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Abstract— Cryogenic CMOS provides critical perfor-
mance benefits for high-performance computing, space
electronics, and quantum interfaces due to enhanced
carrier mobility and steeper subthreshold swing (SS). How-
ever, the band-tail effect limits the device performance at
cryogenic temperatures. In this work, Ge/GeSn quantum
well (QW) p-MOSFETs are studied from 300 K down to 5 K.
Owing to the QW confinement and the presence of a Ge
cap layer, interface-related band-tail states are significantly
suppressed. As a result, the Ge/GegggSng.12 QW device
exhibits a continuously decreasing SS, reaching 15 mV/dec
at 5 K, which is the lowest reported SS among the Ge-based
p-MOSFETSs. This work highlights GeSn QW engineering as
an effective strategy for cryogenic CMOS applications.

Index Terms— Cryogenic CMOS, GeSn, quantum well,
subthreshold swing, band-tail states.

|. INTRODUCTION
HE growing demand for high-performance computing
(HPC) driven by artificial intelligence (AI) and deep
learning poses severe power challenges for advanced CMOS
technologies [1]. Cryogenic CMOS (Cryo-CMOS) offers a
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promising solution [2]. At cryogenic temperatures (Cryo-T),
reduced phonon scattering enhances carrier mobility, while
a lower subthreshold swing (SS) enables voltage and power
scaling [3]. However, conventional CMOS devices fail to fully
exploit these intrinsic advantages because band-tail effects
become pronounced at Cryo-T [4], [5]. As a result, SS
saturates, the inflection phenomenon emerges, carrier mobility
degrades, and low-frequency noise increases [6], [7], [8], [9],
[10]. Facing these challenges, several approaches have been
proposed to mitigate band-tail effects, including interface engi-
neering or source/drain engineering through ion implantation
into silicide process [11], [12], [13]. These strategies primarily
suppress localized defects and interface traps induced band-tail
states.

Ge(Sn)-based devices have emerged as highly promising
candidates for cryogenic photonic [14], [15] and electronic
applications [16], [17], [18], providing a material platform
for seamless monolithic integration on a single chip. From an
electronic perspective, their high carrier mobility enables high-
frequency operation [17], [19], [20]. Moreover, the narrow
bandgap of GeSn provides enhanced threshold voltage (Vy,)
tunability, effectively mitigating the critical challenge of Vg,
increase in Cryo-CMOS [4]. These unique attributes posi-
tion GeSn devices as ideal candidates for high-performance,
energy-efficient cryogenic applications [21].

In this work, we adopt a Ge/GeSn quantum well (QW)
architecture to reduce band-tail-related transport degrada-
tion. The GeSn channel is spatially separated from the gate
dielectric by a thin Ge interlayer, which suppresses wavefunc-
tion overlap with the dielectric interface, thereby mitigating
Coulomb scattering, charge trapping, and mobility degradation
caused by interface-localized states.

Il. DEVICE FABRICATION

GeSn QW MOSFETs were fabricated on two differ-
ent epitaxially grown heterostructures: a 4 nm Ge/6 nm
GepoeSngs/560 nm Ge/Si (100) and a 4 nm Ge/24 nm
Ge.gsSng 12/580 nm Ge/Si (100). A device sketch is shown in
Fig. 1(a). Figure 1(b) shows a cross-sectional TEM micrograph
of the Ge/GegggSng 2/Ge device, revealing a well-defined
layer stack and a uniform HfO,/Ge interface. The inset shows
a high-resolution TEM image of the Ge( gsSny. 1> channel layer
with well-resolved lattice fringes, indicating good crystalline

1558-0563 © 2026 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence
and similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: FORSCHUNGSZENTRUM JUELICH. Downloaded on August 29,2026 at 06:34:38 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-1255-3908
https://orcid.org/0000-0001-7873-1020
https://orcid.org/0009-0007-9036-3380
https://orcid.org/0000-0001-9863-6151
https://orcid.org/0000-0003-4694-064X
https://orcid.org/0000-0002-5411-9678
https://orcid.org/0000-0002-6099-3441
https://orcid.org/0000-0001-8082-0647
https://orcid.org/0000-0001-5136-9287
https://orcid.org/0000-0002-3692-5596
https://orcid.org/0000-0002-2794-2757

SUN et al.: Ge/GeSn QUANTUM WELL MOSFETs FOR CRYOGENIC APPLICATIONS

1701

C) V.

\2 TiN vV,
! HfO, 1

NiGeSn

NiGeSn

Fig. 1. (a) Schematic cross-sectional view of the GeSn QW pMOSFET.
(b) Cross-sectional TEM image of the HfO,/Ge/Geg ggSng.12/Ge layer
stack. The inset shows a high-resolution TEM image of the Geg ggSng.12
layer.

(8) 10° premrs (6) 10 e :
10§ : [ S
107 107 05V
10 10 Geo 5SNg 12
< 10° < 105 oo
=101 = 10 60K
1o 107'°1— 100 K
10 10 150 K
o 1012 300 K
V,=-01V
107141 10713 $
>y 45 10 05 00
Vg (V)
(C) 4 Geo.eesno.12
T=5K
~3
3
=2
1 [V,,| from
0.1t00.4V
00.0 Oo,o -0.5 -1.0
Vg (V)

Fig. 2. Measured temperature-dependent transfer characteristics for
Ge/GeSn QW devices with (a) Geg.gsSng.04 and (b) Geg.ggSng.12 wells
at Vg = -0.1 V, with the dashed red curves at V4 = -0.5 V and 5 K.
Output characteristics for the corresponding devices (c, d) measured at
5 K for gate overdrive voltages ranging from 0.1 to 0.4 V.

quality. A 6 nm Ge96Sn0,04/560 nm Ge layer with the same
device dimensions was fabricated for reference without a Ge
cap layer. The gate length and width are 15 um and 60 ym,
respectively. No intentional channel doping was introduced in
any of the devices. The gate dielectric consists of 1 nm of
Al,O3 deposited by atomic layer deposition (ALD) followed
by O, plasma oxidation to form a thin GeOy or GeSnOy layer
and the deposition of 5 nm HfO, by ALD [17]. The metal gate
consists of 45 nm sputtered TiN layer. The gate and mesa
definition was performed by standard maskless lithography
and reactive ion etching, followed by the deposition of Al,O;
as a passivation layer. Source and drain contacts were NiGeSn
layers formed by annealing of a very thin Ni layer at 325 °C
in forming gas for 10 seconds [22], [23].

[1l. RESULTS AND DISCUSSION

The temperature-dependent electrical characteristics down
to 5 K of the GepogsSnggs and GepggSng o QW devices
are shown in Figs. 2(a) and (b). The transfer characteristics
measured at a fixed drain bias (Vg) of —0.1 V exhibit a
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Fig. 3. (a) SS derived from measured I4-Vg curves as a function of tem-
perature for reference (black), Geg ggSng04QW (blue) and Geg ggSng 12
QW (red) devices at V4 = —-0.1 V. (b) SS-ly characteristics extracted
from measured ly-Vg curves at 5 Kand Vg = -0.1 V for Geg g6 Sno 04QW
(blue) and GegggSng.12 QW (red); the dashed line denotes the cal-
culated mobile-state limit. (c) Measured gate-to-channel capacitance
versus gate voltage (Cgc-Vg) characteristics at 5 K for both devices.
(d) Schematic band profiles of Geg.gsSng.04a QW and GegggSng.12 QW
devices.

reduction in the off-state current with decreasing temperature
for both devices, consistent with bandgap increase and the
suppression of thermally activated transport [21]. The on-/off-
current ratio (Ion/Iopr) increases with decreasing temperature,
exceeding 10° at 5 K. The transfer characteristics at V4 =
—0.1 V and —0.5 V measured at 5 K show negligible threshold
voltage shift and no SS degradation for both devices. The
output characteristics measured for different overdrive voltages
(Vov = Vg - Vy) show well-defined linear and saturation
regions as exemplified in Figs. 2(c) and (d), owing to the
low Schottky barrier height of the NiGeSn/GeSn contacts
(<0.06 eV for GegoSng; [24]).

The temperature dependence of the SS for reference,
GeposSngos QW and GegggSng o QW devices is shown in
Fig. 3. Over the entire measured temperature range, the
GeoggSng. ;o QW device consistently exhibits the lowest SS.
Correspondingly, the GeggsSngos QW and reference devices
show stronger band-tail effects with a clear tendency toward
SS saturation below ~50 K. Notably, the GegosSngos QW
device shows even more pronounced SS degradation than
the reference device, indicating that a weak QW confinement
alone is insufficient to reduce band-tail effects at low Sn
content. In contrast, the SS of the GeyggSngi1» QW device
continues to decrease with temperature, without signs of
saturation. Linear fitting yields a slope of 0.216 mV/(dec-K)
from 5 K to 150 K. At 5 K, a minimum SS of 15 mV/dec
is obtained. Figure 3(b) shows SS-I; characteristics for both
QW devices at 5 K, and the dashed line represents the
SS-14 characteristic considering only mobile states, calculated
following the model in Ref [5], [6], [7], [25]. The SS of
GepgsSng04QW device increases with Iy, showing a clear

Authorized licensed use limited to: FORSCHUNGSZENTRUM JUELICH. Downloaded on August 29,2026 at 06:34:38 UTC from IEEE Xplore. Restrictions apply.



1702 IEEE ELECTRON DEVICE LETTERS, VOL. 47, NO. 9, SEPTEMBER 2026
(@) - - (b) 5.0 . . .
| 61— Ge, 4Sn, -2-Ge_..Sn
30 ; Ge nanosheet [28 o8e 012 088> 0.12
GeSOlI FinFET [27] o 28] 5 Ge 465Ny g 4.8 9~ Gey oSy,
. GeSOl GAA [27] ~ h=sk a6l
B o 4 o
525 =2 3] Z 44
£ $ &
£ 1GeSnOI FinFET [26] 2; 4.21
@2 m 1] 4.0
GeOl FinFET [27]
0+ - - 3.8 - . .
15 % this work Geg ;SN -15 -10 -05 0.0 0 50 100 150
0.88' 0.12 Vg (V) T (K)
10° 107 108
lonloft Fig. 5. (a) Transconductance gm as a function of gate voltage for the
Geeo.g3Sno.12 and Geo.g6Sno.04QW devices measured at 5 K. (b) Tem-
Fig. 4. Benchmarking of minimum SS versus lon/lys ratio at cryo-  Perature dependence of the measured peak gm for both devices.

genic temperatures for state-of-the-art Ge-based p-MOSFETs. The
GepggSng.12 QW device in this work achieves the lowest SS of
15 mV/dec among the compared devices [26], [27], [28].

inflection phenomenon caused by the localized band-tail states
[7]. In contrast, the measured SS-I; curve of the GeyggSng 12
device closely follows the calculated results, demonstrating a
reduced band-tail effect.

Previous studies have reported that increasing Sn content
can lead to degraded SS due to a higher density of interface
traps at the oxide/GeSn interface [21]. However, in this work,
the GegggSng. 12 QW device exhibits both a monotonic reduc-
tion of the SS and a weak inflection. This behavior is attributed
to strong quantum confinement in the QW and the spatial
separation of the channel carriers from the gate dielectric
interface, which reduce the influence of interface trap states
(Dy) and disorder-induced band-tail states, thereby improv-
ing SS across the entire temperature range and mitigating
low-temperature SS saturation. This interpretation is further
supported by the Cgc-V, characteristics shown in Fig. 3(c).
The blue curve exhibits pronounced dual-channel behavior
in the GeggeSnpos QW device, indicating partial inversion
in the top Ge layer and increased carrier proximity to the
oxide interface. This suggests that the QW is not sufficiently
deep to effectively confine carriers within the GeSn layer, as
shown in Fig. 3(d), resulting in enhanced carrier interaction
with the oxide interface. As a result, electrostatic coupling
to interface-related states is enhanced, which increases the
SS and leads to premature SS saturation. In contrast, the red
curve in Fig. 3(c) exhibits capacitance saturation at higher V,
consistent with stronger hole confinement within the deeper
GeSn QW shown in Fig. 3(d). As a result, the GegggSng.1o QW
device exhibits reduced interface-trap coupling and weaker
band-tail effects compared with the GeggsSngos QW device,
owing to the stronger quantum confinement and improved
spatial separation of carriers from the HfO,/semiconductor
interface. Consequently, despite its planar device geometry, the
GepggSng 1o QW pMOSFET achieves the lowest SS reported
for Ge-based pMOSFETsS at temperatures below 10 K, owing
to the well-confined QW channel enabled by the high Sn
content [26], [27], [28], as shown in Fig. 4.

Although a significantly reduced SS has been achieved,
the minimum SS remains above the theoretical Boltzmann
limit (~1 mV/dec at 5 K). This deviation is primarily
attributed to the Schottky barrier formed at the source/drain
interfaces, resulting from the direct NiGeSn contacts on
the undoped GeSn channel. Although this barrier is suf-
ficiently low to allow efficient carrier injection in the

on-state, it remains non-negligible in the subthreshold regime
at 5 K. In the GeggsSngos QW device, the gradual increase
of SS at small Ij may also be partly attributed to a relatively
larger Schottky barrier [24] at the source/drain contacts, in
addition to the poor QW confinement-induced localized band-
tail states. Future optimization through source/drain doping
is expected to further suppress this barrier and approach the
theoretical limit.

Figure 5(a) presents the transconductance (gy,) as a function
of gate voltage at 5 K for both devices. A higher maximum g,
is obtained in the GegggSng 1> device, indicating an enhanced
hole mobility. The temperature dependence of the peak g,
for both devices is summarized in Fig. 5(b). With decreasing
temperature, the dominant scattering mechanism is expected
to transition from phonon scattering to Coulomb scattering
[29]. For the GegosSngos QW device, the partial inversion
of the Ge cap layer places carriers close to the HfO,/Ge
interface, leading to stronger Coulomb scattering from inter-
face defects and pronounced mobility degradation at cryogenic
temperatures, which results in a significant drop in g. In
contrast, the GeggsSng12 QW device benefits from stronger
quantum confinement within the buried GeSn channel, spa-
tially separating carriers from interface defects and thereby
suppressing Coulomb scattering, resulting in a maintained or
slightly enhanced g. It is worth noting that the increase in
source/drain resistance due to Schottky contacts at cryogenic
temperatures may partially limit the observable extrinsic gp,
in both devices.

V. CONCLUSION

In this work, GeSn QW MOSFETSs are demonstrated for
cryogenic operation. QW confinement spatially decouples the
channel from the gate dielectric, strongly suppressing band-
tail-dominated transport. Increasing the Sn content further
enhances hole confinement via the elevated valence-band edge,
reducing carrier interaction with defect-related states and pro-
ducing a sharper turn-on. As a result, the GegggSng 1> device
exhibits a continuously decreasing SS down to 15 mV/dec at
5 K, together with enhanced g;,. These results position high-Sn
GeSn QW MOSFETs as a promising platform for steep-slope,
low-power Cryo-CMOS technologies.
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