.
Hence, as Tsopy decreases, the current component due to
the lower subbands tends to increase. On the other hand, the
current due to higher subbands decreases due to larger energy
splitting between the subbands. However, since lower subbands
are major contributors to the current, quantum confinement in
the source tends to increase the current as Tgopy decreases.
The overall effect of decreasing Tgopy depends on the relative
impact of the drain electric field and the quantum confinement
effects in the source. For lower CBO, the impact of drain
electric field is larger (as discussed earlier); hence, current
decreases with decreasing Tgopy . For higher CBO, the impact
of drain electric field is less, due to which current increases as
Tsopy decreases. In other words, the slope of Ion with Tsopy
is positive for lower CBO, becomes close to zero as CBO
increases, and then becomes negative. Hence, the sensitivity
(which is related to the absolute value of the slope) shows a
non-monotonic behavior.

Next, we perform an analysis of the joint effect of varia-
tions in all the parameters on the device characteristics. The
analysis is performed at iso-Lgp and iso-Lcyg. As can be
observed in Fig. 7, HIBT FETs show a significant reduction
in Iopp variations at Vpp = 0.4 and 0.7 V compared to Si
DG MOSFETs at both iso-Lgp and iso-Lcyg. Variations in
Iorr decrease with increasing CBO. Also, note that variations
in Iopp are lower at iso-Lgp due to lower short-channel
effects compared to those at iso-Lcy. In addition to reduced
Iopr variations, lower Ion variations at Vpp = 0.4 V are
observed in HIBT FETs. At Vpp =0.7 V, Ion variations
are lower at iso-Lcy for HIBT FETs. However, at iso-Lgp,
variations are comparable, particularly for higher CBO. This
is because, at iso-Lgp, larger gate underlap makes the intra-
band tunnel barrier more sensitive to the variations in Lgp. For
higher CBO, this effect is more significant (as also observed
in Fig. 6), which tends to increase /oy variations. However,
lower IpN variations due to other parameters compensate for
this effect. The net effect is comparable /oy variations for
CBO = 0.35¢V.
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Fig. 8. Schematics of (a) Si-DG-MOSFET-based 6T SRAM and (b) hybrid
6T SRAM with Si DG MOSFETs as PU transistors and HIBT FETs as AX and
PD transistors.

n-HIBT FET

To sum up, CBO in HIBT FETs leads to reduced Iopp
variations across different voltages and lower /oy variations at
low Vpp. As CBO increases, Iopp variations in HIBT FETs
decrease. Due to higher process variation tolerance in HIBT
FETs compared to that in Si DG MOSFETs, one potential
application for HIBT FETs is in the implementation of SRAMs.
In a conventional Si-MOSFET-based 6T SRAM, the mismatch
between transistors due to parameter variations leads to a reduc-
tion in cell stability and an increase in cell leakage. Lower cell
stability may preclude Vpp scaling, even though the frequency
requirements are low. However, significantly lower variations
in Iopr in HIBT FETs make them promising devices for low-
power robust SRAMs. In the next section, we will evaluate
the impact of low Iopp variations in HIBT FETs on the cell
stability and power of SRAMs under process variations.

IV. HIBT-FET-BASED 6T SRAMS

We analyze a hybrid 6T SRAM [Fig. 8(b)] with HIBT
FETs as pull-down (PD) and access (AX) transistors and Si
p-MOSFETs as pull-up (PU) transistors. We also compare
HIBT-FET-based 6T SRAM to a standard 6T SRAM [Fig. 8(a)]
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TABLE 1V
CHANGE IN GATE WORKFUNCTION OF PMOS ofF HIBT FET SRAM
WITH RESPECT TO THE GATE WORKFUNCTION OF PMOS IN Si DG
MOSFET SRAM. CBO REFERS TO THE CBO IN THE AX AND PD
TRANSISTORS IN HIBT FET SRAM

CBO (eV) 0.1 0.25 0.35
Iso-Lgp -10meV | -30meV | -60meV
Iso-LcH 0 -25meV | -40meV

in which all the transistors are Si DG MOSFETs. The gate
workfunction of p-MOSFETs is optimized separately for HIBT
FET and Si-DG-MOSFET-based SRAMs (see Table IV). Since
HIBT FETs have a lower drive strength, the strength of the PU
devices in HIBT FET SRAM is decreased by lowering ®¢.
This results in optimal read stability and write ability. Note
that the & of PU devices at iso-Lgp is lower compared to
that at iso-Lcp because the strength of the AX HIBT FET
is lower in the former case. We perform the analysis for the
following two cases: 1) nominal case in which there are no vari-
ations in the devices and 2) considering the worst case process
variations in the devices, including the variations in the PU Si
DG p-MOSFET. The transistor mismatch which has the worst
effect on the cell stability and leakage is considered for the
analysis [33].

Fig. 9(a) shows the comparison of the cell leakage of HIBT-
FET- and Si-DG-MOSFET-based 6T SRAMs at iso-Lgp for
CBO = 0.25 eV. In the nominal case, cell leakage is simi-
lar since the devices are designed under iso-Isyp conditions.
However, low Iopp variations in HIBT FETs lead to a lower
deviation of cell leakage from the nominal values. Hence, a
large reduction in cell leakage is observed in HIBT-FET-based
SRAM compared to the Si-DG-MOSFET-based SRAM under
worst case process variations. (Note that lower & of PU in
HIBT FET SRAM also contributes to reduction in cell leakage.
However, decrease in Iopp variations in HIBT FETS is the
dominant reason for leakage reduction).

The comparison of read and hold stabilities in Fig. 9(b) and
(c) shows that, in the nominal case, Si DG MOSFET SRAM
has higher read static noise margin (SNM) and similar hold
SNM. This is due to a higher Ion—Iopr ratio in Si DG
MOSFETs. However, when process variations are considered,
the deviations of read and hold SNMs from their nominal
values are lower in HIBT FET SRAM compared to those in
Si DG MOSFET SRAM. This is due to the lower variation in
Ion—Iopr ratio in HIBT FETS. As a result, HIBT FET SRAM
exhibits higher read SNM and similar hold SNM under process
variations.

HIBT FET SRAMs also show a higher write margin (WM)
at scaled Vpp [Fig. 9(d)]. This is because Si p-MOSFETSs have
higher g,,, and lower SS compared to HIBT FETs. Thus, as Vpp
is lowered, a sharper decrease in the strength of PU (Si DG)
compared to AX (HIBT) is observed. This leads to an increase
in the WM of HIBT FET SRAM compared to that of Si DG
MOSFET SRAM.

Fig. 9 shows the suitability of HIBT FETs for low-voltage
SRAM due to reduced cell leakage and higher read, hold, and
write stabilities under process variations. Let us now compare

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 12, DECEMBER 2012

the cell stability and cell leakage of Si-DG-MOSFET- and
HIBT-FET-based SRAMs for different CBOs (Fig. 10). The
results are shown for Vpp = 0.4 V at iso-Lgp and iso-Lcy,
considering worst case process variations. It can be observed
that the HIBT FETs with a higher CBO offer reduced cell
leakage under process variations due to lower /opy variations.
On the other hand, higher read and hold SNMs are achieved for
lower CBO because of higher /on—Iopy ratio, under process
variations. The trend of WM with respect to CBO is different
at iso-Lgp and iso-Lcy. This is explained as follows. There
are three effects of the increase in CBO of AX and PD devices
on WM.

1) As CBO increases, &5 for PU MOSFETs is reduced
(Table IV) which increases their |Vry|. Due to larger
|Vry| and reduced overdrive voltage (|Vas| — Virm|), the
variations in /oy of PU FinFETs increase. This tends to
reduce WM under process variations.

2) An increase in CBO leads to lower variability in AX and
PD devices. This tends to increase WM under process
variations.

3) A larger CBO results in higher SS and lower g,,. This
leads to higher strength of the AX transistors relative to
the PU transistors at low Vpp, as explained before. As a
result, WM tends to increase.

At iso-Lgp, the effect of variations in PU devices dominates
because their optimal ®¢ is lower (|Vry| is higher) than at
iso- Loy (see Table IV). Hence, WM decreases with increasing
CBO. On the other hand, at iso-Lcy, an increase in the vari-
ability of p-MOSFETs is relatively less important. Moreover,
for low CBO, g, of HIBT FETs is comparable to that of Si
DG MOSFETs at iso-Lcy. As a result, the decrease in WM
with Vpp scaling is higher at low CBO than at high CBO.
Hence, WM decreases with decreasing CBO. It can also be
observed from Fig. 10 that, compared to Si DG MOSFET
SRAM, improvement in the read SNM, WM, hold SNM, and
cell leakage is achieved in HIBT FET SRAM for all CBOs.

In summary, HIBT FETs exhibit low Iopp variations due to
CBO and the absence of dopant straggle. This leads to signif-
icant reduction in SRAM cell leakage and higher cell stability
at low Vpp under parameter variations, compared to Si-DG-
MOSFET-based SRAM. As a result, HIBT FETSs are suitable
for low-voltage SRAMsS, in which Vpp scaling is limited by
cell stability rather than cell performance.

V. CONCLUSION

We have proposed heterojunction intra-band tunnel (HIBT)
FETs with different semiconductor materials (with matched lat-
tice constants) in the S/D and channel regions. We showed that
a CBO is introduced at the S/D—channel heterojunction and the
carrier transport in the ON state occurs by intra-band tunneling.
We performed the analysis for different values of CBO. The iso-
Isyp comparison of HIBT FETs with Si DG MOSFET showed
degradation in Ion, Igon, SS, and g, but improvement in
DIBL/T and gps. The trends with respect to CBO showed
that DIBL/T decreases with increasing CBO. At the same
time, Ion, SS, and g, degrade as CBO increases. However,
it was shown that the principal advantage of HIBT FETs is
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a significant reduction in Iopp variations. At the same time,
HIBT FETs showed reduction in oy variations at low Vpp.
Variations in Iopr across different Vpp and variations in 1oy
at low Vpp were observed to decrease with increasing CBO.
Near-dopant straggle-free characteristics of HIBT FETs due to
heterovalent S/D and channel materials were also discussed.
Based on the device analysis, we explored the application of
HIBT FETs in low-voltage SRAMs. An improvement in cell
stability and leakage was observed at low Vpp under process
variations in HIBT FET SRAM compared to Si DG MOSFET
SRAM. A higher improvement in read and hold stability was
observed for lower CBO, while a larger reduction in cell
leakage was observed for higher CBO. The analysis shows that
HIBT FETs have a large potential as memory devices for low-
voltage SRAMs.
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