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In this work, an n-type gate all around (GAA) MOSFET with various gate lengths from 90 to 12 nm is
considered for simulation. The temperature dependent simulation is carried out in order to investigate the
electrical characteristics extensively. The temperature range used in this work varies from 6 to 700 K, in-
cluding cryogenic temperature, and the behavior of the GAA MOSFET as a next generation semiconductor
device for quantum computing systems is investigated. The implementation of a hardware-based quantum
processor needs the integration of a CMOS controller and read-out interface circuit that will operate at
cryogenic temperature (6 K). In this work, we investigate the critical behavior of the drain current at cryo-
genic temperature and normal room temperature. A comparative analysis is carried out to study the effect
of temperature on the device performance. The proposed device at cryogenic temperature can work proper-
ly and become a promising device for future quantum computing systems.
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1. INTRODUCTION

With the continuous downscaling of device dimen-
sions to mitigate the current problems in the semicon-
ductor industry, various device architectures are being
implemented [1-5]. Among all those structures, GAA
MOSFET has proved itself as the best candidate to
overcome the problems raised by device miniaturiza-
tion [6-9]. Advanced CMOS processes today perform
very well not only at room temperature and above, but
also at low or cryogenic temperatures. Large-scale inte-
gration of spin bits and Cryo-CMOS control circuits
plans to take quantum computing to the next level. A
low-temperature circuit designed for space applica-
tions, ultra-low noise detectors and scientific equip-
ment are the main application to investigate transis-
tors in cryogenic analysis [10-12]. This technique is
laborious and expensive as it requires analysis at very
low temperatures with more pre-caution. Here, the
MOSFET gate length varies from 12 to 90 nm with a
temperature change from 6 to 700 K [13-15].

2. DEVICE DESIGN AND SIMULATION

The simulation is carried out using Sentaurus
TCAD simulator from Synopsys [16]. This simulator is
the industry standard semiconductor simulator that
includes quantum corrections. The device under simu-
lation is scaled down from 90 to 12 nm in order to study
the behavior more accurately. As the device size is
scaled down to 12 nm, apart from the drift diffusion
model, the quantum potential model is also included.
Since we introduced a high-%£ dielectric material as a
ferroelectric (FE) material, SisN4 is used as an interfac-
ing layer for bonding silicon and HfO2. The simulation
is carried out by including field-dependent mobility in
addition to velocity saturation and concentration de-
pendent models available in Sentaurus TCAD from
Synopsys. As the temperature variation is carried out
in order to perform cryogenic temperature analysis, the
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temperature dependent SRH model is also included.
Fig. 1 shows a bird eye view of the proposed struc-
ture and doping concentration in the source, drain and
channel region. The doping concentration in the source
and drain was kept at 1e+20, and in the channel — 1e+16.
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Fig. 1 — Bird eye view of the proposed structure: (a) 12 nm
gate length, (b) doping concentration in the source, drain and
channel region

3. RESULTS AND DISCUSSION

Fig. 2 shows the electron mobility (eMobility) of the
proposed structure for a gate length of 1 nm with a
temperature of 30 K. From the figure the variation of
electron mobility is clearly observed. This variation is
observed for two different gate voltages (Vos =0.2 V and
1.0 V) for temperatures of 30 K and 300 K, respectively.
With increasing gate voltage, the distribution of electron
mobility can be observed from the legend attached to
the figure. However, with increasing temperature (room
temperature and above), the electron mobility decreas-
es, as shown in Fig. 2b.

Similarly, the electron mobility for the 90 nm GAA
MOSFET is also observed, and it also provides the same
trend as the 12nm GAA MOSFET. With increasing
temperature, the mobility decreases, as shown in Fig. 3.
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Fig. 2 — Electron mobility (eMobility) for the 12 nm MOSFET
at temperatures of 30 K (a) and 300 K (b)
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Fig. 3 — Electron mobility (eMobility) for the 90 nm MOSFET
at temperatures of 30 K (a) and 300 K (b)

The electrostatic potential distributions of the pro-
posed structure at 12nm and 90 nm are shown in
Fig. 4 and Fig. 5, respectively. The potential distribu-
tion on the channel surface can be observed from the
cut section of the channel with the legend. The devel-
oped potential through the channel can be observed as
Vbi (built in potential) on the source side and Vi + Vs
on the drain side. At low temperatures, still a potential
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Fig. 4 — Electrostatic potential distribution for the 12 nm
MOSFET at temperatures of 30 K (a) at 300 K (b)

difference exists at the source-channel or drain-channel
interface, but at high temperatures, the potential through
the channel is almost equal, as shown in Fig. 4b.

The trend can be more clearly visible for the 90 nm
device, as shown in Fig. 5. At higher temperatures and
a gate voltage of 1V, the potential through the channel
is almost equal, as shown in green (Fig. 5b).

The analysis then extends to cryogenic temperature
based investigation for quantum computing systems, so
the temperature varies up to 6 K and the corresponding
drain current is shown in Fig. 6. From the figure, it can
be observed that the drain current decreases with de-
creasing temperature for a lower value of temperature,
which is indicated by the arrow in Fig. 6.
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Fig. 5 — Electrostatic potential distribution for the 90 nm
MOSFET at temperatures of 30 K (a) and 300 K (b)
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Fig. 6 — Drain current analysis at different cryogenic temper-
atures for quantum computing

The transfer characteristic of the proposed struc-
ture in logarithmic scale is shown in Fig. 7. From the
figure, it can be observed that for a lower temperature
value (30 K), the drain current is small compared to the
other two (70 K and 300 K). This clearly indicates that
at low temperatures, the current decreases with de-
creasing temperature.

However, it is totally different if the temperature
increases from lower to room temperature and above.
In this case, with increasing temperature, the drain
current decreases, as shown in Fig. 7 for 12 nm and
90 nm, respectively. For a device with a long channel at
low temperatures, the off-state current becomes better
compared to higher temperatures, which is a good sign
for switching and other applications.

104
10°4
< 10°
-
c
£
S 107
(5]
£
g 10 —e—T70K Lg=12nm
—*—300K V,.=0.5V
10° 4
a
1010 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Gate Voltage [V]

JJ. NANO- ELECTRON. PHYS. 13, 06034 (2021)

103

—s—30K
——T0K
—+—300K

Drain Current [A]
B

1028 ]

Lg=90nm
o] V,.=0.5V
] b
10% —v r T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Gate Voltage [V]

Fig. 7 — Drain current analysis at different temperatures for
(a) lower gate length (12 nm), (b) higher gate length (90 nm)
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Fig. 8 — Drain current analysis for different temperatures in
(a) linear scale, (b) logarithmic scale

In order to show the same thing in a single graph,
the transfer characteristic of the proposed structure is
depicted from a temperature of 45 to 700 K, and the
result thus obtained is shown in Fig. 8 in linear and
logarithmic scale, respectively. From Fig. 8a, it can be
seen that at a lower temperature, the drain current
decreases (45 K) compared to 60 K. However, with an
increase in temperature (> 300 K), the drain current
decreases gradually. From Fig. 8b, it can be observed
that at a lower temperature, the off-state leakage cur-
rent is better that leads to high Ion/Ioft ratio.

4. CONCLUSIONS

In this work, a comparative study was carried out to
investigate the effect of temperature on device perfor-
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mance. In addition, the study included cryogenic tem-
perature to examine the device performance as a poten-
tial candidate for quantum computing systems. With
improved drain current and better off-state current, the
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Amnaunis npoanykrusaocti GAA MOSFET npu kpiorenuiin remmeparypi
IJ1A CyOHAHOMETPOBOTO PEKUMY

M. Lakshmana Kumar, Biswajit Jena

Department of ECE, Koneru Lakshmaiah Education Foundation, Vaddeswaram-522502, Andhra Pradesh, India

V¥ pobori posrisimaerbesi GAA MOSFET n-rtuny 3 pisaumu nossknaamu 3arsopa Big 90 mo 12 um. Tem-
mepaTypHO-3aJIeKHe MOJIeJIIOBAHHS IIPOBOJAUTECS 3 METO0 JETAJIBHOTO JIOCIIIPKEHHS eJIEeKTPUYHUX XapaK-
Tepuctuk. J[iamason TeMmepaTryp, BUKOPHUCTAHUM y po0OoTi, Bapioerbesa Bim 6 mo 700 K, Briouanun Kpio-
TeHHYy TeMIepaTrypy, i gocmimxyerbes moseminka GAA MOSFET sk HamiBIpoBiZHHKOBOrO MPUCTPOIO HACTY-
ITHOTO TIOKOJIIHHS JIJIsT KBAHTOBUX OOUMCIIIOBAIBHUX cHCTeM. Peasisarfiss anapaTHoro KBAHTOBOTO IIPOIiecopa
morpebye inTerpaiii CMOS-koHTpoIepa Ta cxeMu iHTepdelcy 3YNTYBAHHS, sSKa IIPAIlOBATHME IIPH KPIio-
renHiit Temmepatypi (6 K). ¥V po6oTi mocmimxyeTbea KpUTHYHA MIOBEAIHKA CTPYMY CTOKY IPH KPIOT€HHIH Te-
MIIepaTypl Ta Ipyu HOpMaJIbHIN KiMHATHIN Temepartypi. [IpoBognThest HOPIBHAIBHUN aHAII3 TSI BUBYEHHS
BIIMBY TEMIIEPATYPH HA IPOAYKTHBHICTH IIpHIIaAy. 3aIlIpoIOHOBAHUM IIPUCTPIM IPH KPIOreHHI# TeMmepa-
Typl MO’Ke IIPAIfOBATH HAJIESKHIM YMHOM 1 CTATH II€PEJOBUM IIPUCTPOEM JJISI MaiOyTHIX KBAHTOBHUX 00YMC-

JIIOBAJIBHUX CUCTEM.

Kmouori ciosa: MOSFET, Kpioreunuit, CMOS, KrauToBuii mporiecop.
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