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experiments with devices optimized for room-temperature
operation yield a saturation of SS below a critical temper-
ature T ? well above the Boltzmann limit [16–18].

Electronic states close to the band edges due to
electron-electron interactions, electron-phonon scattering
as well as static disorder (because of, e.g., surface rough-
ness, charged defects etc.) at the MOS interface have been
identified as the reason for the saturation of SS. This so-
called band-tailing results in a density of mobile states that
decays exponentially into the band gap as a function of
energy [28]. An additional density of localized states at the
band edge reduces the gate control in the transition region
giving rise to a further degradation of SS, called inflection
phenomenon [19,16,20]. Moreover, at cryogenic temper-
atures, conventional doping becomes problematic due to
a number of reasons: In semiconductor nanostructures,
the ionization energy of dopants inreases with decreasing
nanostructure size [21–24] and as a result, dopants become
deactivated and may freeze-out at cryogenic temperatures.
On the other hand, if ionized, dopants in nanoscale MOS-
FETs lead to Coulomb oscillations and statistical fluctu-
ations of dopant densities as a result of the small device
dimensions, combined with high dopant densities. The
latter also contribute to band tailing in particular at cryo-
genic temperatures, since such tail states become more
prominent with shrinking kBT . These phenomena prevent
a tight control of the threshold voltage as is required to
operate cCMOS circuits at ultralow power. An alternative
for regular doping would therefore be desirable in cCMOS
technology.

In summary, SS-saturation and inflection as well as is-
sues with dopants restrict the reduction of the operating
voltage Vdd of the cCMOS circuits limiting the achievable
power consumption, hence complexity of cCMOS circuits
and ultimately the up-scaling of quantum information pro-
cessors. Simply cooling down CMOS circuits designed and
optimized for room temperature operation is insufficient to
meet the demands of cCMOS. In the present paper solu-
tions for the realization of cCMOS devices with reduced
band-tailing and an alternative for conventional doping are
discussed.

2 Switching Behavior of Cryogenic MOSFETs In
this section, the saturation of the subthreshold slope is stud-
ied in detail and measures to counteract this will be dis-
cussed based on simulated and experimental results.

2.1 Saturation of the Inverse Subthreshold Slope
The inverse subthreshold slope SS of a conventional MOS-
FET is given by the following expression:
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where �c is the band edge (the potential maximum in a
top-of-the-barrier model [25]), �g the gate potential and
e the elementary charge. In the off-state of a MOSFET
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Figure 1 (a) Carrier injection from source in a room-
temperature MOSFET. The Boltzmann tail is much larger
than the exponential drop of the DOS due to band tailing.
(b) At cryogenic temperatures, the Fermi distribution de-
velops in a step function and the off-state leakage is deter-
mined by the Dbt due to band tailing.
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factor @�c

@�g
states the change of the band edge ��c ob-

tained by changing the gate potential ��g and is given
by Cox/(Cox + Cit + Cdepl) with Cox being the geo-
metrical oxide capacitance, Cit the capacitance related to
interface states and Cdepl the depletion capacitance. In
an ideal MOSFET with Cox � Cit,depl, the well-known
SStheo = kBT

e ln(10) relation is obtained that implies a
linear decrease with temperature.

However, as already mentioned above, experimentally
one finds that SSreal saturates as a function of T below
a certain temperature at a value significantly larger than
the expected SStheo due to band-tailing1. If one assumes a
density of mobile states due to band-tailing according to
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where �E is the band-tail extension into the band gap
around the band edge �c, the inverse subthreshold slope
can be computed in the same fashion as stated above.

1 Band-tailing certainly exists at room temperature but falls
into the transition region (close to the threshold voltage) of a room
temperature MOSFET and therefore is not relevant for its switch-
ing behavior.
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For simplicity, we will focus here on the conduction band
edge, i.e. n-type transistors. Furthermore, since the anal-
ysis below deals with gate-all-around nanowire (GAA-
NW) FETs with nanoscale diameters, one-dimensional
electronic transport is considered to compute an analytic
expression of SS. If T ! 0K we can replace the Fermi
distribution with a step function and consequently, the cur-
rent is determined by carriers with the highest, i.e., the
Fermi velocity vf . Furthermore, if we consider the device
in saturation (i.e. Vds is large enough for allowing the con-
tribution from carriers injected from drain to be neglected),
one obtains
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Computing the inverse subthreshold slope in the same way
as described above then yields
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If kBT is replaced with �E, one obtains the same ex-
pression for SS as at room temperature. Hence, SS sat-
urates when T drops below an effective temperature T ? =
�E/kB [17,20,?]. At room temperature, the convolution
of the exponential Boltzmann tail of the Fermi function
f(E) with a sharp DOS limits SS. At cryogenic temper-
atures, f(E) becomes a step function, with band-tailing
now presenting the exclusive limit to SSreal as illustrated
in Fig. 1. An empirical, closed-form expression for SSreal

over the entire range was suggested in Ref. [20] and is
given by:
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where ↵ ⇡ 0.1 is a smoothening parameter [20]. The top
panel of Fig. 2 displays SS as a function of temperature
based on Eqn. (6) for three different T ? clearly showing
the saturation for T < T ?. In addition to Dbt, there may
also be a density of localized states Dloc. Such states do
not contribute to Id but degrade SSreal since they result
in an additional contribution to the capacitance of inter-
face states Cit ⇡ e2Dloc(�c), leading to a gate voltage
dependent SS. Localized states at the band edge are the
reason for the inflection phenomenon that degrades SS in
the transition region. The impact of band-tailing and in-
flection on the transfer characteristic of a cryogenic MOS-
FET is shown in Fig. 2 (main panel). Due to the depen-
dence of SS on Vgs one needs to distinguish between the
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Figure 2 (a) Inverse subthreshold slope as a function of
temperature for different T ?. The curves are computed
using Eqn. (6) assuming Cox � Cit,depl. (b) Schematic
transfer characteristics of an ideal (green line) and a real
cCMOS device (orange) showing the impact of band tail-
ing and inflection. The inset shows a plot of SS plotted
versus log(Id) enabling a comparison of different devices.

minimum SSmin and an average value SSav, taking sev-
eral orders of magnitude of Id into account. Because of the
Vgs-dependence, it is reasonable to plot SS as a function
of log(Id) as depicted in the inset of Fig. 2.

Equation (5) suggests that increasing Cox yields an im-
proved SSreal since inflection due to the impact of Cit and
a possible depletion capacitance Cdepl (for further discus-
sion regarding the impact of doping see section 3) are sup-
pressed. The influence of Cox on �E, on the other hand, is
not clear. Therefore, the scaling of Cox will be explored in
the next two sections with simulations and experiments.

2.2 Band-Tailing - Simulations Band-tailing is a
consequence of structural and thermal disorder where the
first is phonon-induced (i.e. due to an acoustic and optical
deformation potential), and the latter is a static contribution
due to charged defects/impurities and potential fluctuations
at the channel-gate dielectric interface [26]. At sufficiently
low temperatures, however, we expected that band-tailing
is dominated by static disorder due to phonon freeze-out
[27].

In the off-state, the transistor has virtually no (mo-
bile) charge in the channel as apparent from Es

f being lo-
cated deep within the band gap. Under such conditions,
screening of potential variations in the channel is pro-
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experiments with devices optimized for room-temperature
operation yield a saturation of SS below a critical temper-
ature T ? well above the Boltzmann limit [16–18].

Electronic states close to the band edges due to
electron-electron interactions, electron-phonon scattering
as well as static disorder (because of, e.g., surface rough-
ness, charged defects etc.) at the MOS interface have been
identified as the reason for the saturation of SS. This so-
called band-tailing results in a density of mobile states that
decays exponentially into the band gap as a function of
energy [28]. An additional density of localized states at the
band edge reduces the gate control in the transition region
giving rise to a further degradation of SS, called inflection
phenomenon [19,16,20]. Moreover, at cryogenic temper-
atures, conventional doping becomes problematic due to
a number of reasons: In semiconductor nanostructures,
the ionization energy of dopants inreases with decreasing
nanostructure size [21–24] and as a result, dopants become
deactivated and may freeze-out at cryogenic temperatures.
On the other hand, if ionized, dopants in nanoscale MOS-
FETs lead to Coulomb oscillations and statistical fluctu-
ations of dopant densities as a result of the small device
dimensions, combined with high dopant densities. The
latter also contribute to band tailing in particular at cryo-
genic temperatures, since such tail states become more
prominent with shrinking kBT . These phenomena prevent
a tight control of the threshold voltage as is required to
operate cCMOS circuits at ultralow power. An alternative
for regular doping would therefore be desirable in cCMOS
technology.

In summary, SS-saturation and inflection as well as is-
sues with dopants restrict the reduction of the operating
voltage Vdd of the cCMOS circuits limiting the achievable
power consumption, hence complexity of cCMOS circuits
and ultimately the up-scaling of quantum information pro-
cessors. Simply cooling down CMOS circuits designed and
optimized for room temperature operation is insufficient to
meet the demands of cCMOS. In the present paper solu-
tions for the realization of cCMOS devices with reduced
band-tailing and an alternative for conventional doping are
discussed.

2 Switching Behavior of Cryogenic MOSFETs In
this section, the saturation of the subthreshold slope is stud-
ied in detail and measures to counteract this will be dis-
cussed based on simulated and experimental results.

2.1 Saturation of the Inverse Subthreshold Slope
The inverse subthreshold slope SS of a conventional MOS-
FET is given by the following expression:
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e the elementary charge. In the off-state of a MOSFET
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Figure 1 (a) Carrier injection from source in a room-
temperature MOSFET. The Boltzmann tail is much larger
than the exponential drop of the DOS due to band tailing.
(b) At cryogenic temperatures, the Fermi distribution de-
velops in a step function and the off-state leakage is deter-
mined by the Dbt due to band tailing.
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states the change of the band edge ��c ob-

tained by changing the gate potential ��g and is given
by Cox/(Cox + Cit + Cdepl) with Cox being the geo-
metrical oxide capacitance, Cit the capacitance related to
interface states and Cdepl the depletion capacitance. In
an ideal MOSFET with Cox � Cit,depl, the well-known
SStheo = kBT

e ln(10) relation is obtained that implies a
linear decrease with temperature.

However, as already mentioned above, experimentally
one finds that SSreal saturates as a function of T below
a certain temperature at a value significantly larger than
the expected SStheo due to band-tailing1. If one assumes a
density of mobile states due to band-tailing according to
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where �E is the band-tail extension into the band gap
around the band edge �c, the inverse subthreshold slope
can be computed in the same fashion as stated above.

1 Band-tailing certainly exists at room temperature but falls
into the transition region (close to the threshold voltage) of a room
temperature MOSFET and therefore is not relevant for its switch-
ing behavior.
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For simplicity, we will focus here on the conduction band
edge, i.e. n-type transistors. Furthermore, since the anal-
ysis below deals with gate-all-around nanowire (GAA-
NW) FETs with nanoscale diameters, one-dimensional
electronic transport is considered to compute an analytic
expression of SS. If T ! 0K we can replace the Fermi
distribution with a step function and consequently, the cur-
rent is determined by carriers with the highest, i.e., the
Fermi velocity vf . Furthermore, if we consider the device
in saturation (i.e. Vds is large enough for allowing the con-
tribution from carriers injected from drain to be neglected),
one obtains
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as described above then yields
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If kBT is replaced with �E, one obtains the same ex-
pression for SS as at room temperature. Hence, SS sat-
urates when T drops below an effective temperature T ? =
�E/kB [17,20,?]. At room temperature, the convolution
of the exponential Boltzmann tail of the Fermi function
f(E) with a sharp DOS limits SS. At cryogenic temper-
atures, f(E) becomes a step function, with band-tailing
now presenting the exclusive limit to SSreal as illustrated
in Fig. 1. An empirical, closed-form expression for SSreal

over the entire range was suggested in Ref. [20] and is
given by:
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where ↵ ⇡ 0.1 is a smoothening parameter [20]. The top
panel of Fig. 2 displays SS as a function of temperature
based on Eqn. (6) for three different T ? clearly showing
the saturation for T < T ?. In addition to Dbt, there may
also be a density of localized states Dloc. Such states do
not contribute to Id but degrade SSreal since they result
in an additional contribution to the capacitance of inter-
face states Cit ⇡ e2Dloc(�c), leading to a gate voltage
dependent SS. Localized states at the band edge are the
reason for the inflection phenomenon that degrades SS in
the transition region. The impact of band-tailing and in-
flection on the transfer characteristic of a cryogenic MOS-
FET is shown in Fig. 2 (main panel). Due to the depen-
dence of SS on Vgs one needs to distinguish between the
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Figure 2 (a) Inverse subthreshold slope as a function of
temperature for different T ?. The curves are computed
using Eqn. (6) assuming Cox � Cit,depl. (b) Schematic
transfer characteristics of an ideal (green line) and a real
cCMOS device (orange) showing the impact of band tail-
ing and inflection. The inset shows a plot of SS plotted
versus log(Id) enabling a comparison of different devices.

minimum SSmin and an average value SSav, taking sev-
eral orders of magnitude of Id into account. Because of the
Vgs-dependence, it is reasonable to plot SS as a function
of log(Id) as depicted in the inset of Fig. 2.

Equation (5) suggests that increasing Cox yields an im-
proved SSreal since inflection due to the impact of Cit and
a possible depletion capacitance Cdepl (for further discus-
sion regarding the impact of doping see section 3) are sup-
pressed. The influence of Cox on �E, on the other hand, is
not clear. Therefore, the scaling of Cox will be explored in
the next two sections with simulations and experiments.

2.2 Band-Tailing - Simulations Band-tailing is a
consequence of structural and thermal disorder where the
first is phonon-induced (i.e. due to an acoustic and optical
deformation potential), and the latter is a static contribution
due to charged defects/impurities and potential fluctuations
at the channel-gate dielectric interface [26]. At sufficiently
low temperatures, however, we expected that band-tailing
is dominated by static disorder due to phonon freeze-out
[27].

In the off-state, the transistor has virtually no (mo-
bile) charge in the channel as apparent from Es

f being lo-
cated deep within the band gap. Under such conditions,
screening of potential variations in the channel is pro-
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where ↵ ⇡ 0.1 is a smoothening parameter [20]. The top
panel of Fig. 2 displays SS as a function of temperature
based on Eqn. (6) for three different T ? clearly showing
the saturation for T < T ?. In addition to Dbt, there may
also be a density of localized states Dloc. Such states do
not contribute to Id but degrade SSreal since they result
in an additional contribution to the capacitance of inter-
face states Cit ⇡ e2Dloc(�c), leading to a gate voltage
dependent SS. Localized states at the band edge are the
reason for the inflection phenomenon that degrades SS in
the transition region. The impact of band-tailing and in-
flection on the transfer characteristic of a cryogenic MOS-
FET is shown in Fig. 2 (main panel). Due to the depen-
dence of SS on Vgs one needs to distinguish between the

lo
g

 (
I 
 ) d

V   gs

transport 
through
band-tails

loss of gate 
control due to 
localized DOS

theoretical
real

s
u

b
th

re
s
h

o
ld

 s
w

in
g

band-tailing

inflection

log (I  )d

0

20

10

30
0 50 100 150

T (K)

S
S

 (
m

V
/d

e
c
) T*=60K

T*=20K
T*=40K

k  TB
q

ln(10)

SS m
in

SS av

(a)

(b)

Figure 2 (a) Inverse subthreshold slope as a function of
temperature for different T ?. The curves are computed
using Eqn. (6) assuming Cox � Cit,depl. (b) Schematic
transfer characteristics of an ideal (green line) and a real
cCMOS device (orange) showing the impact of band tail-
ing and inflection. The inset shows a plot of SS plotted
versus log(Id) enabling a comparison of different devices.

minimum SSmin and an average value SSav, taking sev-
eral orders of magnitude of Id into account. Because of the
Vgs-dependence, it is reasonable to plot SS as a function
of log(Id) as depicted in the inset of Fig. 2.

Equation (5) suggests that increasing Cox yields an im-
proved SSreal since inflection due to the impact of Cit and
a possible depletion capacitance Cdepl (for further discus-
sion regarding the impact of doping see section 3) are sup-
pressed. The influence of Cox on �E, on the other hand, is
not clear. Therefore, the scaling of Cox will be explored in
the next two sections with simulations and experiments.

2.2 Band-Tailing - Simulations Band-tailing is a
consequence of structural and thermal disorder where the
first is phonon-induced (i.e. due to an acoustic and optical
deformation potential), and the latter is a static contribution
due to charged defects/impurities and potential fluctuations
at the channel-gate dielectric interface [26]. At sufficiently
low temperatures, however, we expected that band-tailing
is dominated by static disorder due to phonon freeze-out
[27].

In the off-state, the transistor has virtually no (mo-
bile) charge in the channel as apparent from Es

f being lo-
cated deep within the band gap. Under such conditions,
screening of potential variations in the channel is pro-
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Locallized states cause the depdendence of SS on Vg, 
the inflection phenomenon (states at the band edge).
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S. Habicht et al., Thin Solid Films, 2012

• Strained Si Nanowire
• Gate oxide: SiO2 
• Source/drain: by ion implantation

Si NW 𝛺-GATE FET

• SS= 60 mV/dec
• SS= 4mV/dec @4.2K
• SS saturation at T<20 K
• Still high inflection,

Inflection
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Process and devices
Fully silicided source/drain Si NW FETs by 
implantation into silicide (IIS)

The diameter is 5 nm.

Y. Han et al., IEEE Electron Device Lett., 2022.



Cryogenic Characteristics
GAA Si NW FETs
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v Suppressed band tail effects
• Narrow transition region 

and steep SS at 5.5 K

SS of 2.3 mV/dec
Average SSth of 10.1 mV/dec 



Cryogenic Characteristics: SS
GAA Si NW FETs
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• No SS and SSth saturation at 

Cryo-T

• Increased Gm as T decreases

Y. Han et al., to be published
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Indirect Bandgap

Direct Bandgap

Calculations based on Bahder： Phys. Rev. 
B 41, 11992-12001 (1990)

GeSn: from indirect to direct

S. Wirth et al, Nature Photonics 2015
GeSn lasing

S. Wirth, PhD thesis @ FZJ



• „Bandgap-Engineering“ → Heterostructurs
• Compatible with CMOS process technology
• Integration into existing processes
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Vertical GeSn/Ge heterostructure NW FETs

M. Liu et al., Communications and Engineering 2023
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§ Epitaxial Ge0.92Sn0.08 layer on Ge virtual substrate by CVD
- Good Crystalline quality of strained Ge0.92Sn0.08 

- Defect-free interface

Pseudomorphic growth

Page 18

GeSn/Ge Material Growth for p-FETs
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§ Epitaxial Ge0.92Sn0.05 layer on Ge virtual substrate by CVD
- Good Crystalline quality of strained Ge0.92Sn0.05 

- Defect-free interface

Pseudomorphic growth

Page 18

Ge/GeSn/Ge Growth for n-FETs
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Vertical GeSn NW CMOS

M. Liu et al., Communications and Engineering 2023

Page 16

P-VFET: 

• Ge channel
• GeSn top source

n-VFET: 

• GeSn channel
• Ge S/D
• In situ doping
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GeSn/Ge p-VFETs

~32% ION enhancement 
for Ge0.92Sn0.08/Ge 
device at Vov = -0.5V. 

9 nm Al2O3

5 nm HfO2

M. Liu et al., ACS Appl. Nano Materials 2021
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Vertical GeSn Nanowire nFETs

M. Liu et al, Communications Engineering 2023
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Vertical All-GeSn Nanowire nFETs

M. Liu et al, Communications Engineering 2023
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GeSn Cryogenic n-FETs

M. Liu et al, Communications and Engineering, 2023

• SS linearly dependent on temperature
• Vth increases at lower temperatures, close to 0 V



SUMMARY

Page 21

1. SS~ 60 mV/dec at 300K

2. Suppressed band tails effect by IIS

3. Lowest SS, SSth, and high Gm

Si NW FETs

1. Heterostructure design for n- and p-FETs

2. Higher hole and electron mobilities than Ge

3. Improved SS at cryo-T and inflection

GeSn Vertical NW GAA FETs
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