
Citation: Gupta, D.; Nayak, K.

Silicon-Germanium Heterojunction

Bipolar Transistor DC and AC

Analysis Operating under Cryogenic

Temperature. Electronics 2022, 11,

4164. https://doi.org/10.3390/

electronics11244164

Academic Editor: Francesco

Giuseppe Della Corte

Received: 17 October 2022

Accepted: 7 December 2022

Published: 13 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Silicon-Germanium Heterojunction Bipolar Transistor DC and
AC Analysis Operating under Cryogenic Temperature

Dinesh Gupta * and Kaushik Nayak

Department of Electrical Engineering, Indian Institute of Technology Hyderabad, Kandi 502284, India

* Correspondence: ee16resch11007@iith.ac.in

Abstract: In this work, the numerical simulation of a SiGe heterojunction bipolar transistor (HBT) for

DC and AC performance operating at cryogenic temperature with a hydrodynamic carrier transport

model is analyzed. A new modified temperature-dependent Si1−xGex energy bandgap model was

used. Using a simplified 2D TCAD design structure, the device characteristics on 55 nm SiGe HBT

technology and the mobility model are calibrated with experimental data. Base current reversal

due to induced impact-ionization at the collector-base junction is analyzed, where the estimated

collector-emitter breakdown voltage with the base open (BVCEO) is 1.48 V at 300 K. This reveals good

voltage handling ability. At cryogenic temperatures, dopant incomplete ionization in the lightly

doped collector region shows a 28% decrease in ionized dopant concentration at 50 K; this affects

the base-collector depletion capacitance. The emitter electron barrier tunneling leakage on collector

current is studied using a non-local e-barrier tunneling model at different temperatures that shows an

improvement in peak DC gain at lower temperatures. Using the small-signal ac analysis, the cut-off

frequency and the maximum oscillation frequency are extracted for high-frequency application, and

the base widening effect is discussed. A comparison of this work with measured data on 90 nm SiGe

HBT is also discussed in brief, which shows improvements in the simulated structure.

Keywords: bandgap engineering; BiCMOS; bipolar transistor; cryogenic temperature; e-barrier

tunneling; heterojunction; numerical simulation; SiGe

1. Introduction

The SiGe HBTs in advanced CMOS technology (BiCMOS) continue to be a desirable
option due to their compatibility with the CMOS process flow, which expands their field
of application for high-frequency communication and mixed-signal circuits [1]. The SiGe
HBT shows better AC performance than Si-based CMOS in terms of lithography node,
device-to-device matching improvement (i.e., less variability), and the increase in dop-
ing levels in advanced technology generations [2,3]. The advanced SiGe HBTs offer DC
current gain (β), unity gain cut-off frequency (fT), and maximum oscillation frequency
(f max) of 1900/320 GHz/370 GHz for 55 nm SiGe HBT at 300 K, respectively [4,5]. The
state-of-the-art SiGe HBT covers the field of cryogenic electronics with high speed and
high performance applications such as radio astronomy, radar communication, and other
extreme environmental conditions [6]. The experimental DC and AC performance of SiGe
HBT down to 4.3 K has been reported [2,7,8], and DC evaluation has reached, experi-
mentally, down to 70 mK [9] in 90 nm SiGe HBT technologies. However, 55 nm SiGe
technology was explored at 300 K, with very few literature reports being available under
cryogenic temperatures [10,11]. This paper reports the results of DC and AC analysis using
numerical analysis with calibrated models. A detailed discussion on the same structure
for collector-emitter saturation voltage using a hydrodynamic transport model is explored
in the previous work [10]. We have analyzed different aspects (partial dopant ionization,
intrinsic gain and transconductance, collector current leakage, base resistance, fT and f max)
of the SiGe HBT device from 300 K to 50 K. The advantage of cryogenic temperatures is the
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improvement in the operating frequency from sub-THz to THz for mm-wage/RF appli-
cations. Section 2 discusses a new modified SiGe energy bandgap model and its accuracy
with respect to germanium content. Section 3 of the manuscript explores the numerical
device structure, simulation methodology, and calibration. The next section discusses the
impact-ionization and collector-emitter breakdown voltages with an open-circuited base
(BVCEO). In Section 4.1, the impact of the dopant incomplete ionization effect on the lightly
doped collector region under cryogenic temperatures is studied. The collector current
(IC) due to tunneling leakage of the emitter’s electron through the emitter-base junction
is investigated in Section 4.2. The AC performance metric is analyzed using small-signal
AC analysis in Section 4.3. The next section discusses the comparison of the performance
metrics in this work with measurement data on 90 nm SiGe HBT. Finally, conclusions are
drawn in Section 5.

2. Energy Band Gap Model

The SiGe energy bandgap (Eg) changes with germanium (Ge) mole fraction (x) due to
a lattice mismatch of 4.2% between Si and Ge. In reported work [6], an approximation has
been considered for the SiGe bandgap model that, for every 10% Ge content in Si, Eg reduces
by 75 meV for SiGe device design, which can tolerate up to 30% of Ge content [6]. First, an
experimental study on the SiGe bandgap with Ge content and temperature dependence
from optical absorption measurements is investigated by Braunstein et al. [12]. A new
modified temperature and Ge mole fraction (x) dependent Si1−xGex energy band gap
analytical model (1) based on Varshni [13] is used in this SiGe HBT simulation, as shown in
Equation (1).

Eg(x, T) = Eg,i(0)−
αiT

2

βi + T
− 0.45x (1)

Pi = (1 − x)PSi + xPGe (2)

where Pi represent Eg,i(0), αi and βi; PSi and PGe are Si and Ge parameters, respectively, as
shown in Table 1.

Table 1. Energy bandgap model parameter [14].

Parameter For Si For Ge

α (eV/K) 4.73 × 10−4 4.80 × 10−4

β (K) 636 235

Eg(0) (eV) 1.17 0.742

The mole fraction dependent term induced the energy bandgap to lower for each
x consistently between 300 K–50 K, as shown in Figure 1b. In Figure 1b, a lowering of
the energy band gap with increasing temperature is shown. This can also be observed in
Figure 1a, which resembles that with increasing mole fraction of Ge the bandgap reduces.
Both the plots in Figure 1a,b are used to validate the calibrated model for varying mole
fraction and temperature parameters with reference to the energy gap. The model (1)
accuracy with the experimental data [12,15] is 97% up to a Ge mole fraction of 36%, which
is useful for SiGe HBT devices.
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Figure 1. (a) The analytical model (1) calibrated at different Ge mole fractions with experimental

data [15]; (b) for the wide range of temperature, the computed expression observed closely matched

with measurement data [12].

3. Numerical Device Structure and Simulation Methodology

Figure 2a shows the 2D schematic diagram of SiGe HBT with the doping profile of the
intrinsic region. Numerical device dimensions and calibrated model parameters are shown
in Table 2. The intrinsic collector region is lightly doped (i.e., NC = 3.0 × 1017 cm−3) in
the vertical current flow direction (y-direction) to reduce the collector-base (CB) junction
capacitance, whereas the intrinsic emitter region is heavily doped with peak emitter doping
(NEP = 1.5 × 1020 cm−3) and has a doping gradient of 0.8 nm/dec towards the base region.
In order to enhance the intrinsic drift field for electrons in the p + SiGe base, linearly
graded Ge with a mole fraction (x) of 0 to 0.26 is used, as shown in Figure 2b. The
epitaxial Si1−xGex layer is pseudomorphic and stable in nature using this Ge profile [16].
Figure 2c shows the equilibrium energy band diagram of n-p-n SiGe HBT with Ge profile.
The blue dashed line shows the metallurgical junctions at the emitter-base and base-
collector junctions, marked as JEB and JBC, respectively. The linearly graded Ge profile
resulted in a bandgap (Eg) variation in the heavily doped p + −SiGe base from 1.05 eV
(near the BE junction) to 0.94 eV (near the CB junction). The hydrodynamic (HD) carrier
transport model is used for HBT simulations to account for the non-local nature of carrier
transport under high electric fields [14]. The Slotboom model is used for a bandgap
narrowing effect [14]. The temperature dependence carrier mobility models, considering
carrier scattering and doping dependence in Philips unified mobility (PhU-Mob) and
high-field saturation models are used [17–21]. The incomplete-ionization model is used
in low-temperature simulations to account for active dopant concentration in the lightly
doped collector region [22,23]. Recombination-generation models, such as doping and
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temperature-dependent SRH (Shockley–Read–Hall) and the Auger recombination model,
are invoked [14]. The non-local electron barrier (e-barrier) tunneling model is used, which
considers electron tunneling leakage from the BE junction barrier. In this work, the linear
interpolation method for the mole fraction-dependent model parameters is used. A wide
range of temperature-dependent calibrated models for Si have been considered in this
work [14]. For mole fraction dependent models of materials, such as SiGe, we use linear
interpolation between two parent materials, where we have calibrated the Philips unified
mobility (Phu-Mob) model (θ and Nref) for p + −Si0.94Ge0.06 with a doping density of
1.0 × 1015 cm−3, and the experimental data [24] is shown in Figure 3a.

θ − −

 

 

 

diagram of n−p−

Figure 2. (a) A simplified 2-D schematic cross-sectional view of SiGe HBT structure; (b) Shows net

doping concentration of the device intrinsic region and linearly graded germanium profile (5% at the

EB junction and 23% at the CB junction); (c) equilibrium energy band diagram of n−p−n SiGe HBT

with Ge profile.
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Forward Gummel characteristics, shown in Figure 3b, are reproduced with experi-
mental data [25] at 300 K with an emitter area of 0.42 × 5.56 µm2 on 55 nm SiGe HBT. The
advanced SiGe HBT in 55 nm BiCMOS uses a reduced emitter area size of 0.1 × 4.9 µm2

for the high-performance target that has been considered in our simulation. The TCAD has
the facility to provide frequency dependent small-signal AC analysis with temperature-
dependent physical models. The fT, f max and junction capacitance reproduced with experi-
mental data [4,26] are shown in Figure 3c,d on the same technology of 55 nm SiGe HBT.

 

 

 

Figure 3. Cont.
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Figure 3. Calibration: (a) Phu−Mob model with experimental data [24]; (b) forward Gummel

characteristics with experimental data [25]; (c) f T and f max at VCB = 0.5 V with experimental data [4];

(d) emitter-base (CBE) and collector−base (CBC) junction capacitances with measurement data [26].

Table 2. Numerical Device Simulation Parameters.

Parameter Value

Device Dimension

Emitter window width (WE) 0.1 µm
Emitter base spacer width (WSP) 25 nm
Effective vertical base width (wb) ∼19 nm

Peak emitter doping (NEp) 1.5 × 1020 cm−3

Peak intrinsic base doping (NBi) 9.9 × 1019 cm−3

Extrinsic base doping (NB) 1.0 × 1020 cm−3

Collector doping (min) (Nc) 3 × 1017 cm−3

Collector doping (max) (NC) 1.5 × 1020 cm−3

Calibrated Model Parameters

Incomplete ionization model

NM (Si) 3.5 × 1018 cm−3

gD (Si) 2
NM (SiGe) 9.0 × 1017 cm−3

gD (SiGe) 4

Philips unified mobility (PhU-Mob) model

µmax (e), µmax (h) 2.036 × 103, 9.154 × 102 (cm2/V·s)
µmin (e), µmin (h) 69.15, 58.675 (cm2/V·s)

θ (e), θ (h) 2.1, 2.2
Nref (e), Nref (h) 1.476 × 1017, 2.673 × 1017 (cm−3)

BVCEO and Impact-Ionization on Base Current

The avalanche effect in the CB junction and secondary hole current due to impact-
ionization results in the negative base current (−IB; base current reversal) shown in
Figure 4a,b, respectively. For capturing the impact-ionization and avalanche multipli-
cation phenomenon in the CB junction, the avalanche (Okuto) model is used [14]. In the
forward active region (FAR), increasing VCB results in impact-ionization (generation of
electron-hole pairs) inside the CB junction depletion region, contributing to −IB, which
escapes through base contact. It is shown in Figure 4a, at VBE = 0.7 V, as VCE increases (VCB

increases), −IB increases and gets subtracted from the terminal base current, resulting in a
lowering of +IB. With a further increase in VCE, IB = 0 at the “notch” position (VCE = 1.48 V),
where −IB = +IB; IB = 0. This VCE value for IB = 0 indicates the collector-emitter breakdown
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voltage with an open circuited base (BVCEO) of 1.48 V. For BVCEO, the avalanche mul-
tiplication factor (M−1 ≈ 1/β) is slightly larger than 0, which is 0.001 just below the
“notch” position as shown in Figure 4b. The BVCEO is widely used for characterizing the
voltage-handling ability of bipolar transistors. Since the estimated BVCEO is greater than
the supply voltage (VCC = VDD > 1.2 V) of the 55 nm node, Si CMOS integration with SiGe
HBT is favorable.

− ≈ 1/β

 

 

−

mpact−
−

𝑁𝑁𝐷𝐷+ 𝑁𝑁𝐷𝐷 01+ 𝑔𝑔𝐷𝐷𝑁𝑁𝐶𝐶 𝑒𝑒𝑛𝑛0𝐺𝐺𝑒𝑒𝑒𝑒 𝐸𝐸𝐷𝐷 𝑘𝑘𝑘𝑘

Figure 4. (a) The HBT is biased at VBE = 0.7 V, and −IB is the absolute value of the CB junction

avalanche produced due to the impact-ionization hole current. +IB is the positive base current fueled

by a forward-biased BE junction; (b) impact−ionization base current reversal (IB) and avalanche

multiplication factor (M−1) vs. VCB.

4. Effect of Reduced Ambient Temperature

4.1. Incomplete Ionization

Under cryogenic temperatures, doping concentrations in the device below the Mott-
critical concentration (NM) show incomplete dopant ionization. This incomplete ioniza-
tion of dopants occurs due to the availability of insufficient thermal energy (kT; k is the
Boltzmann’s constant and T is the lattice temperature) and needs to be considered [27].
From the Fermi–Dirac distribution, the ionized dopant concentration model is given by
Equation (3) [14],

N+
D =

ND,0

1 + gD
NC,e

n0exp(ED/kT)
(3)

(where, ND,0 is total dopant concentration; ND,0 < NM; gD is dopant degeneracy factor;
n0 is equilibrium carrier concentration; NC,e is effective density of states; ED is dopant
ionization energy). When the doping is lower as compared to the NM value, the dopant
incomplete ionization is significant under cryogenic temperatures. Above the NM, dopants
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are fully ionized at all temperatures, considering zero dopant ionization energy in Mott-
transition [6].

The NM value for arsenic (As)-doped Si is 3.5 × 1018 cm−3, and boron (B)-doped SiGe
is 9.0 × 1017 cm−3, which are both considered in the analysis [27]. Here, the net doping
concentration in the emitter and base regions is higher than the NM value. Therefore,
all dopants in the emitter and base are fully ionized even at cryogenic temperatures, as
shown in Figure 5a. However, it is observed from Figure 5a that the net ionized doping
concentration in the intrinsic collector is reduced by 28% as the temperature is lowered
from 300 K to 50 K. This is due to incomplete ionization of dopants in the lightly doped
collector region (NC < NM) near to the CB junction. The impact of decrement in ionized
dopant concentration results in a widening of the depletion width in the collector region.
The incomplete ionization effect near to the junction in the lightly doped collector (<NM)
region has the advantage of reducing depletion capacitance. From the simulation results, it
is observed that a reduction in net ionized doping concentration due to dopant incomplete
ionization at cryogenic temperatures result in an equivalent decrease in the CB depletion
capacitance (CBC), as shown in Figure 5b.

−

−

 

ollector−

Figure 5. (a) Dopant incomplete ionization increases (net ionized doping concentration reduces) in

the lightly doped (<NM) intrinsic collector region with decreasing temperatures; (b) collector−base

depletion capacitance (CBC) in the lightly doped collector region decreased with an equivalent amount

of decrease in doping concentration at VBE = VCB = 0 V under cryogenic temperature.

4.2. Collector Current Tunneling Leakage

An additional e-barrier tunneling model is included with hydrodynamic carrier trans-
port to investigate electron tunneling leakage through the BE junction. This tunneling
leakage current along with thermionically injected electrons constitute the IC [28]. Figure 6a
shows the IC with and without e-barrier tunneling for temperatures of 300 K, 77 K, and
50 K. In the work by Ying et al. [29], it can be observed that the collector current, including
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the quantum mechanical tunneling model, is close to the experimental data. The effect
of the inclusion of the e-barrier tunneling model can be observed in Figure 6a, where the
percent increment in collector current is from 2% to 30% with the change in temperature
from 300 K to 50 K. Figure 6b shows the physical illustration of the e-barrier tunneling
through the base potential barrier from the emitter-base junction and contributing to IC.
Under cryogenic working conditions, the intrinsic carrier concentration (ni) drops and there
is an increase in the built-in potential at the junctions. Because of the increment in threshold
voltage with an increase in the built-in potential, a larger VBE is required to achieve the
same IC at a lower temperature [29]. Hence, at low temperatures, the barrier tunneling
leakage phenomenon cannot be ignored for numerical analysis.

β
β∆𝐸𝐸𝑔𝑔 𝐵𝐵𝐸𝐸 𝑘𝑘𝑇𝑇 ∆𝐸𝐸𝑔𝑔 𝐵𝐵𝐸𝐸 ≈ ∆𝐸𝐸𝑔𝑔 ∆𝐸𝐸𝑔𝑔𝐹𝐹 ∆𝐸𝐸𝑔𝑔 ∆𝐸𝐸𝑔𝑔𝐹𝐹

β 

β
β 

β

 

 

 

−

diction of e−
β

τ

𝜋𝜋𝑓𝑓𝑘𝑘 𝜏𝜏𝐺𝐺𝑒𝑒 𝑘𝑘𝑇𝑇𝑞𝑞𝐼𝐼𝐶𝐶 𝐶𝐶′𝑓𝑓𝑚𝑚𝑚𝑚𝑒𝑒 � 𝑓𝑓𝑇𝑇8𝜋𝜋𝑅𝑅𝐵𝐵𝐶𝐶𝐵𝐵𝐶𝐶
′

τ

τ τ
τ

τ

Figure 6. (a) IC—VBE characteristics with (solid line) and without (dotted line) barrier tunneling

leakage; (b) conduction band edge energy (EC) vs. depth for the intrinsic HBT, the theoretical

prediction of e−barrier tunneling from the BE junction into the base contributing to collector current

leakage; and (c) DC gain (β) and transconductance (gm) vs. temperature (T).



Electronics 2022, 11, 4164 10 of 14

The IC has a strong dependency on the DC gain (β) and intrinsic transconductance (gm)
of SiGe HBT. The temperature-dependent β exponentially depends on ratio ∆Eg,BE/kT

(where, ∆Eg,BE ≈ ∆Eg + ∆EF
g ; ∆Eg is the apparent bandgap difference between base and

emitter due to heterojunction, and ∆EF
g is to account for dopant induced bandgap using

carrier statistics). The increase in β is due to its exponential dependence on 1/T and the
enhanced diffusion of injected electrons through the graded SiGe base region into the
collector. From Figure 6c, it is observed that β increases as temperature is reduced and
tends to saturate at deep cryogenic temperatures. The maximum β value is estimated
to be 12,500 at 50 K. The intrinsic transconductance (gm) is extracted from the derivative
(dIC/dVBE) where the values of gm with respect to temperature are shown in Figure 6c.
Here, it can be observed that there is an increment of gm (1.5 times) with a lowering of
temperature (from 300 K to 50 K). Under cryogenic temperatures, the inclusion of the
e-barrier tunneling model is important, and the comparative results shows the effect.
Moreover, at lower temperatures, there is increment in gm and β, which is required to
enhance device performances.

4.3. Cryogenic AC Analysis

The combined effect of cooling and the induced intrinsic drift field due to the graded
Ge profile helps to reduce the emitter to collector transit time (τec), which aids in achieving
high-frequency performance of transistors. The AC parameters are computed from the
frequency-dependent admittance matrix [14], and the commonly used expressions for f T

and f max of bipolar transistors [30] are given by Equations (4) and (5),

1

2π fT
= τec +

kT

qIC
C′ (4)

fmax =

√

fT

8πRBCBC
(5)

where C′ is the sum of BE and CB depletion capacitances, and RB is the sum of the dis-
tributed base resistance in the transistor. The emitter to collector transit time (τec) has an
inverse relation with fT (4) that is extracted from the total delay time plot as shown in
Figure 7a. Extrapolation is used to find the intersection of the curve with the 1/IC = 0 line,
which results in the τec estimation. As shown in Figure 7a, τec are calculated at 300 K, 77 K,
and 50 K, which shows a decrement in the τec value as the temperature is reduced. The
different τec values are listed in Table 3. The peak fT is 330 GHz at 300 K and increases to
535 GHz at 50 K, as shown in Figure 7b.

Table 3. The AC performance metrics of SiGe HBT.

Parameter/Temperature 300 K 78 K 50 K

Peak f max (GHz) 375 580 610

Peak fT (GHz) 330 510 535

τec (ps) 2.67 1.76 1.63

In the mentioned figure, it can be observed that there is a smooth fall in the fT val-
ues, which is instigated by the high-level injection at the CB junction. This fT roll-off is
due to an increase in the base transit time that increases because the base width widens;
this phenomenon is called the Kirk effect [30]. During base widening, charge accumu-
lation causes the fall of the potential gradient at the BC junction, as shown in Figure 7c,
causing an increase in the total delay time of the transistor, which ultimately decreases
frequencies, as shown in Figure 7b. Moreover, in the BC depletion region, space-charge
modulation occurs because the injected electron density is higher than the fixed positive
donor charge density [15].
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Figure 7. (a) Total delay time travel by the minority charge carrier (1/2π fT) vs. 1/IC. The τec is

extracted with extrapolation of the linear part intersecting at 1/IC = 0; (b) fT (GHz) vs. IC (A/µm2);

(c) electric−field profile at the CB junction at high IC; and (d) fmax (GHz) vs. IC (A/µm2).
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The fmax of the transistor is inherently dependent on fT as presented in (5); also, under
cryogenic temperatures, RB and CCB decreases increase the fmax. At low temperatures,
the phonon scattering is negligible and carrier mobility inside the neutral base region is
enhanced, which effectively reduces the RB and the changes in CCB is discussed in 4.1.
The peak fmax increased from 375 GHz to 610 GHz with temperatures of 300 K and 50 K,
respectively. The key AC performance metrics are listed in Table 3. The aggregate AC
performance metric (fT + fmax) is reached in the THz regime at cryogenic temperatures. The
AC performance parameters fT and fmax significantly improve at cryogenic temperatures.

4.4. Comparison with 90 nm SiGe HBT

The simulated results are compared with commercially available data (advanced
90 nm SiGe HBT measurement at 300 K and 78 K) for performance analysis [8]. In the
linear current regime, the gm increases exponentially and slows down with the high current
regime; this follows the same behavior as collector current at fixed temperatures, as shown
in Figure 3b. This work shows 1.5 times higher gm values with respect to the measured
90 nm SiGe HBT data (IC = 1 mA/µm2), as shown in Figure 8a. The fT analysis also shows
that the simulated work is better than the measured values, as shown in Figure 8b. Even
the drive current is higher in this work, which is very desirable for high performances. The
IC values are (at peak fT) 2 × 10−2 mA/µm2 in 90 nm SiGe HBT and 2.8 × 10−2 mA/µm2

in our work. A comparison of different metrics is summarized in Table 4.

τ

− −

 

 78

Peak β
0.

decrement in τ

Figure 8. (a) The gm vs. IC at VCB = 0 V; (b) the peak fT is comparatively larger in this work with

respect to 90 nm SiGe HBT measurement data [8].
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Table 4. The advanced SiGe HBTs figure-of-merit comparison.

Parameter
This Work 90 nm SiGe HBT

300 K 78 K 300 K 78 K

Peak fT (GHz) 330 510 315 467

Peak β 1830 12,200 566 1013

gm(S/µm2) @ IC (=1 mA/µm2) 0.07 0.17 0.05 0.12

5. Conclusions

The device with assumed specifications estimates the high breakdown ability of SiGe
HBT, which makes it easily integrable with Si-based CMOS. The results establish that, under
cryogenic temperatures, a decrease in ionized dopant density in the lightly doped collector
region is observed. A significant reduction in base-collector depletion capacitance is caused,
which is useful for the f max enhancement. In the high-field regime, e-barrier tunneling at
the emitter-base junction under cryogenic temperatures is dominant. There is a significant
DC gain observed in the cryogenic range and a decrement in τec and depletion capacitance,
which signifies an increment in the values of fT and f max. The peak performance (fT + f max)
reached the THz range at cryogenic temperatures, which is desirable for high-frequency
device applications. The work presented here is very helpful for applications such as
quantum computing, high-frequency communication, mixed-signal circuits, etc.
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