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Abstract—The abnormal subthreshold swing (SS) in
Silicon Metal-Oxide Semiconductor Field Effect Transistor
(MOSFET) at cryogenic temperature is commonly attributed
to band tail (BT) conduction. The cryogenic SS does not
scale with the temperature, T, for T < 50K and it is observed
to saturate at 10mV/dec ~ 20mV/dec at low T in most
experiments. Hitherto, only analytical studies have been
conducted for BT and its properties. It is not clear how
much of its effect can be eliminated should there be an ideal
manufacturing technology. In this paper, by using robust
ab initio calculation with quantum transport, we have
successfully calculated the BT in a Si nanowire (NW) and
studied its characteristic length. By analyzing the transport
properties of the NW with various gate lengths, Lg, at
various temperatures, it is observed that for Lc < 20nm, the
tunneling current dominates, and for Lec > 20nm, the BT
current dominates at 3K. It is found that, in a perfect
nanowire (as a gedanken experimental device), an SS as
low as 1.4mV/dec can be achieved at 3K for 15 orders of
magnitudes of current change with a minimum of
0.42mV/dec (Lc = 50nm). This also justifies the results in a
recent experiment in which a very low SS (3.4mV/dec at
5.5K) was obtained. Moreover, it is also shown that for the
2nm node (Le ~ 15nm), direct S/D tunneling will set the
ultimate limit of SS at 3K.

Index Terms—ADb initio Calculation, Cryogenic, Quantum
Transport, Si Nanowire, Technology Computer-Aided
Design (TCAD)

I. INTRODUCTION

RYOGENIC silicon MOSFETs below 77K are becoming

more critical due to their role in quantum computer
controlling electronics [1] and space exploration [2]. It is also
envisaged that quantum computing at 4.2K may be possible on
semiconductor chips [3]. Therefore, it is crucial to understand
and model the physics of cryogenic St MOSFETSs down to 4.2K
and below [4]-[10]. Among all cryogenic device physics, the
abnormal subthreshold swing (SS) in MOSFETs may be the
most interesting one. The SS of a MOSFET is expected to scale
with temperature (SS~nkT/q, where n, k, T, and q are the
ideality factor, Boltzmann constant, temperature, and
elementary charge, respectively) when the current is dominated
by thermionic emission. However, various experiments have
shown that SS saturates at 10mV/dec to 20mV/dec at T < 50K
[71-[9]. As aresult, for n = 1, the SS cannot reach 0.36mV/dec
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and 0.26mV/dec for 4.2K and 3K, respectively.

There are two possible explanations for the abnormal SS.
One attributes this to the existence of oxide/channel interface
traps [4][10] and this was supported by its correlation with the
increase in 1/f noise at cryogenic temperatures [11]. Another
theory attributes the phenomenon to the existence of the Si band
tail (BT) [7]-[9]. When the Si is an infinite perfect crystal, the
band edge should be sharp and there are no states in the
forbidden gap. Band-tail states thus exist when the Si is finite
such as in a nanowire (in both the radial and channel directions)
and due to the termination of Si at the gate insulator/Si interface.
BT states also exist due to defects or dopant fluctuations in
Silicon [12]. As the technology improves and also undoped
channel is used in advanced technology, BT due to defects (in
channel bulk and at the insulator/channel interface) and dopants
are expected to reduce. It is thus important to understand if the
abnormal SS will be solved in an undoped nanowire with ideal
terminations (although the existence of gate dielectric cannot be
eliminated in reality). It should also be noted that quantum
mechanically, BT states are just a natural extension of the ideal
conduction band (CB), and thus, BT state conduction is an
extension of thermionic emission. In this paper, band-tail
current refers to the conduction due to the extra conduction
states in the otherwise ideal bandgap.

Hitherto, there are only analytical studies of St MOSFET BT
[7]-[9]. Abnormal SS due to interface traps can be modeled
using  Technology = Computer-Aided-Design  (TCAD)
simulations [4]. But to understand the effect of the BT, it
requires computational-intensive ab initio calculations coupled
with non-equilibrium green’s function approach (NEGF) at
cryogenic temperature with the BT calculated automatically.

It should also be noted that the abnormal SS reduces the
Ion/lorr ratio which prevents the achievement of ultra-low
standby power at cryogenic temperatures. However, due to its
low leakage, direct S/D tunneling becomes important at
cryogenic temperatures [14]. In Ref. [14], NEGF with
analytical band structure without considering BT state was used
to show that direct S/D tunneling can saturate the SS. It is

Fig. 1. The structure of the Silicon nano-wire simulated (Lg = 10nm is
shown). Left: Traverse cross-section. Right: Longitudinal cross-section.
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desirable to understand if it is still necessary to combat
abnormal SS at cryogenic temperatures and if direct S/D
tunneling will dominate in advanced technologies.

Therefore in this paper, we use ab initio calculation with
NEGF to study the cryogenic SS behavior of Si nanowires.
Various gate lengths (Lg) from 5 nm to 50 nm are used to
deconvolve the effect of direct S/D tunneling and BT current.
Hydrogen-passivated Si is constructed at the interface to form
an ideal insulator/Si interface. A small cross-section nanowire
is used to represent the worst-case BT due to the finite Si
crystal.

II. AB INITIO CALCULATION SETUP

QuantumATK [15] is used to create an n-type Silicon
nanowire (NW) in the <100> direction and perform ab initio
calculation (Fig. 1). 4x4 Si atoms are created in the transverse
direction, which represents almost the most BT states one might
have due to finite Si lattice. The approach in Ref. [13] is used
to ensure good convergence in cryogenic ab initio calculation.
Unlike Ref. [13], the channel is undoped (instead of p-type
doped) with source and drain n-type doped to 5x10%° cm. A
vacuum is formed between the gate and the silicon nanowire
which results in an equivalent oxide thickness (EOT) of about
1.6nm. The Si atoms are passivated with hydrogen using sp’
hybridization. Therefore, this represents the most perfect
insulator/channel interface one can have. However, such
termination is still not ideal and cannot replace the infinite Si
crystal.

The structure and LDOS are calculated using LCAO with
GGA for exchange-correlation and PseudoDojo for
pseudopotential. The calculated bandgap is about 3.2 eV due
to the small diameter but is probably underestimated as it is
known that other computationally intensive functionals such as
HSEOQ6 are required to obtain a correct bandgap [16]. However,
the computation time is too long. Provided that this study does
not cover interband mechanisms, this is expected to be
sufficient, as demonstrated in [17]. We also note that the
bandgap accuracy may be improved if DFT-1/2 is used [18]. To
ensure good convergence [13], an initial calculation with
1000K energy-broadening is used, followed by a smaller
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Fig. 2. Left: The local density of state (LDOS) plot at the CB region of Lg =
10nm when Vs =0V and Vps = 50mV. Right: 1-D plot of LDOS (x-axis) as a
function of electron energy (y-axis) by taking the values along the white-
dotted line at the middle of the device. Note that the energy is shifted so that
the energy with LDOS = 3x10"cm>eV~! is OmeV.
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Fig. 3. IpVg of Si NW with various Lg and Vp = 50mV at 300K, 77K, and
3K, respectively. The inset at bottom-left shows the low S.S. region at 3K.

broadening until SK broadening is reached. Energy broadening
is a numeric technique to improve convergence and is shown in
[13] that 5K or lower is necessary to obtain a correct result in T
= 3K simulation. The reader may refer to [13] for details. It
should be noted that the energy-broadening temperature is just
a numerical technique and is not the same as the temperature of
the device. The number of sampling points in the transport
direction is set to 1000 to help convergence and the parallel
conjugate gradient is chosen for the Poisson solver to reduce the
calculation time. The drain voltage (Vps) is set to 50mV in [pVg
calculations. High Vps (saturation mode) is not studied to avoid
possible SS degradation due to high Vps. Moreover, low Vps
has much better convergence than high Vps. This approach is
also believed to be valid for studying tunneling current because
kT/q is much smaller than 50 mV at 3K.

7 gate lengths (Lg = 5 nm, 10 nm, 15 nm, 20 nm, 30 nm, 40
nm, 50 nm) have been simulated. The gate work function is
adjusted such that when Lg = 15nm, the leakage is ~1 1nA/um
at Vps = 50mV. This is similar to the requirement for the 2nm
node in IRDS 2022 [19]. Although the Vps for o calculation
(50mV) is different from that in IRDS (0.65V), Lo is expected
to change only a few times based on Ref. [20] which is used to
derive the numbers in IRDS.

III. CALCULATION RESULTS

Fig. 2 shows the Local Density of States (LDOS) of Lg =
10nm when Vg = 0V. By setting the CB edge at LDOS =
3x10Ycm3eV-!, the BT has a characteristic length of 6.3meV.
Fig. 3 shows the IpVg curves of the NW with various Lg at T =
300K, 77K, and 3K, respectively, where T is the electronic
temperature. At 300K, all devices have the same leakage current,
except for Lg = 5nm, probably due to direct S/D tunneling.
Thermionic emission over the barrier dominates except for Lg =
5nm at 300K. Even at 77K, thermionic emission still dominates
for L > 15nm (I > 10°A). However, at 3K, thermionic emission
becomes insignificant as the leakage current depends on Lg. It is
not clear if this is due to direct S/D tunneling or BT current.

To identify the leakage mechanism, we first assume direct S/D
tunneling dominates at 3K. Then the transmission (T}, ) at the
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Fig. 4. Left: Extract S as a function of the tunneling width at the maximum
transmission. Right: Minimum SS for various gate length at 3K.

maximum spectral current density, is extracted for a given Lg at
every Vg in the subthreshold regime. It is worth noting that T,
defined here is not the maximum transmission as the spectral
current depends on the source/drain electron distribution and also
the transmission. The barrier width, a (dependent on Lg), and
barrier height, V (dependent on V), for the energy corresponding
to Ty, are extracted and substituted into the Wentzel-Kramers—
Brillouin (WKB) transmission equation for a rectangular barrier,
which is Ty, = A exp (—2aVv2m*V /h), where A, m*, and & is
a pre-exponential factor, electron effective mass, and reduced
Planck constant, respectively. By transforming the equation into
InT,p = —2av2m*\V/h+1InA, one may extract S =
—2av2m* /h from the In T,y,,-V/V plot for each a. One can then
plot S vs. a to extract the corresponding m*. Fig. 4 shows that
when Lg < 20nm, m* = 0.44m,, which is reasonable. This is
similar to the value calculated in a Inm diameter <100> NW in
Ref. [21]. Therefore, direct S/D tunneling is the major leakage
mechanism and dominates at Lg < 20nm at 3K. On the other
hand, m* = 1.3m, is needed to fit the data points for L >40nm
if we assume direct S/D tunneling is the dominant leakage
mechanism. However, m* = 1.3m, is likely unreasonable and
m”* is believed not to be dependent on Lg. Therefore, it is believed
that the leakage mechanism is dominated by BT current for Lg >
40nm where direct S/D tunneling is negligible.
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Fig. 5. Left: The local density of state (LDOS) plots at the CB region of Lg =
10nm (a) and L = 50nm (b) when Vg =0V and Vps = 50mV. The CB edge
has LDOS = 3x10"cm>eV"!. The yellow contour lines show location when

LDOS = 10"cm3eV-'. Right: 1-D plot of LDOS (x-axis) as a function of
electron energy (y-axis) at the device center of various gate lengths at Vg =
0V. V5= 0.2V for 50nm is also shown. Note that the energy is shifted so that

the energy with LDOS = 3x10"cmeV-' is OmeV.
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Fig. 6. Spectral current density for 10nm (left) and 50nm (right) devices at
various biases at 3K. The energy is referenced to the average channel barrier
at LDOS = 3x10"cm>eV-'. Tunneling and BT current regions are identified.

To understand the nature of the BT states, the LDOS of

different L are plotted in Fig. 5. It is believed that some of the
BT states are induced “laterally” by the CB from the S/D (same
lateral distance between the yellow contour line and the band
edge in 10nm and 50nm devices). For small Lg, LDOS increases
at the middle of the channel due to the “S/D-induced states”. Fig.
6 plots the spectral current density (SCD) at various biases for Lg
= 10nm and 50nm cases. BT conduction region is identified as
where the SCD peak is near the channel barrier. Fig. 4 also plots
the minimum SS for each L at 3K. Combining with the results
in Fig. 2 and Fig. 5, BT conduction can be seen clearly: 1) For
L = 10nm, the BT characteristic length (Fig. 2) is consistent
with Ref. [8] and its BT region (Vg > 0.2125V in Fig. 6) SS is
consistent with the experiments (10mV/dec to 20mV/dec) [7]-
[9].2) For Lg=50nm, SS is between 0.42mV/dec and 0.8mV/dec
when Vg changes from 0.255V to 0.258V, which corresponds to
the band tail region in Fig. 6 where the SCD peak is near the
channel CB edge and the energy corresponding to T, sweeps
from LDOS ~ 10'%cm3eV-! to LDOS ~ 3x10"cm>3eV-'.

Although the transport is believed to be dominated by BT

current for Lg = 50nm, 0.42mV/dec can still be achieved, which
is less than double the Boltzmann limit of 0.26mV/dec. For Lg =
50nm, the average SS is about 1.4mV/dec in 15 orders of
magnitude of change of current (Fig. 3). Therefore, with an ideal
interface and undoped channel, very small SS can be achieved
(instead of 10mV/dec to 20mV/dec observed in most
experiments). Indeed, a recent experiment shows that it is
possible to achieve a SS of 3.4mV/dec at 5.5K [22]. It should also
be noted that n = 1.08 is extracted for Lg = 50nm at 300K.
Therefore, the lower limit of SS can be even smaller.

IV. CONCLUSION

By using ab initio calculation and NEGF, the BT is
calculated in undoped Si NW with an ideal interface. It is found
that BT current dominates at large L. However, a minimum SS
of 0.42mV/dec and an average SS of 1.4mV/dec are realized for
Lg = 50nm gedanken-experimental device. For the 2nm
technology node, direct S/D tunneling can be the limiting factor
on the cryogenic SS.
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