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Abstract

In this paper, we propose a simulation methodol-
ogy for robust and accurate ab-initio quantum
transport simulation down to 3K of an n-type Si nan-
owire. This is important to understand the subthresh-
old swing (SS) at cryogenic temperature. We show
that for Lg = 10nm, the SS is fully dominated by di-
rect tunneling at cryogenic temperature, which is the
first time to be demonstrated using ab-initio simula-
tion, to the best of our knowledge. We propose a
method to achieve more than 2x speed up in the sim-
ulation time and achieve convergence at high gate bi-
ases. It is also shown that from the leakage perspec-
tive, there is no advantage in operating L = 10nm
transistor below 77K.

Keywords—ab initio, cryogenic electronics, nan-
owire, quantum transport, subthreshold slope

I. Introduction

Cryogenic electronics is important for many mis-
sion-critical applications such as quantum computer
and quantum sensing interfaces [ 1], space exploration
electronics [2], and high-performance cryogenic serv-
ers [3]. Technology Computer-Aided Design
(TCAD) offers a very cost-effective way of exploring
the design space of cryogenic electronics and there
has been tremendous progress in the calibration, mod-
eling, and simulation methodologies of cryogenic
electronic simulation recently [4]-[7]. However, cry-
ogenic ab-initio quantum transport simulation, which
is important to study devices with Lg < 20nm and,
particularly, their sub-threshold behavior, is still dif-
ficult and not studied systematically. 1t is known that
the SS of MOSFET does not follow the Boltzmann
statistics [4]-[9]. To understand its origin, a robust ab
initio transport simulation setup is needed. To the best
of our knowledge, there is no ab-initio simulation of
cryogenic transport in the literature yet. Only research
using Non-Equilibrium Green’s Function (NEGF)
has been conducted [10].

In this paper, we successfully used ab-initio simu-
lation to study the transport characteristics of an
Ls=10nm nanowire at a temperature down to 3K. The
simulation know-how is studied for faster and more
robust simulations. The nanowire’s cryogenic leak-
age characteristics are then investigated.

Figure 1: The cross-section and 3D views of the nanowire simulated.
Lg = 10nm is shown. Gate radius is 9A. Gate dielectric is vacuum with
EOT~1.6nm.

I1. Simulation Structure and Setup

QuantumATK is used in this study [11]. The ma-
terial used in this paper is Silicon cleaved in the
<100> direction. It is then repeated twice along the
transverse directions (A and B), and passivated with
hydrogen using sp’ hybridization. The structure is re-
laxed using LCAO with GGA for exchange-correla-
tion and PseudoDojo for pseudopotential. The cutoff
density is increased to 80 Hartree for better conver-
gence. The force tolerance for the relaxation process
is set to 0.01 eV/A for better accuracy.

The relaxed structure is then repeated 60 times
such that it is 32.5 nm in the transport direction, and
a cylindrical gate of Lg is added (Fig. 1). Vacuum is
formed between the gate and the silicon nanowire
which results in an equivalent oxide thickness (EOT)
of about 1.6nm. An electrode length of 5.4nm is used
for both the source and drain electrodes. The same
LCAQO settings are used for quantum transport simu-
lation. Since it is a gate-all-around (GAA) structure,
the Dirichlet boundary condition is applied in all di-
rections in the Poisson solver. To achieve a reasona-
ble simulation time, the parallel conjugate gradient is
used for the Poisson solver.

The n-type Source/Drain is doped to a level such
that the Fermi level is above the conduction band us-
ing the compensation charge method. The channel is
doped with p-type. It is important to note that the dop-
ing should only be applied to the Silicon atoms and
not the Hydrogen atoms.

I11. Energy Broadening

The typical ab-initio calculation uses the electron
ground state energy for calculations and, thus, the
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Figure 2: IpVg of the nanowire with Lg=5nm at T = 300K (Left)
and T = 3K (Right) with various Tg. Vp=50mV.
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quantities calculated such as the transmission coeffi-
cient and Local Density of States (LDOS) are for 0K.
However, the convergence can be very bad due to the
step-like discontinuity in electron occupation at 0K
(abruptly changes from one below the Fermi level to
zero above the Fermi level). This is a common prob-
lem in metals as the Fermi Level is within the band.
However, the same issue occurs for heavily doped
source and drain in Silicon (which is required in cry-
ogenic simulations and will be discussed later). Often,
energy broadening is applied to the Fermi-Dirac (FD)
distribution in the calculation to smear out the elec-
tron distribution for better convergence. This means
that the occupation numbers, zero and one, are re-
placed by a fractional occupation given by FD [12].
Note that this is not the FD at the electrodes. Eq. (1)
shows the FD equation with 73 being the broadening
temperature and k7 representing the energy broaden-
ing. The occupation probability of a state at energy e
is,

-1

£ =(1+eMs) (1)

where k and u are the Boltzmann constant and Fermi
energy, respectively.

At room temperature simulations, sometimes 75 as
large as 1000K is used for good convergence [12].
Fig. 2 shows the IpVg simulated with various 7 and
electrode temperatures, 7, for an Lg = Snm nanowire.
Note that 7 represents the operating temperatures of
the device as it determines the electron distribution at
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Figure 3: IpV of the nanowire with Ls=Snm at T = 300K and T =
10K when the Fermi level is 80meV below the CB with S/D doping
of 10?'cm™ and Tg=1000K. Vp=50mV.
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Figure 4: Source/Drain doping concentration requied to keep
the Fermi level 18meV above the CB.

the electrodes, and Tz is just the parameter for elec-
tron structure calculations. For T = 300K, consistent
results are obtained with Tg < 200K. However, T <
5K is required for T = 3K simulation. Therefore, Tg =
5K is used in this study.

While setting Tg = 5K might make the conver-
gence more difficult, it brings another positive effect
toward more accurate and robust simulations. It is
found that a large 73 can cause Fermi level in the
heavily doped source/drain to shift into the bandgap.
Fig. 3 shows that when the doping is 10*'cm™ and Ts
= 1000K, the Fermi level is below the CB by 80meV
and there is finite current for T = 300K but almost no
current for T = 10K or below. However, using large
S/D doping will worsen the convergence due to the
large doping gradient between the S/D and the chan-
nel.

Fortunately, smaller 75 provides more accurate
simulation and smaller S/D doping is required to keep
the Fermi level above the conduction band at the same
time. Fig. 4 shows the S/D doping concentration re-
quired to keep the Fermi level around 18meV above
the CB at various Tg. This is critical in cryogenic ap-
plications such as quantum computing since at these
temperatures, thermionic emission and thus transport,
is almost impossible when the Fermi energy in the
source region is below the conduction band edge.
With Tp=5K, only 5x10*°cm™ of doping is required.
Fig. 5 shows the LDOS of the device studied with the
gate and the drain at zero bias and the electrodes'
Fermi levels of the optimal setup.

IV. Transmission Spectrum
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Figure 5: LDOS of the nanowire with Vi = 0V. T = 5K is used.
Lg=10nm. S/D doping is 5x10*cm,
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Figure 6: Transmission spectrum of an Lg = 10nm nanowire
at Vg=0.4V and Vg=1V. Both with Vp=50mV.

The total current in transport calculations is found
using Eq. (2), where T(E, u;, 1g) is the transmission
coefficient found for the structure at a given gate and
drain bias, and f is the Fermi distribution function for
the left and right electrodes.

1= 2 [ 1@l () - £ () e @

where q, h, y;, ug, and E are the elementary charge,
Planck’s constant, Fermi levels at the left and right
electrodes, and the energy of the electrons, respec-
tively. Since it is discretized at different energy lev-
els, the density of the transmission points must not be
too low to capture the correct current, especially at
low temperatures. For this study, the transmission
spectrum covers the range of —1 to 4 eV, with respect
to the source’s Fermi energy, and this gives a resolu-
tion of 10meV per transmission point.
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Figure 7: a) IpVg of the nanowire with Ls=10nm at various T with
T = 5K and S/D doping of 5%10*°cm™. b) Spectral current at
Ve=0.55V at 300K and 3K.
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Figure 8: Number of steps to achieve convergence at each gate bias
for the IpVg in Fig. 7.

The transmission spectrum is plotted in Fig. 6 for
two gate voltages. Transmission for Vg =1V is higher
than 0.4V due to the lowering of the gate barrier.
However, note that the transmission is not zero for
energy levels that are below the barrier (0.04eV for
Vs = 0.4V). This tunneling current will degrade the
SS as shown in the next section.

V. Nanowire Simulation Results

The SS slope of an Lg = 10nm GAA nanowire is
then studied at various electrode/operation tempera-
tures, T, using T = 5K and S/D doping of 5x10%°cm"
3. To further improve convergence, T = 300K is used
as an initial solution at V=0V and Vp=50mV. And
then T3 is reduced gradually to 5K. Fig. 7 shows the
bV curves. The full IV curve is possible because of
the robust setup. Fig. 8 shows the speed up by using
lower S/D doping (5%10*cm™) which is enabled by
using 7z = 5K.

From Fig. 7a, it can be seen that the subthreshold
slope stops following the Boltzmann statistics (SS =
In(10)kT/q) when 7 < 77K. It is believed that this is
because the tunneling current, which does not follow
In(10)kT/q as the barrier changes, dominates over the
thermionic current, which follows In(10)kT/q. As
shown in Fig. 7b, the spectral current at 3K are non-
zero only in the region below the barrier even at
Vs=0.55V (right before it is turned on).

To further prove that the abnormal subthreshold
slope is due to the tunneling current, the current as a
function of gate voltage is fit against the transmission
coefficient as a function of the barrier height calcu-
lated with WKB approximation.

In the WKB approximation, a rectangular barrier
is used with the width and height measured from the
LDOS plots of the corresponding V. The band edge
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Figure 9: LDOS plots for V, = 0.4V, at 3x10' states per cm® cutoff
(left) and at 1x10'® states per cm® cutoff (right).

of Silicon is typically thought to be at when the den-
sity of states in the Conduction Band (CB) and the
Valance Band (VB) is at around 3x10" and 1x10"
states per cm®, respectively. Therefore, this is used for
barrier height extraction. It should be noted that since
the nanowire is finite in size, unlike an infinitely
larger silicon crystal, the band edges cannot be abso-
lutely sharp. That means, there is a non-zero density
of states in the bandgap. Fig. 9 shows the LDOS for
V, = 0.4V and the lower cutoff for the LDOS is at
3x10" states per cm’ to reflect the nominal band
edge. The figure also shows the LDOS with a lower
cutoff, at 1x10'® states per cm’. It can be seen that
their barrier heights and widths are different. 3x10"
states per cm’ is used in the extraction.

The transmission coefficient from WKB is shown
in Eq. (3) with a and V being the barrier height and
width, respectively, and m* is the tunneling electron
mass. The actual transmission spectrum, 7, is ex-
tracted from the simulation.

2m*V
T « exp <—2aT> 3)

The dependence of the current on Vg is found to
fit the equation well in the subthreshold region if the
effective electron mass, m”, is set to 0.35m,. There-
fore, the leakage is dominated by the tunneling cur-
rent.

Finally, since the leakage current does not reduce
at 77K or below, there is no advantage in going to T
= 3K operation in terms of off-state leakage unless a
very low Vi device is needed as there is still a 10X
reduction in leakage at 0.5V from 77K to 3K (equiv-
alent to having Viu=0.1V).

VI. Conclusions

For the first time, we completed a full [pVg simu-
lation of an Ls=10nm nanowire at T=3K. We pro-
posed a methodology to achieve an accurate and ro-
bust cryogenic ab initio quantum transport simulation
down to 3K. It is proved that the leakage is dominated
by tunneling at 3K but there is about a 10X reduction
in leakage if a Vg = 0.1V device is used.
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