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ABSTRACT

Germanium-tin (GeSn) alloys have attracted great attention for both optoelectronic
and electronic applications due to their direct-bandgap characteristics, high carrier
mobility, and compatibility with Si VLSI technology. While numerous studies have
demonstrated high-performance GeSn devices, the understanding of indirect-to-direct
bandgap transition in GeSn remains incomplete. Previous experimental studies have
predominantly focused on optical aspects, with limited electrical data available. This
thesis investigates the impact of the indirect-to-direct bandgap transition on electron
transport properties in GeSn.

High-quality, strain-relaxed Ge, Geo.955Sn0.045, and Geo.g95Sno.105 epitaxial structures
are grown using chemical vapor deposition. Ge(Sn) n-type metal-oxide-semiconductor
field-effect transistors (n-MOSFETs) are fabricated and characterized at temperatures of
300 K to 4 K. At 300 K, the off-state current increases and the on-state current decreases
with the Sn fraction due to enhanced junction leakage and alloy scattering, respectively.
Abnormally high gate-to-channel capacitance is observed in the accumulation and
depletion regimes across all devices due to a large supply of majority carriers (holes)
through the junctions in response to the AC signals. A method is proposed for future
calibration of the off-state leakage effect on Cgc, and consequently, mobility extraction,
which can be applied to small-bandgap, high-mobility transistors such as GeSn, InAs, and
InSb n-MOSFETs. As the temperature decreases from 300 K to 4 K, the off-state current
decreases monotonically across all devices due to the suppressed junction leakage. The
on-state current, however, exhibits a complex trend with temperature. To facilitate
analysis, the dependence of on-state current on both electron density and mobility is

decoupled using a split C-V method. The slight temperature dependence of gate-to-
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channel capacitance in the strong inversion regime is a result of the temperature-depend-
ent supply of inverted electrons in response to the AC signals. Lastly, the electron effec-
tive mobility is investigated. As the Sn fraction increases up to 10.5 at%, the trend of
mobility over temperature transitioned from a monotonic decrease to one exhibiting an
anomalous upturn between 100 K and 20 K. This is attributed to the mobility enhance-
ment in the direct-bandgap Geo.s95Sno.105 device due to an increased electron population
in the I'-valley as the temperature decreases. Based on the transport results, the indirect-
to-direct bandgap transition in GeSn is identified to occur between Sn fractions of 4.5

at% and 10.5 at%.

Keywords: germanium-tin (GeSn), metal-oxide-semiconductor field-effect transis-
tor (MOSFET), indirect-to-direct bandgap transition, electron mobility, small-signal

model
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Chapter 1 Introduction

1.1 Motivation

Germanium-tin (GeSn) alloys hold great promise for optical and electrical device
applications owing to their direct-bandgap characteristics [2] and small carrier effective
masses [3]. In addition, the compatibility with Si VLSI technologies makes GeSn alloys
a competitive platform for the monolithic integration of optoelectronics and nanoelec-
tronics, offering a cost-effective alternative to III-V compound semiconductors [4].
Among the group-IV semiconductors, bandgap transitions between indirect valleys (X
and L) as well as between indirect and direct valleys (L and I') have been predicted in the
SiGe and GeSn alloy systems, respectively [1] (Fig. 1-1). When the Sn fraction exceeds
10 at%, GeSn undergoes an indirect-to-direct bandgap transition [1]. Due to their small
bandgap energy, direct-bandgap GeSn alloys span the mid-wave infrared (3 — 8 um) and
far-wave infrared (8 — 14 um) spectrums [1]. The combination of both properties enable
high-performance infrared photonic applications, such as GeSn-based lasers [2] and
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Fig. 1-1 Bandgap energy vs. lattice constant of the SiGe and GeSn alloy systems as well as direct-bandgap

III-V compound semiconductors [1].
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photodetectors [5].

GeSn alloys also exhibit high carrier mobility. Traditionally, III-V compound semi-
conductors offer significantly higher electron mobility (~ 70,000 cm?/Vs [6]) compared
to that of Si and Ge (~ 1,400 and 3,900 cm?/Vs, respectively [6]) (Fig. 1-2). However, the
hole mobility in III-V materials is merely comparable to that in Si and significantly lower
than that in Ge. Therefore, a heterogeneous group I1I-V/Ge complementary metal-oxide-
semiconductor (CMOS) was proposed as a new transistor architecture to leverage their
respective carrier mobility advantages [6]. Nevertheless, the integration of III-V materials
with Ge remains a challenge, and GeSn alloys emerge as one of the alternative material
platforms that offers a monolithic solution [4]. By incorporating Sn atoms into Ge, the
hole mobility is greatly enhanced (~ 4,500 cm?/Vs) [7]. On the other hand, in direct-
bandgap GeSn, electron mobility comparable to that of III-V materials (~ 100,000 cm?/V's
[8]) have been predicted thanks to a large electron population in the I'-valley, where the
electron effective mass is very small [9]. The superior carrier mobilities and direct-
bandgap characteristics in GeSn enable high-performance GeSn-based electronic devices,
such as metal-oxide-semiconductor field-effect transistors (MOSFETs) [10, 11], tunnel-

ing diodes [12], and tunneling FETs (TFETs) [13, 14].
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Fig. 1-2 Bulk mobility of electron and hole in group-IV and III-V compound semiconductors [6].
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Despite extensive works of direct-bandgap GeSn in optoelectronic and electronic
applications, the indirect-to-direct bandgap transition in GeSn is not yet fully understood.
Previous experimental investigations have primarily focused on optical aspects [2, 15,
16], with very few electrical studies reported [9]. Therefore, in this work, the transport
properties in Ge(Sn) n-type metal-oxide-semiconductor field-effect transistors (n-
MOSFETs) were investigated. The temperature dependence of mobility changes substan-
tially as the Sn fraction increases up to 10.5 at%, which is attributed to enhanced I'-valley

electron transport resulting from an indirect-to-direct bandgap transition in GeSn.

1.2 Tunable Band Structure of GeSn

By incorporating Sn atoms into Ge crystals, the bandgap energies of both the indirect
valleys (e.g., X and L) and the direct valley (e.g., I') in GeSn decrease due to the increased
lattice constant [7]. In addition to the reduction in bandgap energy, the strong spin-orbit
coupling in Sn atoms raises the energy of the entire conduction band except for that at
the I'-point [7]. The combined effect of Sn incorporation is a more pronounced reduction

in the bandgap energy of the direct I'-valley compared to the other indirect valleys. There-

(a) 2.0
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1 (b) 1 ©)
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Fig. 1-3 Simulated band structures of strain-relaxed GeSn alloys with Sn fractions of (a) 5%, (b) 11%, and

(c) 17% [17].
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fore, by increasing the Sn fraction, an indirect-to-direct bandgap transition in GeSn can

be achieved (Fig. 1-3). Another way to achieve the indirect-to-direct bandgap transition

in GeSn is to apply in-plane biaxial strain. As the tensile (positive) strain increases, the

energy of the conduction band edge at the I"-point (I'7) decreases faster than that at the

L-point (Le,), thereby resulting in a less energetic I'-valley compared to the L-valley [18]

(Fig. 1-4). The eftect of Sn incorporation and strain on the “directness” of GeSn alloys

are summarized in the contour maps showing the energy separation between the two val-

leys, where an indirect-to-direct transition in unstrained GeSn alloys occurs at a Sn frac-
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Fig. 1-4 Relative energy shifts of the band edges at various symmetry points of Geg9oSno. 10 vs. in-plane

biaxial strain along the (001) plane [18].
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tion of around 6 — 7 at% (Fig. 1-5).

The transition of GeSn alloys from an indirect-bandgap to a direct-bandgap material
is clearly observed in the temperature-dependent photoluminescence (PL) spectra (Fig.
1-6). At room temperature, the PL spectrum of Geo.96Sno.04 exhibits only one peak, which
is attributed to stronger radiative recombination from the direct I'-valley compared to the
indirect L-valley [15] (Fig. 1-6 (a)). As the temperature decreases, the single peak splits
into two distinct peaks. This is attributed to the indirect bandgap nature of Geo.96Sno.o4,
which suppresses the thermal excitation of electrons to the direct I"-valley at low temper-
atures and enhances radiative recombination from the indirect L-valley [20]. However, as
the Sn fraction increases to 8 at% or 10 at%, only one peak is observed in the PL spectra,

irrespective of temperature (Fig. 1-6 (b) and (¢)). This is attributed to the indirect-to-direct
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Fig. 1-6 Temperature dependent photoluminescence (PL) spectra of the GeSn alloys with Sn fractions of

(a)-(c) 4 — 10 at% [15] and (d) 8.0% — 12.6% [2]. The insets in (d) show zoomed portions of the spectra.

doi:10.6342/NTU202502633



bandgap transition in GeSn, bringing the energy of the I'-valley closer to or lower than
that of the L-valley [15]. As a result, radiative recombination is dominated by that from
the direct I'-valley at all temperatures.

The indirect-to-direct bandgap transition in GeSn is also observed from the temper-
ature-dependent PL intensity (Fig. 1-6 (d)). As the temperature decreases, the PL intensity
of Geo.92Sno 0g decreases monotonically, implying that Geo.92Sno s is an indirect-bandgap
material. This is because at low temperatures, electrons in Geo.92Sno.0s condense to the L-
valley, where radiative recombination is significantly less efficient in comparison to that
in the direct I"-valley [2]. With Sn fractions of 9.6 at% and above, the PL intensity in-
creases as the temperature decreases, and this enhancement becomes more pronounced
with increasing Sn content. This is attributed to the indirect-to-direct transition in GeSn
alloys, which brings the energy of the direct I'-valley closer to or lower than that of the
L-valley and results in an increased electron population in the I'-valley, where radiative
recombination is significantly more efficient than that in the indirect L-valley [2].

By applying in-plane biaxial compressive strain to GeSn alloys, the hole mobility is
enhanced (Fig. 1-7 (a)). This is because the compressive strain breaks the symmetry of
the group-IV diamond structure, thereby lifting the degeneracy of the heavy-hole (HH)
and light-hole (LH) bands and splitting them into higher valence (HV) and lower valence
(LV) bands [18]. As a result, more holes occupy the HV band, which is deformed and has
a much-reduced effective mass compared to the degenerate HH band (Fig. 1-7 (b)). Fur-
thermore, interband scattering is reduced due to the lifting of the I'-point degeneracy,
which further contributes to the enhancement of hole mobility in compressively strained
GeSn [7]. In contrast, by increasing the Sn fraction and/or applying in-plane biaxial ten-
sile strain to GeSn alloys, the electron mobility is enhanced (Fig. 1-8 (a)). This is because

both Sn alloying and tensile strain increase the cell volume, which results in a faster
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Fig. 1-7 (a) Schematics of the band structure showing the hole mobility enhancement in GeSn alloys. (b)
Simulated hole effective masses of the higher valence (m",uv) and lower valence (m",ry) bands of

Geo.oSno | vs. in-plane biaxial strain along [100] direction [18].

reduction in the direct I'-gap compared to the indirect L-gap [7]. As a result, more elec-
trons occupy the I'-valley, where the effective mass is much smaller than that of the L-
valley (Fig. 1-8 (b)). Besides, the conductivity effective masses in both the L-valley and
I'-valley decrease with increasing Sn fraction, which might possibly lead to the enhance-

ment of electron mobility in GeSn alloys with high Sn contents [17] (Fig. 1-8 (b)).
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Fig. 1-8 (a) Schematics of the band structure showing the electron mobility enhancement in GeSn alloys.
(b) Simulated conductivity effective masses of electron in the L-valley (m"e.) and I'-valley (m”".r) of strain-

relaxed Ge;xSny alloys vs. Sn content x [17].
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The variation of electron mobility with the Sn fraction and tensile strain has been
investigated in GeSn n-MOSFETs. Unexpectedly, the electron effective mobility does not
increase as the Sn fraction increases from 6 at% to 8.5 at% (Fig. 1-9 (a)). This could be
attributed to an enhanced alloy scattering with increasing Sn fraction [21]. By contrast, a
significant enhancement in electron mobility is achieved by applying tensile strain while
keeping the Sn fraction constant (Fig. 1-9 (b)). This is because the tensile strain increases
the electron population in the I'-valley, while the fixed Sn content ensures a constant alloy
scattering intensity [11].

To investigate the effect of indirect-to-direct bandgap transition on the electrical
transport properties in GeSn, a temperature-dependent mobility characterization is re-
quired. This is because the room-temperature data in Fig. 1-9 (b) only indicate that the I'-

valley lies lower in tensile-strained GeSn compared to compressively strained GeSn, but
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Fig. 1-9 Electron effective mobility (pesr) vs. inversion carrier density (Niny) of GeSn n-MOSFETs (a) with
different Sn fractions (compressive-strained) [21] and (b) different strain conditions ([Sn] = 4%) [11]. (¢)
Schematics of band structures of compressive and tensile-strained GeSn in (b). (d) Schematics of electron

population in the L- and I'-valleys of indirect-bandgap and direct-bandgap GeSn at 300 K and 4 K [12].
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do not confirm a transition to a direct bandgap GeSn (Fig. 1-9 (c)). Thanks to the sup-
pressed Fermi-tail at low temperatures, electrons condense to different valleys depending
on the indirect-bandgap or direct-bandgap nature of GeSn (Fig. 1-9 (d)). Due to the big
difference in the electron effective masses between the I'-valley and L-valley (Fig. 1-8
(b)), a distinct characteristic in the temperature-dependent of the effective mobility is ex-
pected when an indirect-to-direct bandgap transition in GeSn occurs. These will be ex-

plored in this work.

1.3  Thesis Outline

In this thesis, transport properties in GeSn n-MOSFET with a Sn fraction up to 10.5
at% are investigated from 300 K to 4 K. In Chapter 2, GeSn epitaxial growth, n-MOSFET
fabrication, and the measurement methodology are introduced. Then, room-temperature
device characteristics are investigated. Equivalent small-signal circuit models are pro-
posed to explain the anomalous I-V and C-V results due to high off-state leakages. In
Chapter 3, cryogenic device characteristics are investigated. Then, electron mobility and
density are extracted using the split C-V method. As the Sn fraction increases, a drastic
change in the temperature-dependence of mobility is observed. This is explained by the
dual-valley electron transport and is attributed to the effect of indirect-to-direct bandgap
transition in GeSn. Finally, the conclusions and future works of this thesis are given in

Chapter 4.
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Chapter 2 Fabrication and Characterization of

Ge(Sn) n-MOSFETs

GeSn alloys are promising for electronic applications due to their small carrier ef-
fective masses [3]. When compressive strain is applied on GeSn, the valence band is de-
formed, which reduces the effective mass of the heavy-hole band [18]. Furthermore, the
compressive strain lifts the degeneracy at the I'-point, which increases hole occupancy in
the deformed heavy-hole band and further enhances hole mobility [18]. On the other hand,
when tensile strain is applied on GeSn or the Sn fraction is increased, the I'-valley is
lowered relative to the L-valley [19]. This increases the electron population in the I"-val-
ley and enhances electron mobility, because the effective mass in the I'-valley is much
smaller than that in the L-valley [9]. The high carrier mobilities enable high-performance
GeSn-based CMOS applications, making it a promising candidate for next-generation

channel materials for transistors [4].

2.1 Introduction

Ge(Sn) n-type metal-oxide-semiconductor field-effect transistors (n-MOSFETs)
with various architectures, such as planar [22], mesa [11], tri-gate (FInFET) [23], and
gate-all-around (GAAFET) [24], have been reported. Ge(Sn) n-FinFETs and n-GAAFETs
excel in device performance due to their excellent capability for gate control [23, 24],
making them ideal candidates to further extend Moore’s Law. To investigate electron
transport in Ge(Sn) n-MOSFETSs, it is necessary to characterize the dependence of elec-
tron mobility on electron density, which is commonly practiced using a split C-V method
[25]. This method, however, cannot be applied to the FInFET or GAAFET since the gate

capacitance is too small for a C-V meter to detect reliably. Ge(Sn) planar and mesa n-
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MOSFETs are preferred for the split C-V method due to their large gate-to-channel areas

[11, 22], with examples of successful mobility extraction summarized below.

2.1.1 Planar GeSn n-MOSFETs

Prior to the deposition of GeSn layers, a Ge epitaxial layer is grown on a Si substrate
and subjected to in-situ hydrogen annealing to form a strain-relaxed, defect-free virtual
substrate [26, 27]. This facilitates the subsequent growth of a fully strained GeSn active
layer and preserves the film quality by reducing the defect formation associated with
strain relaxation [28]. The device structure is shown in Fig. 2-1 (a). In transfer I-V curves,
clear transistor characteristics with an on-off current ratio (Ion/Iorr) of approximately 10>
is observed (Fig. 2-1 (b)). In the microwave-annealed (MWA) device, the off-state current
(Iorr) is lower and the gate-induced drain leakage is less pronounced than in the rapid
thermal annealed (RTA) devices (Fig. 2-1 (b)) thanks to the much suppressed dopant dif-

fusion during the MWA process [22]. In addition, the on-state gate-to-channel capacitance

(@)
TiN
Ni _N:'
50nm $/0A* | s-GeSn I n*J
500 "mI r-Ge buffer
(001) p-Si
(p=8.5-11.5 Q-cm)
Overdrive Voltage (V)
(c) 12 (d)750
10l MWA 450 °C 550 °C | 2
w
T o8 1 <L so0f
§ 06 5kHz, SkHz, ] NE
o 10kHz. 10kHz, | £
204 20kHz, T 20kHz, 1 L.250}
3 0.2 50kHz, | 50kHz,

=

100kHz 100kHz ‘ 100!(HZ = 0
0 1 0 1 0 1 10"
Gate Voltage (V) Gate Voltage (V) Gate Voltage (V)

Fig. 2-1 (a) Device structure, (b) transfer I-V characteristics, (¢) normalized gate-to-channel capacitance
(Cae) vs. gate voltage, and (d) effective mobility (pes) vs. inversion carrier density (Niny) of the planar

Geo.9555n0,045s n-MOSFET [22].
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(Coc at gate voltage = 1.5 V) is higher for the MWA device (Fig. 2-1 (c)), indicating that
the quality of gate stack and oxide/semiconductor interface are better preserved by MWA
[22], as evidenced by the higher effective mobility (pesr) of the MWA device (Fig. 2-1 (d)).
These results show that MWA is a better dopant activation method compared to RTA for
GeSn n-MOSFETs. It’s worth noting that the electron transport occurs exclusively within
the Geo.955Sn0.045 layer, because the inversion channel only spans a few nanometers near
the surface (Fig. 2-1 (a)) [29, 30]. Consequently, the p.sr reflects only the transport prop-

erties in Geo.9555n0.045 channel, which is very different from the cases discussed below.

2.1.2 Mesa GeSn n-MOSFETs

Mesa GeSn n-MOSFETs are identical to the planar devices (Fig. 2-1 (a)), except that
the source and drain are “recessed”, i.e., formed in a wider-bandgap layer (Ge) beneath
the channel (Geo.96Sno.04) (Fig. 2-2 (a)), to reduce off-state current (Iorr) [11]. In transfer
I-V characteristics, an on-off current ratio (Ion/Iorr) of approximately 200 is observed for
the mesa structure, which is larger than those for the planar structures (~ 10 for Si sub-
strates and ~ 5 for SOI substrates) (Fig. 2-2 (b)). Given that the on-state current (Ion, drain
current at gate voltage = 3 V) is similar for both structures (Fig. 2-2 (b)), the higher
Ion/Iorr is attributed to a lower lorr in the mesa structure thanks to its “recessed” source
and drain (formed on a wider-bandgap Ge layer) [11]. The Iorr is higher in the planar
structures because their junctions are formed on a narrower-bandgap Geo.96Sno.o4 layer
[11]. These results show that the mesa structure is excellent for suppressing lorr while
taking advantage of the high channel mobility in the Geo.96Sno.04 layer.

As the mesa length (Lwm) increases, the effective mobility increases accordingly (Fig.
2-2 (c)). This is attributed to an increasing contribution from the high-mobility, tensile-

strained Geo.o6Sno.04 layer, because the total mobility (Lefr) is consisted of contributions
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Fig. 2-2 (a) Device structure of the mesa GeSn n-MOSFETs [11]. (b) Transfer I-V characteristics of the
planar (on Si and SOI substrates) and mesa Geg.o6Sno.04 n-MOSFETs [11]. (¢) Effective mobility (per) vs.
inversion carrier density (Niu) of the tensile-strained Geo.96Sno.os n-MOSFETs with various mesa lengths

(Lm) [11]. (d) pesr vs. L of the Ge n-MOSFETs and tensile-strained Geo.96Sno.o4s n-MOSFETs [11].

from both the recessed source and drain regions (pGe) and the mesa region (Ugesn) (Fig.
2-2 (a)) [11], as evidenced by the well-fitted curves to the data extracted from Fig. 2-2 (¢)
(Fig. 2-2 (d)). Consequently, the effective mobility does not reflect the “pure” electron
transport in the Geo.osSno.o4 layer. Instead, it reflects a combination of transport in both
the “recessed” Ge channel and the Geo.96Sno.04 channel. The “pure” electron mobility in
the Geo.96Sn0.04 channel can only be approximated by either making Ly much larger than
the spacer length (Ls) or extracting the parameter pgesn from the equation in Fig. 2-2 (d)
via parametric fitting [11]. As a result, the planar structure is preferred over the mesa

structure for extracting the “pure” GeSn mobility.

2.1.3 Surface-Capped GeSn n-MOSFETs

Surface-capped GeSn n-MOSFETs are identical to the planar ones (Fig. 2-1 (a)),
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except that the GeSn channel is capped with Ge (Fig. 2-3 (a)) [21]. Lower interface trap
density (Di) is observed for samples capped with a thicker Ge layer (Fig. 2-3 (b)), which
translates into a steeper subthreshold-swing (SS) (Fig. 2-3 (c)) and a higher effective mo-
bility (Lefr) (Fig. 2-3 (d)) due to a lower interface trap capacitance [31] and fewer Coulomb
scatterers at the oxide/semiconductor interface [10, 32, 33], respectively. These results
indicate that the surface-capped structure is excellent for improving SS and per. Never-
theless, it’s worth noting that a significant portion of electron transport occurs in the Ge
capping layer, even if it is as thin as 2 nm. This is because the conduction band offset
between Ge and GeSn (either with a Sn fraction of 6 at% or 8.5 at%) is negligible com-
pared to the thermal energy at room temperature (~25 meV) [34], and the electron distri-
bution in the inversion channel only spans a few nanometers near the surface [29, 30].

Consequently, the pesr does not reflect the “pure” electron transport in the Geo.04Sno.o6 or

(@) (b) "~ GeSn(85%)
6 14
Geca D17
P - St Mo cap -
30nm 5 137
GeSn S 4rp1g D08 8
‘—3 2nm Ge ‘:D_
Ge buffer = =
Si substrate (001)
© 6% S X (d) 430 eegn t6w)
~140% % Sn 8-9% Sn 400} D09: 5nm Ge cap
3 Increasing Ge 350 4
= cap, thickness —
5120 ¢ 300 1
2 2 oot}
2 g 250 [D10: 2nm Ge ca 1
L o 200f ]
= F .
§1OO 8 31-;150 | DO8: No Cap 1
£ o -
3 £ 100} .
@ g [ L 80um
0 50 11 I12 12
D08 D10 D09 D17 D19 5x10° 10 2 6x10
Sample ID N (/cm®)

Fig. 2-3 (a) Epitaxial structure, (b) interface trap density (Di;) vs. energy (E-Ev), (c) subthreshold swing,

and (d) pefr vs. Niny of the planar Geo.04Sno o6 and Geo.o15Sn0.0ss n-MOSFETs with or without a Ge cap [21].
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Geo.915Sno.085 layer. Instead, it reflects a combination of transport in both the Ge layer and
the GeSn layer. Since it is difficult to eliminate the contribution of the Ge layer to the e,
the planar structure is preferred over the surface-capped structure for extracting the “pure”

GeSn mobility.

2.2 Experiment

2.2.1 Material Growth and Analysis

The indirect- to direct-bandgap transition in strain-relaxed Ge(Sn) occurs at a Sn
fraction of 6 — 7 at% [ 18, 19, 35]. Therefore, direct-bandgap Ge(Sn) is metastable and has
to be prepared using a non-equilibrium, low-temperature growth method, because the sol-
ubility of Sn in Ge is much lower than 6 — 7 at% (< 1.1 at%) [36]. Since CVD allows low-
temperature growth of Ge(Sn) with wafer-scale uniformity [37, 38], a commercially avail-
able reduced-pressure chemical vapor deposition (RPCVD) system (ASM Epsilon 2000)
was used in this study for Ge(Sn) epitaxial growth. Digermane (Ge;Hs) and tin-tetrachlo-
ride (SnCl4) were used as precursors, with ultra-pure hydrogen (Hz, 99.9999 %) serving
as the carrier gas.

The deposition process is outlined as follows (Fig. 2-4). First, the chamber was
heated to 1,170 °C and etched by hydrogen chloride (HCI) to remove residues left from
the previous process. Then, the chamber was cooled to 600 °C, and a bare p*-Si (100)
wafer, pre-cleaned with diluted hydrofluoric acid (HF, 1:50), was loaded. Following that,
an in-situ H» baking at 1,100 °C was performed to remove native oxides. Subsequently,
the chamber was cooled to 325 °C and then heated up to 375 °C, during which a layer of
500-nm or 700-nm Ge was deposited (Fig. 2-5 (a)). Then, another in-situ H> annealing at
800 °C was performed for 10 min. to reduce the threading dislocations and to relax the

strain of the Ge film [27, 39]. This makes the Ge surface defect-free [26], effectively
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Fig. 2-4 A schematic of the deposition process of Ge(Sn) epitaxial structures.

creating a new substrate, i.e., a virtual substrate (VS), with a smaller lattice mismatch
with GeSn compared to that between Si and GeSn [40], thereby facilitating the subsequent
growth of high-quality GeSn films. The chamber was then cooled to 320 °C, and a layer
of 550-nm GeSn with either a lower or higher SnCls flow rate was deposited (Fig. 2-5
(a)). Note that the GeSn films were grown thick in an effort to exceed their critical thick-
nesses, thereby relaxing the default compressive-strain when grown on Ge [41], making
the GeSn film more direct-bandgap-like [18, 19, 35]. The dopant gas is not introduced
during the growth of the Ge and GeSn films to minimize the influence of Coulomb scat-
tering on electron transport caused by the charged impurities. Nevertheless, unintentional
doping (UID) is still detected in the Ge and GeSn films, with p-type carrier concentrations
of approximately 10'® to 10'” cm™ [9]. This is possibly due to acceptor-like defect states
near the valence band generated by crystal imperfections [42], which acts as Coulomb
scatterers due to the their charged nature.

Strains and Sn fractions of the Ge(Sn) epitaxial structures were characterized by
high-resolution reciprocal space mapping (HRRSM) [11] (Fig. 2-5 (b)). The Ge VSs re-
main slightly tensile-strained (¢ = +0.26%) even after thermal annealing at 800 °C, which

is attributed to the difference in the thermal expansion coefficients between Ge and Si [39,
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(224) high-resolution reciprocal space mapping (HRRSM) contours.

43]. The strains (Sn fractions) of the GeSn films were extracted as +0.01% (4.48 at%)
and —0.28% (10.53 at%), respectively. The residual compressive strain in the GeSn layer
increases with increasing Sn fraction, which is consistent with the results from other stud-
ies: relaxation rate of GeSn films decreases as the Sn fraction increases, even when the
film thickness far exceeds its critical thickness [44, 45].

Compositions of the Ge(Sn) epitaxial structures were studied using scanning elec-
tron microscope (SEM) imaging by backscattered electrons (BSEs) and energy-dispersive
X-ray spectroscopy (EDXS) (Fig. 2-6). Clear boundaries between the Si, Ge, and GeSn
layers were identified from the difference in brightness of the SEM images (Fig. 2-6 (a)
and (e)), because atoms with higher atomic numbers, i.e., Ge or Sn, appear brighter when
BSEs are used for imaging [46]. The EDXS mapping results coincide with the SEM re-
sults: the regions with strong X-ray signals corresponding to the Si K-series (Fig. 2-6 (b)
and (f)), Ge K-series (Fig. 2-6 (c) and (g)), and Sn L-series (Fig. 2-6 (d) and (h)) overlap

with the darkest region, the second darkest region, and the brightest region in the SEM
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Fig. 2-6 Scanning electron microscope (SEM) images by backscattered electrons (BSEs) of the (a)
Geo.9555n0.045 and (e) Geo.gosSno.105 epitaxial structures. Energy-dispersive X-ray spectroscopy (EDXS)

mapping of the white squares in (a) and (e) showing (b)(f) Si, (¢)(g) Ge, and (d)(h) Sn atom distributions.

images, respectively.

Crystallinity of the GeSn epitaxial structures were studied under transmission elec-
tron microscope (TEM) (Fig. 2-7). The defective regions are confined to the bottom of
the Ge and GeSn layers (Fig. 2-7 (a) and (d)) thanks to the H>-annealing after Ge deposi-
tion [27, 39] as well as the large thicknesses of the GeSn layers to keep the surface regions
away from the misfit and threading dislocations near the Ge/GeSn interfaces [45]. Clear
atomic structures were observed near the surface of the GeSn layers (Fig. 2-7 (b) and (e)),
and thus high crystallinity is expected in the MOSFET inversion layers. Moreover, regular
patterns of distinct bright spots were observed from the diffraction patterns near the sur-
face of the GeSn layers (Fig. 2-7 (¢) and (f)). This indicates that the films near the surface
are single crystalline [47].

Lastly, surface morphology of the GeSn epitaxial structures were characterized using

atomic force microscope (AFM). Randomly oriented hills and valleys were observed on
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Fig. 2-7 (a)(d) Cross-sectional high-resolution transmission electron microscope (HRTEM) images, (b)(e)
the near-surface cross-sectional HRTEM images, and (c)(f) the near-surface spot diffraction pattern of the

Geo.0555n0.045 and Geo.895Sno. 105 epitaxial structures.

the surface of the Ge epitaxial structure (Fig. 2-8 (a)), which is a feature associated with
the threading dislocations near the Ge/Si interface [45]. A crosshatch pattern with two ort-
hogonal sets of ridges and trenches were observed on the surface of the Geo.955Sn0.045
epitaxial structure (Fig. 2-8 (b)), which is attributed to the nucleation of misfit dislocations
at the Ge/GeSn interface as a result of strain-relaxation [45, 48]. The root-mean-square
(RMS) surface roughness of the Ge and Geo.955Sn0.045 epitaxial structures is 2.94 nm and

2.85 nm, respectively (Fig. 2-8 (a) and (b)). The RMS value of the Geo.895Sno.105 epitaxial
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Fig. 2-8 Atomic force microscope (AFM) images of the surface of the (a) Ge, (b) Geo.9s555n¢.045, and (c)

Geo.3055n0,105 epitaxial structures.
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structure increases to 5.20 nm due to a more pronounced crosshatch pattern and the
formation of circular pits on the surface (Fig. 2-8 (¢)). This may be due to an increased
misfit dislocation density at the Ge/GeSn interface and the generation of half-loops in the
GeSn film [45] due to a larger lattice mismatch between the Ge VS and the GeSn film

compared to the Ge and Geo.955Sno.045 epitaxial structures.

2.2.2 Device Fabrication

The gate-first fabrication process of Ge(Sn) n-MOSFETs is outlined as follows (Fig.
2-9 (a)). After the Ge(Sn) epitaxial growth, square coupons were diced from the wafers
and subjected to a degreasing process by immersing in acetone, methanol, and isopropa-
nol alcohol with sonication [49]. Then, the coupons were dipped in diluted hydrofluoric
acid (HF, 1:25) and diluted hydrochloric acid (HCIl, 1:10) to remove native oxides and
organic residuals, respectively [11, 22, 49]. 15-nm aluminum oxide (Al203) and 100-nm
of titanium nitride (TiN) were subsequently deposited as the gate stacks using plasma-
enhanced atomic layer deposition (PEALD) and sputtering, respectively. After that, align-

ment marks and gate stacks were defined using Cl»>-based anisotropic reactive-ion etching

(a) Ge(Sn) epitaxy

Gate stack deposition
TiN * 15-nm Al,O5;/ 100-nm TiN
] Al,O, ] Alignment mark formation
n* n* Gate stack formation
. . (C)
UID Ge,,Sn, Source and drain formation

_ * 1I: [5x10 cm2, 10 keV] x 2
x=0,00450r0.105 - MWA: 1,400 W, 100 s

Protective layer deposition
UID Ge « 200-nm SO,

Contact via formation

Contact Metal Deposition
* 20-nm Cr/ 200-nm Au

p* Si (100)

Fig. 2-9 (a) A schematic of the device structure and the process flow of Ge(Sn) n-MOSFETs. (b) Enlarged
portions of the red squares in (a) showing the angle of the 2-steps ion implantation (II). (c) An optical

microscope (OM) image of a Ge(Sn) n-MOSFET. Crystallography directions <100> are labeled.
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(RIE), where the gate stacks were slightly over-etched (a thin layer of the Ge(Sn) layer is
removed) to ensure a complete removal of the Al,O3 layers, thereby preventing dopants
from being blocked during ion implantation.

Then, phosphorous (*'P) ion implantation (II) and microwave annealing (MWA)
were carried out to form the source and drain region. Note that MWA, rather than rapid
thermal annealing (RTA), was selected for dopant activation to better preserve crystal
quality and the oxide/Ge(Sn) interface quality [11, 22]. The II process was done in two
steps, each with an azimuth angle (rotation) differing by 180° and a zenith angle (tilt) set
to 60° (Fig. 2-9 (b)) to eliminate the potential underlapping between the source/drain and
the gate stacks (encircled in Fig. 2-9 (b)) due to the shadowing effect [S0] and the “neck”
formed due to the over-etching of the gate stacks. The underlapped regions, which were
not implanted and not controlled by the gate, create high-energy barriers between the
source and the channel. This results in large series resistances in the device and should
therefore be avoided.

Finally, a layer of 200-nm silicon dioxide (Si02) was deposited as a protective layer,
with contact vias formed by wet etching using buffer oxide etchant (BOE). The devices
were finished by depositing 20-nm of Chromium (Cr) and 200-nm of Gold (Au) followed
by a lift-off process. The optical microscope (OM) image of the Ge(Sn) n-MOSFET is
shown in Fig. 2-9 (c), where the channel direction (transport direction) is <100>. A devi-
ation from a transport direction of <100> could result in a change in electron mobility
due to the anisotropy of the constant energy surface centered at the L symmetry point.
Devices fabricated on (110) substrates could exhibit a more pronounced direction-de-
pendent electron mobility due to a lower symmetry in valley configuration [51]. However,
due to the isotropy of the constant energy surface centered at the I'-point, electron mobil-

ity in direct-bandgap Ge(Sn) devices is expected to show much weaker dependence on
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channel direction. This opens up a new way to probe the indirect-to-direct bandgap tran-

sition in GeSn alloys (Chapter 4.2).

2.2.3 Device Characterization

Using the split C-V method, inversion carrier density (Niny) and effective mobility

(1efr) of the n-MOSFETs can be obtained [25]. The Niny is derived from the normalized

gate-to-channel capacitance (Cgc), obtained through split C-V measurements using a C-

V meter configured as follows: the high-voltage terminal (which forces a bias superim-

posed by a sinusoidal signal) is connected to the gate, while the low-voltage terminal

(which senses current) is connected to the source and drain [25] (Fig. 2-10 (b) and (c)).

The substrate of the n-MOSFETs must be grounded and isolated from the low terminal of

the C-V meter. In this configuration, the C-V meter only detects the capacitive response

from minority (inversion) carriers (electrons in n-MOSFETs) supplied through both the
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Fig. 2-10 (a) A schematic of the normalized gate-to-channel capacitance (Cgc) vs. gate voltage (V) of an

n-MOSFET as well as the derivation of inversion carrier density (Niny) and effective mobility (Mes).

Schematics of the biasing configuration and capacitance components measured in (b) the accumulation or

depletion regime (Vg < Vmin) and (c) the inversion regime (Vg > Vmin).
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source and drain terminals thanks to the rectifying characteristics of the source-to-sub-
strate and drain-to-substrate n'/p junctions.

When the device is biased in the accumulation or depletion regime (VG < Vimin.), the
channel is disconnected from the source and drain due to high energy barriers between
them (Fig. 2-10 (b)). Therefore, the C-V meter reads only twice the overlap capacitance
(2Cov) [25], with a slight Vg dependence due to the presence of gate-induced drain leak-
age (GIDL) [52] (Fig. 2-10 (a)). As Vg increases, the device is gradually biased into the
inversion regime (VG > Vmin), Where the energy barrier between the channel and the
source/drain is progressively lowered, allowing more carriers to be injected from the
source/drain into the channel (Fig. 2-10 (¢)). As a result, the capacitance increases with
Vi and eventually saturates to a value close to the oxide capacitance (Fig. 2-10 (a)) [25].
Since the increase in Cgc beyond 2Coyv is contributed by electrons in the inversion layer,
the inversion charge density (qNiay) is obtained by integrating Cgc offset by 2Cov (Cgc —
2Cov) with respect to Vg [10, 22] (Fig. 2-10 (a)).

The drain current (Ip) in a long-channel n-MOSFET is expressed as the sum of drift

and diffusion currents [25]:

dNinv

dx ' @1

Ip = qunv.ueffVDS¥ — WkTpesr
where Vps, W, L, and x are drain-to-source bias, device width, device length, and the
coordinate along the channel direction, respectively. The diffusive term (second term) can
be dropped from Equation (2-1) when the gradient of Niyy along the channel direction is
small, i.e., when the applied Vps is small and the device is biased in the strong inversion
regime (Vg > Vi (threshold voltage)) [25], allowing pefr to be obtained as [30]

— i ID (¢s)
W Vps - qunv(lps) '

.ueff (l/)s) (2'2)

where s is the surface band-bending at the oxide/semiconductor surface. Given that s
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is the change in surface potential beyond that at flat-band condition, ys can be expressed
as a function of Vg — Vs (flat-band voltage) [30]. Moreover, ys can also be expressed as

a function of Vg — Vi, using the relation between Vi and Vg [30]:

V 4‘EsqNal/)B (2_3)

Vin = Vrp + 21p + C )
ox
where yg, €, and N, are bulk Fermi potential, bulk dielectric constant, and bulk doping

concentration, respectively. As a result, pesr (Equation (2-2)) can be recast into a function

of an experimentally measurable quantity Vg — Vi, 1.e., the overdrive voltage (Vov):

L oy
W Vps * qNiny (Voy) .

terr Vo) = (2-4)

The necessity to account for the Vi, in Equation (2-4), i.e., to express Llefr as a function of
Vov (or Vg — V) instead of Vg alone, arises because Ip and Nj,y are obtained from two
independent measurements (transfer I-V and split C-V measurements), which may in-
volve a Vy, shift between them.

In fact, Vi, shifts between measurements, similar to the negative/positive bias tem-
perature instability (NBTI/PBTI) in Si MOSFETs [53, 54], were constantly observed.
This is attributed to the poorer Al>O3/Ge(Sn) interface quality [55] compared to the
Si02/Si interface [31], resulting in prominent generation or charging of interface traps
during a gate bias stress [53, 54], and consequently, a non-negligible Vi shift. To reliably
extract ef, it is necessary to exclude the effect of Vu shift by offsetting Vg with Vi
(Equation (2-4)). However, Vi, cannot be extracted from the Cgc-Ve curve. The only way
to obtain Niyy as a function of Vov is to eliminate the Vi, shift between the transfer [-V
measurement and the split C-V measurement, ensuring that the Vi extracted from the
transfer [-V curves can be used as the Vi, for the Coc-Ve curves.

To eliminate the Vi, shift between measurements, it is necessary to fix the maximum

gate bias (Vg, max.) and the Vg sweep durations, because Vi, increases with Vg, max. and the
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sweep duration of the gate bias [54] (Fig. 2-11 (a)). In addition, when measuring a new
device or measuring at a new temperature, Vi, will shift in the first few rounds of meas-
urement even if Vg, max. and Vg sweep durations are held constant (Fig. 2-11 (b)). This is
possibly due to the interface trap generation [53, 54] or the variation of charged interface
trap density with temperature [31]. It usually takes several rounds of Vg sweeps before
the Vi is stabilized. Note that the Vi in this study was extracted using the transconduct-
ance change method, where Vi, is derived as the gate voltage corresponding to the maxi-
mum of the second derivative of the transfer I-V curves [56]. This approach ensures that
the extracted Vi corresponds to a surface band-bending of 2yg [56], which is consistent
with the definition in Equation (2-3).

A standardized measurement procedure was established accordingly (Fig. 2-11 (c)).
Before starting the “main” measurement, several rounds of calibration Vg sweeps were
performed with a fixed Vg, max. and a fixed Vg sweep duration until the Vi, shift between

successive transfer -V measurements became negligible. After that, the “main” transfer

() 41 (b) 4

duration 1

(©
Start of Calibration Data Processing
Measurement Vs Sweep
Herr(Vov)

ID(VOV) EDj N inv(VOV) E>

or

“eff(Ninv)

[ | | |
[ [

Ip-Vg N Split C-V End of
Measurement Measurement Measurement

Fig. 2-11 Schematics of Vi, shift caused by the increase of (a) Vg sweep durations and (b) the number of

Vth
Stabilized?

Vi sweeps. (¢) A schematic of the standard measurement procedure.

25

doi:10.6342/NTU202502633



I-V and split C-V measurements were performed with Vg, max. and Vg sweep durations set
to values identical to those used in the calibration Vg sweeps. This ensures that the Vi, of
both the I-V and C-V measurements remain the same. Finally, per was extracted by plug-
ging the acquired data into Equation (2-4).

While fixing Vg, max. between measurements is easy, maintaining consistency in the
Vi sweep durations is more challenging. To achieve the latter, the time spent at each Vg
step within the entire Vg sweep must be kept identical across measurements, because the
Vi sweep duration is the sum of all individual Vg step times (Fig. 2-12). To ensure that
each Vg step time is identical across every 4-terminal (to monitor source, drain, body, and
gate current/voltage) transfer [-V measurement, three Keysight BI5S00A high-resolution
source measure units (SMUs) and an independent Keysight B2901 A SMU were synchro-
nized using a customized MATLAB® program for precise Vg step timing (Fig. 2-13 (a)).
This program also enabled precise Vg step timing across every split C-V measurement,
which require controlling a Keysight E4980A LCR meter that lacks a built-in timing func-
tion for each Vg step (Fig. 2-13 (b)). The timing-sensitive parts of the code were executed
on parallel CPU cores to avoid irregular system interruptions and delays in the timing
function. These approaches ensure precise timing across measurements, and consequently,

the reliability of the extracted efr.

AV

) step 1 2 3) n

VG, end

(10101 1115 I —
| tdelay
Ldelay (50 ms) toas
(?O me tmeas. <_>| (=200 ms)
Vv =] (200 ms)
G, start ( ( tlme
AYAY AY N AY _>
0 tstart tend

Fig. 2-12 A schematic of the timing of each Vs step during a single measurement.
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Fig. 2-13 Screenshots of the monitoring panel of the MATLAB® program during the (a) transfer I-V and

(b) split C-V measurement of the Ge n-MOSFET at 250 K.

2.3

Room-Temperature Device Characteristics

The channel dimensions of the Ge(Sn) n-MOSFETs are chosen to minimize the in-

fluence of parasitic effects on the extracted pesr. When the surface is depleted or weakly

inverted, the electron supply from the source/drain is very limited. The electrons supplied

through the generation-recombination (GR) processes near the surface, which are not de-
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tected by the CV meter (Fig. 2-10 (b)), may outnumber those supplied from the
source/drain [57]. This leads to deviation in the measured Cgc and, consequently, in the
extracted pesr [57]. To minimize the error in the extracted pes, the channel length (L)
should be chosen as small as possible to minimize the total number of traps in the surface
depletion region [58] and at the oxide/semiconductor interface [57] that assist the near-
surface GR processes.

Moreover, L should be at least 10 — 20 times the depletion width of the source-to-
substrate and drain-to-substrate n"/p junctions to mitigate the channel area reduction when
the surface is weakly inverted (Fig. 2-14), because such reduction introduces errors in the
measured Cgc, and consequently, the extracted pesr [57]. To a first-order approximation,
the depletion width of the Ge, Geo.955Sn0.045, and Geo.go5Sno.105s n-MOSFETs can be esti-
mated using that of the abrupt, one-sided n*/p junction at zero bias [30] as 299, 282, and
250 nm, respectively. By choosing L to be 20 pm, the error in the extracted pefr can be
reduced to ~ 5 % [59]. Lastly, the channel width (W) is chosen as 200 pm (W/L = 10),

ensuring that the non-uniform electron flow induced by fringing gate fields is negligible.

2.3.1 Transfer I-V Characteristics

The normalized drain current (Ip), source current (Is), and body current (Ig) of the

Ge, Geo.9555n0.045, and Geo.895Sno.10s n-MOSFETSs are plotted against overdrive voltage

L COU
7 i Dep. Reglon under GQ{ n*
T e L
Dep. Region ) (- Dep. Region

Fig. 2-14 A schematic showing the reduction of channel area due to the junction depletion regions under

the gate region.
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(Vov) to rule out the effect of threshold voltage (V) variation across devices (Fig. 2-15).
The effect of gate leakage (Ig) is neglected since it is much lower (< 10 A/m) than Ip,
Is, and Ig (Fig. 2-13 (a)). The drain-to-source bias (Vps) is maintained at a low value of
10 mV with the source and body grounded to meet the prerequisites of the split C-V
method (Chapter 2.2.3).

For all devices, as Vov increases above —0.5 V, both Ip and Is increase due to the
formation of the inversion channel [30], while Ig remains relatively constant with Vov,
indicating that Ig originates from parasitic leakages that are not modulated by the gate
potential (Fig. 2-15). Since Ip = Ig when Vov <—0.5 V and Ip = Is + Ig (Fig. 2-16), I is
approximately the off-state leakage on the drain side. As Vov decreases from —0.5 V to —
2V, a very slight increase in Ip was observed across all devices, which is attributed to
gate-induced drain leakage (GIDL) [22]. With the aid of MWA, dopant diffusion was
suppressed, resulting in small gate-to-drain overlaps and small GIDL [22]. Consequently,
the effect of GIDL on Ip is barely visible since it is obscured by the larger drain-to-sub-
strate junction leakage, because Ip at Vov <—0.5 V comprises both junction leakage and
GIDL in long-channel n-MOSFETs [60]. The effect of gate-induced source leakage
(GISL) on Is is negligible, too. Therefore, the off-state leakage, either on the source or

drain side, consists primarily of the junction leakage. Moreover, the orders-of-magnitude

(@) 10° : : : (b) 10° : : - (c) 10° - - -
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Fig. 2-15 Normalized drain current (Ip), source current (Is), and body current (Ig) vs. overdrive voltage

(Vov) of the (a) Ge, (b) Geo.055Sn0.045, and (c) Geo.g95Sn0.10s n-MOSFETSs at 300 K.
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Fig. 2-16 Schematics showing the polarity of current at each terminal and the internal resistances.

difference in off-state leakage between the source and drain sides can be attributed to the
larger bias across the drain-to-substrate junction. This likely due to the heavily-doped p'-
Si substrate, which significantly reduces the resistance from the drain to the body (Rs)
compared to that from the drain to the source (Rs + Rjs), thereby pulling the node v close
to ground (Fig. 2-16).

The off-state leakage at Vov = -2 V (lorr*), off-state current (Iorr, Is or Ip at Vov ~
—0.5 V) and on-state current (Ion, Is or Ip at Vov = 2 V) are extracted from Fig. 2-15 and
plotted against Sn fraction (Fig. 2-17). On both the source and drain sides, the lorr+ and
Iorr increase with Sn fraction (Fig. 2-17 (a) and (b)), which is primarily attributed to the

increase in junction leakage with increasing Sn fraction due to a decreasing bandgap en-

(a)10* (b)10* (c)0.12
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Fig. 2-17 (a) The off-state leakage at Vov = -2 V (Iorr+), (b) off-state current (Iorr, Is or Ip at Vov ~ —0.5

V), and (c) on-state current (Ion, Is or Ip at Voyv =2 V) vs. Sn fraction of the Ge(Sn) n-MOSFETs at 300 K.
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ergy [61, 62]. The Sn-fraction dependence of Ion on the source and drain sides is, however,
different (Fig. 2-17 (c¢)). On the source side, lon decreases with increasing Sn fraction,
which could be attributed to an enhanced alloy scattering [21, 63], because carrier scat-
tering degrades mobility, and consequently, Ion. On the drain side, Ion exhibits a V-shape
dependence on Sn fraction, where the upturn at [Sn] = 10.5 at% is attributed to the much
higher Iorr on the drain side compared to that on the source side (Fig. 2-17 (b)). This is
because the Iorr on the drain side in the Geo.s9sSno.105 device contributes approximately
40% to its Ion, thereby obscuring its “true” Sn-fraction dependence of Ion.

The higher Iorr on the drain side also results in orders-of-magnitude differences in
on-off current ratio (Ion/Iorr) and minimum subthreshold swing (SSmin) between the
source and drain sides (Fig. 2-18 (a) and (b)). The former difference occurs since lorr on
the two sides differ by orders of magnitude (Fig. 2-17 (b)), whereas Ion on the two sides
are of the same order (Fig. 2-17 (c)); the latter difference occurs since the high Iorr ob-
scures the subthreshold characteristics of Ip, making the subthreshold slope much smaller
than the “true” one (Fig. 2-15). Note that the SSmin of all devices are above the Boltzmann
limit (Fig. 2-18 (b)), possibly due to the finite depletion capacitance and interface trap
capacitance [30, 31].

In Si n-MOSFETs, lorr is negligibly small. Therefore, the only transport mechanism
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Fig. 2-18 The (a) on-off current ratio (Ion/Iorr) and (b) minimum subthreshold swing (SSmin) vs. Sn fraction

of the Ge(Sn) n-MOSFETs at 300 K.
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is the drift of electrons along the inversion channel [25]. However, for the Ge(Sn) n-
MOSFETs, lorr is too large to be neglected. Parasitic transports, such as GIDL and junc-
tion leakage, should be investigated, because they substantially distort the Cgc-Voy char-
acteristics (Chapter 2.3.2). To do so, models of the DC carrier transport mechanisms in
the Ge(Sn) n-MOSFETs in the transfer [-V configuration are proposed (Fig. 2-19 to Fig.
2-21) based on the experimental results and analyses (Fig. 2-15 to Fig. 2-18).

In the accumulation regime (Vov = —2 V), the drain-to-substrate n*/p junction is re-
verse-biased since the drain is applied with a higher bias (10 mV) compared to the sub-
strate (grounded) (Fig. 2-19). Due to the small bandgap energy and high trap density in
Ge(Sn), Shockley-Read-Hall (SRH) and trap-assisted tunneling (TAT) GR processes are
highly active in junction depletion regions [64], making GR current the dominant
transport mechanism in a Ge(Sn) p-n junction under a small bias [61, 65]. Therefore,
electron-hole pairs are generated within the depletion region of the drain-to-substrate n*/p
junction and are subsequently swept toward the n'-side and p-side by the electric field

[30, 66], establishing a reversed-biased current (Ir) (). The current path is completed

I |Accumu|ation| +Gate @
D — —
ltls

—— @Drain M Source

M leioL Ox leisL @ M
Whro)
LiCy

M
Vs $socy

Fig. 2-19 Schematics of the DC carrier transport mechanisms in the Ge(Sn) n-MOSFETs during the transfer
[-V measurements in the accumulation regime (Vov = -2 V). Excess/Deficient carriers are represented by

solid/hollow circles; electron/hole/total currents are represented by blue/white/red arrows.

¥ doi:10.6342/NTU202502633



by discharging the excess electrons and holes via the n* drain contact (ohmic for electrons)

and the p” body contact (ohmic for holes), respectively ().

In contrast, the source-to-substrate junction should be forward-biased to support the
experimentally observed off-state source leakage (Iorr+), which flows out of the source
terminal (Fig. 2-17 (a)). Consequently, electrons and holes diffuse across the junction and
recombine within the depletion region [30, 66], establishing a forward-biased current (Ir)

and resulting in electron and hole deficiency on the n*-side and p-side, respectively ((3).

Since the source and body terminals are held at the same potential, no net current flows
between them. Therefore, the current path is completed by replenishing the electron and
hole deficiency through electron inflow from the n* source contact and excess hole current

originating from the drain-to-substrate junction, respectively (4).

Lastly, the large negative gate voltage in the accumulation regime and the small
bandgap energy of Ge(Sn) leads to gate-induced drain leakage (Iipr) and, possibly, gate-
induced source leakage (IgisL), where the transport mechanism is band-to-band tunneling
[67] or trap-assisted tunneling [68]. In these processes, electrons tunnel to the n*-side and

generate holes on the p-side ((5). The current paths are completed by either discharging
excess electrons and holes via the n* drain and p* body contacts, respectively ((®), or
replenishing the carrier deficiency induced by 3 (D).

The DC carrier transport mechanisms and internal current paths in the depletion
regime (Vov ~—0.5 V) and the strong inversion regime (Vov = 2 V) are identical to those
in the accumulation regime, except for some difference. Specifically, in the depletion re-
gime, GIDL and GISL are absent (Fig. 2-20), because the electric field at the gate-to-drain
and gate-to-source overlaps are much smaller compared to those in the accumulation re-
gime, respectively; in the strong inversion regime (Vov =2 V), GIDL and GISL are also

absent for the same reason, but there exists an additional electron transport along the in-
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Fig. 2-20 Schematics of the DC carrier transport mechanisms in the Ge(Sn) n-MOSFETs during the transfer

I-V measurements in the depletion regime (Vov ~—-0.5 V).
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Fig. 2-21 Schematics of the DC carrier transport mechanisms in the Ge(Sn) n-MOSFETs during the transfer

I-V measurements in the strong inversion regime (Vov =2 V).

version channel (5) and (6) due to the heavily inverted surface (Fig. 2-21).

2.3.2 Split C-V Characteristics

The normalized gate-to-channel capacitance (Cgc) of the Ge, Geo.ossSno.o4s, and

Geo.895Sno.10s n-MOSFETs is plotted against Vov to rule out the effect of Vi, variation
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across devices (Fig. 2-22). The Cgc-Vov curves exhibit asymmetric V-shapes with differ-
ent heights at both positive (inversion) and negative (accumulation) gate biases. In the
strong inversion regime (Vov = 2 V), all Coc-Vov curves reach their maxima due to the
presence of inversion channel [25]. During the transition into the depletion regime (Vov
~—0.5V), a drastic reduction in Cgc with decreasing Vov is observed across all Coc-Vov
curves, which is attributed to the depletion of the inversion channel [25]. As the device is
further biased into the accumulation regime (Vov =—2 V), a pronounced increase in Cgc
with a decreasing Vov is observed across all Cgc-Vov curves, deviating significantly from
the conventional split C-V characteristics [25]. The potential causes are elaborated as fol-
lows.

The Cgc measured in the accumulation, depletion, and strong inversion regimes are
extracted from Fig. 2-22 and plotted against the Sn fraction (Fig. 2-23). Because the
Ge(Sn) n-MOSFETs are fabricated using a gate-first process, both gate-to-source and
gate-to-drain overlaps are negligible. Thus, for conventional Cgc-Vov curves, Cge in the
accumulation and depletion regimes are vanishingly small thanks to the current-rectifying
characteristics of the source-to-substrate and drain-to-substrate n"/p junctions (Chapter
2.2.3). This is, however, against the experimental results (Fig. 2-23 (a) and (b)), possibly

due to the leaky junctions (Fig. 2-17 (a) and (b)) resulting from the smaller bandgap of
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Fig. 2-22 Normalized gate-to-channel capacitance (Cgc) of the (a) Ge, (b) GeoossSnooss, and (c)

Geo.3955n0.10s n-MOSFETs vs. Vov measured with frequencies of 20, 50, 100, and 200 kHz at 300 K.
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Fig. 2-23 Cgc vs. Sn fraction in the (a) accumulation, (b) depletion, and (¢) strong inversion regimes of the

Ge(Sn) n-MOSFETs measured with frequencies of 20, 50, 100, and 200 kHz at 300 K.

Ge(Sn) compared to Si [61]. The leaky junctions may lead to a non-negligible carrier
transport between the source/drain and the substrate via the leaky junctions [66], allowing
the source/drain to supply majority carriers (holes) to the surface and resulting in the non-
vanishing Cgc in the accumulation and depletion regimes (Fig. 2-23 (a) and (b)). As the
Sn fraction increases, the junctions become increasingly leaky (Fig. 2-17 (a) and (b)),
which may lead to the corresponding increase in Cac (Fig. 2-23 (a) and (b)). Besides, the
junctions may be treated as resistors in series with the gate stack. As the frequency in-
creases, the reactance X of the gate stack decreases relative to the junction resistance due
to its capacitive nature (X = 1/wC), thereby reducing both the voltage drop V across the
gate stack and the energy E stored in it (E = CV?/2) [69]. This weakens the capacitive
characteristic of the device, which may contribute to the decrease in Cgc with increasing
frequency (Fig. 2-23 (a) and (b)).

In the strong inversion regime, Cgc reaches approximately 0.37 pF/cm? for all de-
vices (Fig. 2-23 (c)). A dielectric constant of ~ 6.3 is extracted accordingly for the gate
oxide (Al203), which is close to the reported value of ~ 6.5 [70]. Here, the minority car-
riers (electrons) are supplied to the surface through the channel. However, due to the leaky
junctions, the minority carriers can also be supplied to the surface via the leaky junctions
[57] and GR processes in the surface depletion region [71]. Because capacitance is a result
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of charge variation [52], Cgc is dependent on the supply of minority carriers through both
the channel and the junction. Thus, the slight variation in Cgc with Sn fraction (Fig. 2-23
(c)) may be a result of the variation in both the Ion and the Iorr. Besides, both the channel
and junctions may act as resistances in series with the gate stack. Similar to the behavior
in the accumulation and depletion regimes, the capacitive behavior of the device is weak-
ened as the frequency increases [69], which may contribute to the corresponding decrease
in Cgc (Fig. 2-23 (c)). Since the aforementioned anomalies observed in the split C-V
characteristics of the Ge(Sn) n-MOSFETs have not been reported elsewhere, the preced-
ing arguments require validation, and the process of which is outlined in Fig. 2-24.

First, AC carrier transport mechanisms in Ge(Sn) n-MOSFETs under the split C-V
configuration in the accumulation, depletion, and strong inversion regimes are proposed

(D). Then, based on the proposed AC carrier transport mechanisms, equivalent small-
signal circuit models are constructed ((2)). Analytical expressions for circuit capacitance

C, which consists of two parameters Co and o, are subsequently derived from the circuit

models ((3). Using a fitting procedure, the two parameters Co and o, are extracted from

experimental data (4)). A comparison between the expressions for Co and o, and the ex-

Model Construction x3 regimes (different V) Data Acquisition x3 devices (different [Sn])
x3 regimes (different V)
@ AC carrier CecVs. w
transport mechanisms (Fig. 2-23)
Fig. 2-25, Fig. 2-28, and Fig. 2-31
(Fig g g ) @@
@ ® Cyand w,
Equivalent small-signal circuit models (Fig. 2-26 (b), Fig. 2-29 (b), and Fig. 2-32 (b))

(Fig. 2-26 (a), Fig. 2-29 (a), and Fig. 2-32 (a))

e

Expressions for circuit capacitance C
(Cy and w,) (Equations (2-5) to (2-11)) ®

Fig. 2-26 (b), Fig. 2-29 (b), and Fig. 2-32 (b)

Fig. 2-24 A schematic of the validation process of the split C-V characteristics.
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tracted values are made ((5)), confirming the models’ validity and the data interpretation

using the models.

Models of the AC carrier transport mechanisms in the Ge(Sn) n-MOSFETs in the
split C-V configuration are proposed as follows (Fig. 2-25, Fig. 2-28, and Fig. 2-31). In
the accumulation regime, holes are repelled from the surface during the positive half of
the AC cycle (+AVg), leading to a decrease in charge (—AQ) in the accumulation layer

(D) (Fig. 2-25 (a)). The excess holes repelled from the surface can either leave via the p*
body contact ((6)) or couple to the n” source and drain contacts via the junctions (2) and
(@) and the gate-to-source and gate-to-drain overlaps (4 and (5)). The former current
path ((®) results from a hole concentration gradient established by the excess holes in the

substrate [58], while the remaining current paths are discussed as follows.
On one hand, the excess holes build up its concentration near the p-sides of the junc-
tions. This breaks the equilibrium between the drift and diffusive components of hole

current across the junctions, thereby resulting in net hole diffusion from the p-sides to the

+AV —Av
(@) s (0) -
Accumulation CV High Accumulation CV High
lAILl CV|LOW | L tAlLE/TLOW | —
X B M X

M M
(©) Algs. @)\ m AlG'B'; (0)
B

o g

(5] Algp

Fig. 2-25 Schematics of the AC carrier transport mechanisms in the Ge(Sn) n-MOSFETs during the (a)
positive and (b) negative half of an AC cycle of the split C-V measurements in the accumulation regime.
Differential (AC) excess/deficient carriers are represented by the solid/hollow circles, while differential

(AC) electron/hole/total currents are represented by blue/white/red arrows.

% doi:10.6342/NTU202502633



n'-sides [66]. Because diffusion current in a Ge(Sn) p-n junction is dominated by GR
current due to a high defect density [61, 65], holes tend to recombine with electrons within
the depletion regions before reaching the n'-sides [66]. The recombination processes re-
sult in a decrease in electron concentration within the depletion regions, which breaks the
equilibrium between the drift and diffusive components of electron current across the
junctions, thereby resulting in net electron diffusion from the n*-sides to the depletion

regions [66]. A differential current Alj is therefore established ((2)). These current paths

are completed by replenishing the electron deficiency through the n* source and drain

contacts ().

On the other hand, the positive gate voltage swing (+AVg) reduces the electric fields
at the gate-to-source and gate-to-drain overlaps. This leads to a decrease in the number of
electrons tunneled from the p-sides to the n*-sides, or equivalently, a deficiency of elec-
trons and holes on the n*-sides and p-sides, respectively. As a result, differential currents

Algior and Algisy are established (4)). The current paths are then completed by replen-
ishing the hole and electron deficiency through (1) and the inflow of electrons via the n*
source and drain contacts ((5)), respectively. Because the AC carrier transport mechanisms

in the negative half of the AC cycle (-AVg) (Fig. 2-25 (b)) is exactly the reverse of those
in the positive half of the AC cycle, detailed descriptions are omitted for brevity as they
can be inferred by symmetry.

By extending a concept from [72], a physically based equivalent small-signal circuit
model of the Ge(Sn) n-MOSFETs during spilt C-V measurements is constructed (Fig.
2-26 (a)) to explain the anomalous split C-V behaviors. Based on Fig. 2-25, the carrier
storage properties at the surface are modeled by oxide capacitance Cox and accumulation

capacitance Ca [25], while the dissipative carrier transports corresponding to (2), @), and

(6 are modeled by differential junction conductance G;j, differential GIDL conductance
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GaipL, and differential bulk conductance Gg, respectively. To facilitate analysis, other
transport processes are omitted (e.g. oxide leakage) since their effects are negligible (Ap-
pendix A.1). In the accumulation regime, the circuit capacitance C of the small-signal

model (Fig. 2-26 (a)) is derived from the imaginary part of the ratio ix/vx [69] as

C—ll (lx>—c ! +2C 2-5
_wmvx T+ (w/w)? ov? (2-5)
where
Co = Cox Il C4
0~ 14 Ggp (2-6)
ZGj + 2GeipL
and

Gg + 2Gj + 2Ggp,,

0, = (2-7)

Cox Il C4
The assumptions and derivations are stated and justified in Appendix A.1.

On one hand, the low-pass form in Equation (2-5) predicts that once the angular
frequency ® exceeds the cut-off angular frequency wc, the circuit capacitance C will de-
crease from its constant value Co by two orders of magnitude for every decade increment
in o [69], before approaching the lower limit of 2Coy (overlap capacitance). This is be-

cause the gate stack (Cox || Ca) is in series with the substrates and junctions (Gg and 2G;

1
(@) o cvHigh (b) 10 o e o,
Vye (Gate) 124 krad/s 440 krad/s 2.69 Mrad/s
O 0 (~20 kHz) (~70 kHz) (~428 kHz)
1 J_ E 107G, E
COX — 2C0V /
| -6 dB
- CV Low

C 1L
A [Sn] =0, 4.5,

(Source/Drain)
10.5 at%

2G; +ZGGIDL I

x 102F32¢,, ]
Voy=-2V
Ground 1073 - .
10* 10° 10°

(Body) 10’

|_

Coe, ace. (MF/C
)

w (rad/s)
Fig. 2-26 (a) An equivalent small-signal circuit model of the Ge(Sn) n-MOSFETs biased in the

accumulation regime. (b) Cgc vs. angular frequency o (replotted from Fig. 2-23 (a)) and the fitted curves.

40 doi:10.6342/NTU202502633



+ 2Gair) (Fig. 2-26 (a)). When o increases above ¢, the reactance of Cox || Ca drops
below the reciprocal of Gg + 2Gj + 2Gamor (Equations (2-5) and (2-7)). This results in a
smaller voltage drop across Cox || Ca, and consequently, less energy stored in Cox || Ca
than the energy dissipated through G + 2Gj + 2GaipL [69]. This significantly attenuates
the reactive behavior of the circuit, leading to a sharp decrease in circuit capacitance C
(Equations (2-5)). In the log-log plot of Cgc vs. o (replotted from Fig. 2-23 (a)), the curves
fitted by Equation (2-5) using a least-square method closely match the experimental data
(Fig. 2-26 (b)). This implies that the frequency response of Cqc is satisfactorily captured
by the small-signal model (Equation (2-5)).

On the other hand, the ratio Gs/(2G; + 2Ggpr) in the denominator of Equation (2-6)
implies a competition between the bulk and the junctions. When most of the carriers are
supplied from the bulk (Gs > 2Gj + 2GaipL), Co is expected to be vanishingly small
because the C-V meter detects negligible current across the junctions. This corresponds
to the conventional Cgc-Vov curve (Fig. 2-10 (a)). However, when most of the carriers
are supplied from the junctions (2Gj + 2GagibL > Gg), as is the case for the Ge(Sn) n-
MOSFETs due to their leaky junctions (Fig. 2-17 (a)), Co is expected to be independent
of 2G;j + 2GaL and to reach its maximum value of Cox || Ca, because the C-V meter
detects significant current across the junctions. A similar competition is also predicted by
Equation (2-7), where either the bulk conductance (Gg) or junction conductance (2Gj +
2GaipL) determines the cut-off frequency (w¢). For leaky junctions (2Gj + 2GaipL >> Gg),
as is the case for the Ge(Sn) n-MOSFETs, o. is expected to be proportional to 2G; +
2GaipL. This is because the frequency response of C, which is governed by o (Equation
(2-5)), primarily results from the fact that the frequency-dependent element Cox || Ca is in
series with 2G; + 2GaipL (Fig. 2-26 (a)).

The fitting parameters (used in Fig. 2-26 (b)) and 2lorr+ (excerpted from Fig. 2-17
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(a)) are shown in Fig. 2-27 (a). By using the Sn fraction as an intermediate parameter, Co
and w. are found to be independent of and proportional to 2Iorr*, respectively (Fig. 2-27
(b)). Since Iorr+ comprises both the junction leakage and GIDL (Chapter 2.3.1), i.e., 2lorr+
is proportional to 2G;j + 2GaipL, it follows that Co and o, are independent of and propor-
tional to 2G; + 2Gaipt, respectively. These findings validate the predictions made by the
small-signal model (Equations (2-6) and (2-7)).

The preceding analyses confirm that in the accumulation regime, the AC behaviors
of the Ge(Sn) n-MOSFETs are well-characterized by the small-signal model, thereby en-
abling interpretation of the anomalous split C-V characteristics based on the model. First,
the anomalously high Cgc (Fig. 2-23 (a)) relative to the standard one [25] is attributed to
a large 2G;j + 2GaipL, because this implies a large Co and o. (Equations (2-6) and (2-7)),
and consequently, a large C (Equation (2-5)). Physically, this originates from a large sup-
ply of majority carriers across the leaky junctions in response to the AC signal (Fig. 2-25),
as evidenced by the high Iorr+ (Fig. 2-17 (a)). Second, the increase in Cgc with increasing
Sn fraction (Fig. 2-23 (a)) is attributed to a corresponding increase in 2Gj + 2GgipL, be-
cause this a implies a larger Co and w. (Equations (2-6) and (2-7)), and consequently, a

larger C (Equation (2-5)). Physically, this originates from an increase in the supply of

(@) 05 : — 107
0.4}

O i {108

E 0.3

L A

= 0.2

S A {10°
0.1}

Voy=-2V

0.0 10*

0 45 105
Sn fraction (at%) 2lopes (1072 AIm)

Fig. 2-27 (a) Fitting parameters Co and o, (used in Fig. 2-26 (b)) as well as 2Iorr+ (excerpted from Fig. 2-17

(a)) vs. Sn fraction. (b) Co and o, (from (a)) vs. 2lorr= (from (a)).
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majority carriers across the junctions in response to the AC signal (Fig. 2-25) as the Sn
fraction increases, as evidenced by the corresponding increase in lorrx (Fig. 2-17 (a)).
Lastly, the reduction in Cgc with increasing frequency (Fig. 2-23 (a)) is attributed to a
corresponding decrease in the gate stack reactance (1/w(Cox || Ca)) relative to 2Gj +
2GaipL, because this increases o/wc and reduces the circuit capacitance C (Equations (2-5)
and (2-7)), given that the junctions are leaky (2G;j + 2GagipL > Gg). From a physical stand-
point, this originates from the reduced energy storage in the gate stack relative to that
dissipated through carrier transport across the substrate and junctions as the frequency
increases (Fig. 2-25) [69].

In the depletion regime, the AC carrier transport mechanisms follow the same mod-
els as those in the accumulation regime (Fig. 2-25), except that the charge variation (AQ)
now occurs at the edge of surface depletion region due to the depleted surface (Fig. 2-28).
In addition, any transport process related to GIDL and GISL are absent because the elec-
tric field at the gate-to-drain and gate-to-source overlaps are much smaller compared to
those in the accumulation regime, respectively. As a result, the physically based equiva-
lent small-signal circuit model is constructed to be identical to that in the accumulation

regime, except that Ca is replaced with the depletion capacitance Cp [25] and that 2GaipL

(a) +AVg —AVe
[Depletion| }\—'—%CV o CV High
‘AL CV|Low tA'— L] CViLow | =

Fig. 2-28 Schematics of the AC carrier transport mechanisms in the Ge(Sn) n-MOSFETs during the (a)

positive and (b) negative half of an AC cycle of the split C-V measurements in the depletion regime.
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is set to 0 (Fig. 2-29 (a)). The circuit capacitance C takes on the same form as that in

Equation (2-5), except that Cp and . become

Cox " CD

Gp
+2—Gj

0:

1

and

_ Gp + 2G;

We = —F—""""7+.
© Cox I Gp

(2-8)

(2-9)

The assumptions and derivations are stated and justified in Appendix A.2.

The analyses below parallel those in the accumulation regime. First, the fitted curves

closely match the experimental data (Fig. 2-29 (b)), implying that the frequency response

of Cac is satisfactorily captured by the small-signal

model (Equation (2-5)). Moreover,

both Equations (2-8) and (2-9) predict a competition between the bulk (Gg) and the junc-

tions (2G;j). Given that the junctions of the Ge(Sn) n-MOSFETs are leaky (2G;j > Gp), i.e.,

most of the majority carriers are supplied across the junctions rather than from the bulk,

Co is predicted to be independent of 2G; and to attains its maximum value of Cox || Cp

(Equation (2-8)), while . is predicted to be proportional to 2G; (Equation (2-9)). These

are validated by the fitting results shown in Fig. 2-30

(b), which is derived from Fig. 2-30
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Fig. 2-29 (a) An equivalent small-signal circuit model of the Ge(Sn) n-MOSFETs biased in the depletion

regime. (b) Cgc vs. angular frequency o (replotted from Fig. 2-23 (b)) and the fitted curves.
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(a) using the Sn fraction as an intermediate parameter. It’s worth noting that due to the
leaky nature of the junctions (2G; > Gg), Co is independent of 2G; (Equation (2-8)). Thus,
the slight increase in Co with increasing Sn fraction and 2Iorr (Fig. 2-30 (a) and (b)) can-
not be attributed to the increase in 2G;. Instead, it should be attributed to the increase in
Cb due to the increase in dielectric constant [30] with increasing Sn fraction [73].
Similar to the case in the accumulation regime, interpretations regarding the anom-
alous split C-V characteristics in the depletion regime are made based on the small-signal
model. First, the anomalously high Cgc (Fig. 2-23 (b)) is attributed to a large 2G;, because
this implies a large Co and o (Equations (2-8) and (2-9)), and consequently, a large C
(Equation (2-5)). Physically, this originates from a large supply of majority carriers across
the leaky junctions in response to the AC signal (Fig. 2-28), as evidenced by the high Iorr
(Fig. 2-17 (b)). Second, the increase in Cgc with increasing Sn fraction (Fig. 2-23 (b)) is
attributed to a corresponding increase in 2G;j, because this implies an increase in Co and
oc (Equations (2-8) and (2-9)), and consequently, an increase in C (Equation (2-5)). Phys-
ically, this originates from an increased supply of majority carriers across the junctions in
response to the AC signal (Fig. 2-28) as the Sn fraction increases, as evidenced by the

corresponding increase in lorr (Fig. 2-17 (b)). Lastly, the reduction in Cgc with increasing
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Fig. 2-30 (a) Fitting parameters Co and o. (used in Fig. 2-29 (b)) as well as 2Iorr (excerpted from Fig. 2-17

(b)) vs. Sn fraction. (b) Cop and w. (from (a)) vs. 2lorr (from (a)).
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frequency (Fig. 2-23 (b)) is attributed to a corresponding decrease in the gate stack reac-
tance (1/w(Cox || Cp)) relative to 2G;j, because this increases w/®. and reduces the circuit
capacitance C (Equations (2-5) and (2-9)), given that the junctions are leaky (2G; > Gg).
From a physical standpoint, this originates from the reduced energy storage in the gate
stack relative to that dissipated through carrier transport across the substrate and junctions
as the frequency increases (Fig. 2-28) [69].

In the strong inversion regime, the AC carrier transport mechanisms follow the same
models as those in the depletion regime (Fig. 2-28), except that the charge variation (AQ)
now occurs in the inversion layer due to the heavily inverted surface (Fig. 2-31). Besides,

two additional transport mechanisms emerge: surface GR processes (), due to the pres-

ence of surface depletion region, and the drift of electrons along the inversion channel

(@ and (5). During the positive half of the AC cycle (+AV), electrons are attracted to

the surface, leading to an increase in negative charge (—AQ) in the inversion layer (Fig.
2-31 (a)). On one hand, the attracted electrons are supplied from the surface depletion
region [71], resulting in electron deficiency, and consequently, generation of electron-

hole pairs [58]. These pairs are then separated by the electric field in the surface depletion

+AV —AVe
(@) [Strong iversion| r‘_%cv = () [Suong iversion] [
lAL|CV|L0W tai CV Low | =
&

t 2

Fig. 2-31 Schematics of the AC carrier transport mechanisms in the Ge(Sn) n-MOSFETs during the (a)

positive and (b) negative half of an AC cycle of the split C-V measurements in the strong inversion regime.
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region, where electrons and holes are swept to the inversion layer and the substrate, re-

spectively, establishing a differential current Algr (). The current paths are then com-
pleted through processes (2), (), and () identical to those in the depletion regime (Fig.

2-28 (a)). On the other hand, the attracted electrons are supplied directly from the source

and drain, establishing differential currents Aliny (@). The current paths are then com-
pleted by the inflow of electrons from the n” source and drain contacts ((5). Detailed

descriptions of the AC carrier transport in the negative half of the AC cycle (-AVg) (Fig.
2-31 (b)) is omitted for brevity because they can be inferred by symmetry.

The physically based equivalent small-signal circuit model is constructed to be iden-
tical to that in the depletion regime, except that Cp is replaced with the inversion capaci-
tance Cy [25], and additional differential channel conductance Gcn as well as differential
surface GR conductance G are introduced (Fig. 2-32 (a)). The circuit capacitance C takes

on the same form as that in Equation (2-5), expect that Co and . become

Co = Cox I CI
* 4. aGs (2-10)
4Gep + 2aG;
and
(@) ocvHigh (b) 1 - ——
Vv, - c
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Fig. 2-32 (a) An equivalent small-signal circuit model of the Ge(Sn) n-MOSFETs biased in the strong

inversion regime. (b) Cgc vs. angular frequency o (replotted from Fig. 2-23 (¢)) and the fitted curves.
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4G + a(Gp + 2G))
W, = )
‘ Cox I €

(2-11)

where

a=[1+(Gs +26)/G,r] (2-12)
is a dimensionless quantity. The assumptions and derivations are stated and justified in
Appendix A.3.

The analyses below parallel those in the depletion regime. First, the fitted curves
closely match the experimental data (Fig. 2-32 (b)), implying that the frequency response
of Cqc is satisfactorily captured by the small-signal model (Equation (2-5)). Because both
Gg and G; account for the same physical process (GR) and the surface area (W x L ~ 200
x 20 um?) is much larger than the active junction area (W x junction depth ~ 200 x 0.1
um?), a first-order approximation Ggr > 2Gj can be made. Note that it is the surface area,
rather than the volume, of the depletion region that is relevant, because GR processes are
primarily contributed by a single cross-sectional surface within the depletion region
where the Fermi level aligns with mid-gap [58]. Combining with the fact that the junc-
tions of the Ge(Sn) n-MOSFETs are leaky (2Gj > Gg), a can be approximated as one.
Then, using the fact that the surface is heavily inverted (4Gcy > Gg), Equations (2-10)
and (2-11) predict Co to be independent of 4Gch + 2G;j and . to be linear in 4Gch + 2G;,
respectively.

The fitting parameters (used in Fig. 2-32 (b)) and 4lon + 2lorr (excerpted from Fig.
2-17 (b) and (c)) are shown in Fig. 2-33 (a). By using the Sn fraction as an intermediate
parameter, Co and o, are found to be independent of and linear in 4lon + 2loFF, respec-
tively (Fig. 2-33 (b)). Since Ion and Iorr comprises the inversion current and junction
leakage, respectively (Chapter 2.3.1), i.e., 4lon + 2loFr is proportional to 4Gen + 2G;, it

follows that Cp and o are independent of and linear in 4Gch + 2G;, respectively. These
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Fig. 2-33 (a) Fitting parameters Co and o, (used in Fig. 2-32 (b)) as well as 4Ion + 2lorr (excerpted from

Fig. 2-17 (b) and (c)) vs. Sn fraction. (b) Cp and w. (from (a)) vs. 4lon + 2lorr (from (a)).

findings validate the predictions made by the small signal model (Equations (2-10) and
(2-11)).

The preceding analyses confirm that in the strong inversion regime, the AC behav-
iors of the Ge(Sn) n-MOSFETs are well-characterized by the small-signal model, thereby
enabling interpretation of the split C-V characteristics based on the model. On one hand,
the Sn-fraction dependence of Cac (Fig. 2-23 (¢)) is attributed to a variation in 4Gen + 2G;.
This is because the circuit capacitance C depends on both Cp and w. (Equation (2-5)), and
by using the Sn fraction as an intermediate parameter, both Co and o (Fig. 2-33 (a)) are
linked to a dependence on 4lon + 2lorr (Fig. 2-33 (b)), and consequently to 4Gen + 2G;,
through Equations (2-10) and (2-11). Physically, this originates from the Sn-fraction de-
pendent supply of minority carriers by the channel and the junctions in response to the
AC signal (Fig. 2-31). On the other hand, the frequency dispersion in Cgc (Fig. 2-23 (c))
is attributed to the frequency dependence of the gate stack reactance (1/w(Cox || Cr)) rela-
tive to 4Geh + 2G;. This is because w/wc, which governs the frequency response of C
(Equation (2-5)), primarily comprises 1/o(Cox || C1) and 4Gen + 2Gj (Equation (2-11)),
given that the junctions are leaky (2Gj > Gg), the surface is heavily inverted (4Gch >> Gg),

and the surface area is large (Gg > 2G;j). From a physical standpoint, this originates from
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the frequency-dependent energy storage in gate stack relative to that dissipated through
carrier transport across the channel and junctions (Fig. 2-31) [69].

To sum up, in both the accumulation and depletion regimes, the abnormally high
Cac (Fig. 2-23 (a) and (b)) is attributed to a large supply of majority carriers through the
leaky junctions in response to the AC signal (Fig. 2-25 and Fig. 2-28). In addition, the
increase in Cgc with increasing Sn fraction (Fig. 2-23 (a) and (b)) is attributed to a corre-
sponding increase in the supply of majority carriers through the junctions in response to
the AC signal (Fig. 2-25 and Fig. 2-28). Moreover, the reduction in Cgc at a higher fre-
quency (Fig. 2-23 (a) and (b)) is attributed to the corresponding reduction in energy stored
in the gate stack relative to that dissipated through carrier transport across the substrate
and junctions (Fig. 2-25 and Fig. 2-28) [69]. In the strong inversion regime, the Sn-frac-
tion dependence of Cgc (Fig. 2-23 (¢)) is attributed to the Sn-fraction dependent supply
of minority carriers by the channel and the junctions in response to the AC signal (Fig.
2-31). The frequency dispersion in Cac (Fig. 2-23 (c)), however, is attributed to the fre-
quency-dependent energy storage in gate stack relative to that dissipated through carrier

transport across the channel and junctions (Fig. 2-31) [69].

2.3.3 Split G-V Characteristics

The normalized gate-to-source-drain conductance (Ggsa) of the Ge, Geo.9555n0.045,
and Geo.895Sno.10s n-MOSFETs is shown as a function of Vov (Fig. 2-34). In the strong
inversion regime (Vov =2 V), all Ggsq-Vov curves level-off since the channel conductance
exhibits minimal further increase (Fig. 2-15). As Vov decreases, Ggsd 1s expected to de-
crease and eventually vanish in the depletion (Vov = —0.5 V) and accumulation regimes
(Vov =-2 V) due to the reduction in channel conductance and the rectifying characteris-

tics of the drain-to-substrate and source-to-substrate n*/p junctions. However, an anoma-
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Fig. 2-34 Normalized gate-to-source-drain conductance (Ggsa) of the (a) Ge, (b) Geo.955Sno.04s, and (c)

Geo.895Sng.10s n-MOSFETSs vs. Voy measured with frequencies of 20, 50, 100, and 200 kHz at 300 K.

lous increase in Ggsq is observed across all devices. This could be a result of high off-state

leakage (high junction/GIDL conductance), which establishes a signal path between the

source/drain and the surface during transistor off-state.

The Ggsd measured in the accumulation, depletion, and strong inversion regimes are

extracted from Fig. 2-34 and plotted against the Sn fraction (Fig. 2-35). For all devices,

Ggsd Increases with increasing frequency, which is opposite to the trend of Cgc vs. fre-

quency (Fig. 2-23). This could be understood as follows. The measured conductance (Ggsa)

is determined by both the gate stack reactance (X = 1/0wC) and the series resistance R

(Junction, GIDL, or channel resistance, depending on Vov). An increase in frequency lead

to a decrease in X relative to the resistance, thereby increasing both the voltage drop V
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Fig. 2-35 Gga vs. Sn fraction in the (a) accumulation, (b) depletion, and (c) strong inversion regimes of the

Ge(Sn) n-MOSFETs measured with frequencies of 20, 50, 100, and 200 kHz at 300 K.
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Table 2-1 Gy and . of Equation (2-13). a is defined as [1 + (Gg + 2G;)/Gg ]

Biasing Regime Vov Go e
Gg + 2G; + 2G

Accumulation 2V 2G; + 2Ggp, B jj GIDL

Cox Il G4
epletion -0. ;
' Cox I Cp
. . 4G Gg + 2G;
Strong inversion 2V 4Gy + 2aG; e+ a(Gp +2G))

Cox ” CI

across the resistance and the energy E dissipated in it (E = V*/R) [69]. This enhances the
resistive (conductive) behavior of the device, which may contribute to the increase in Ggsa
with increasing frequency. Besides, in both the accumulation and depletion regimes (Fig.
2-35 (a) and (b)), the high-frequency limit of Ggsq increases with Sn fraction, which could
be attributed to an enhanced transistor off-state leakage. The validating process is identi-
cal to Fig. 2-24, except that Cgc and Cy are replaced with Ggsq and Go.

To elucidate the anomalous split G-V characteristics, models of the AC carrier
transport mechanisms in the Ge(Sn) n-MOSFETs in the split C-V configuration are pro-
posed as before (Fig. 2-25, Fig. 2-28, and Fig. 2-31). By extending a concept from [72],
physically based small-signal circuit models are also constructed as before (Fig. 2-26 (a),
Fig. 2-29 (a), and Fig. 2-32 (a)). The circuit conductance G of the small-signal model is

derived from the real part of the ratio ix/vx [69] as

G =R :: =G !
=Re(5) = 6o T &1

where Go and . are listed in Table 2-1. The assumptions and derivations are detailed in
Appendix A.

On one hand, the high-pass form in Equation (2-13) predicts that once the angular
frequency o drops below the cut-off frequency o, the circuit conductance G will decrease
from its constant value Go by two orders of magnitude for every decade decrease in ®

[69]. Note that this is complementary to the low-pass form of the circuit capacitance C

52

doi:10.6342/NTU202502633



(Equation (2-5)). In the log-log plot of Ggsd vs. ® (replotted from Fig. 2-35), the curves
fitted by Equation (2-13) using a least-square method closely match the experimental data
(Fig. 2-36), implying that the frequency response of Ggsd is successfully captured by the
small-signal models (Equation (2-13)).

On the other hand, Go is expected to be proportional to 2G;j + 2Ggipr, 2G;, and 4Gen
+ 2a.G; in the accumulation, depletion, and strong inversion regimes, respectively (Table
2-1). This is because in the accumulation and depletion regimes, the signal paths between
the source/drain and the surface are connected through the junctions (Fig. 2-25 and Fig.
2-28), whereas in the strong inversion regime, the signal paths are connected through the
channel, junction, and surface GR processes (Fig. 2-31). Given that the junctions of the
Ge(Sn) n-MOSFETs are leaky (2Gj + 2GamL > G and 2G;j > Gg), . is also expected
to be proportional to 2Gj + 2Ggipr, 2G;, and 4Gen + 20G;j in the accumulation, depletion,
and strong inversion regimes, respectively (Table 2-1). Note that using the first-order ap-
proximation Ggr > 2G;j (Chapter 2.3.2), a can be approximated as one.

The fitting parameters (used in Fig. 2-36 (a) and (b)) and the off-state current (2lorr+
and 2lorr, excerpted respectively from Fig. 2-17 (a) and (b)) are plotted against the Sn

fraction (Fig. 2-37). By using the Sn fraction as an intermediate parameter, both Go and

(a) 10° - 7 (b) 10° - —() 10°
wc wC wc wC
166 krad/s 759 krad/s 169 krad/s 736 krad/s —
<~ 10* (-26 kH2) (~121 kHz) /2 & 10%t (=27 kH2) (~117 kH2) *2' NE 10%¢
£ = %
9N 1% 5 0™y 9 10% Prmcrq —, 10%}
3 G & o £
< 102} 698 °{ 2107 o7 & 107}
0 -
g, [Sn] = 10.5, . @) -6dB [Sn] = 10.5, .
O 1ot 45.0a% 1 (9 401l 45,0 a1% 1 (D@ 10t}
Voy=-2V Vo, =-05V Voy =2V
100 L (.)V 100 " OV. 100 L .OV .
10* 10° 10° 107 10* 10° 10° 107 10* 10° 108 10
w (rad/s) w (rad/s) w (rad/s)

Fig. 2-36 Ggsq vs. angular frequency o in the (a) accumulation (replotted from Fig. 2-35 (a)), (b) depletion
(replotted from Fig. 2-35 (b)), and (c) strong inversion regimes (replotted from Fig. 2-35 (¢)) along with

the fitted curves. The blue stars represent the next possible high-frequency data.
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110° € 11075 ¢ 10% {10° € 5 10t
— * F) — b
51 3% &1 2
1100271023 O 103} 110°L {1023
Voy=-2V Voy =-05V
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Fig. 2-37 (a) Fitting parameters Go and o. (used in Fig. 2-36 (a)) as well as 2Iors+ (excerpted from Fig. 2-17
(a)) vs. Sn fraction in the accumulation regime. (b) Fitting parameters Go and ®. (used in Fig. 2-36 (b)) as

well as 2Iorr (excerpted from Fig. 2-17 (b)) vs. Sn fraction in the depletion regime.

o are found to increase with but not proportional to 2lorr+ and 2lorr (Fig. 2-38), and
consequently, 2G; + 2GgipL and 2G;. These findings are slightly off compared to the pre-
dictions made by the small-signal models (Table 2-1), possibly due to the inaccurate ex-
traction of Go and ®. of the Geo.g9sSno.10s n-MOSFET resulted from a lack of data at freq-
uencies higher than 200 kHz. To be specific, the next high-frequency data (blue star 1 or
blue star 2) could severely alter the plateau (Go) and the 6-dB drop point (®.) of the fitting
curves (Fig. 2-36 (a) and (b)). The lack of high-frequency data also invalidates the
extraction process of Go and w. for all devices in the strong inversion regime (Fig. 2-36
(c)). Therefore, discussions related to Go and o in the strong inversion regime are omitted.

Nevertheless, if Gga can be properly fitted using the model (Equation (2-13) and

(a) 6.5 : : 80  (p) 65 . . 10
5.2} 16.4 5.2+ 18
& £ & €
§ 3.9 482“ § 3.9 6 =
Ir 14.0 = Ir 1 =
b Q5 2,
‘9' - S -
\_;2.6- -3.23 \_;2.6- 14 g&a
O Z o &z
1.3t 11.6 1.3¢ 12
0.0 . . 0.0 0.0 0
0 3 6 9 9
2lopes (1072 A/m) 2loee (1072 A/m)

Fig. 2-38 (a) Go and o vs. 2]orr+ in the accumulation regime. (b) Go and w. vs. 2Iorr in the depletion regime.
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Table 2-1), the effect of high off-state leakage on Cgc can be calibrated as follows. First,
obtain Cgc and Ggsq under a wide range of test frequencies (say, from 1 kHz to 1 MHz)
using the split C-V and split G-V measurement. Then, extract Co, Go, and o of the small-
signal models using the fitting procedures (Fig. 2-26 (b), Fig. 2-29 (b), Fig. 2-32 (b), and
Fig. 2-36). In the accumulation and depletion regimes, obtain the two pairs of unknown
(Cox || Ca, GB) and (Cox || Cp, GB) by solving the coupled equations
( Co = 14 o "GiA
{ 2G; + 2Ggipy (2-14)

L o Gs+26; + 26,
¢ Cox Il C4

and
1452
2G; (2-15)

respectively, where 2G; + 2GaipL and 2Gj are known as the extracted Go (Table 2-1).
Finally, recalculate new sets of Co and w. using the parameters (Cox || Ca, Gg) and (Cox ||
Cb, Gg) with 2G;j + 2GaipL and 2G;j set to zero (no junction leakage). The calibrated Cgc
can be reconstructed using Equation (2-5). As for the strong inversion regime, obtain the

pair of unknown (Cox || C1, aGB) by solving the coupled equation

Cox Il G
aGp
4Gch + Z(ZG]' (2-16)

4G + a(Gp + 2G))
w, =
¢ Cox " CI

0=
1+

where 4Gcn + 20G;j is known as the extracted Go (Table 2-1). Then, recalculate a new set
of Co and o using the parameters (Cox || C1, aGg) with 2aG;j set to zero (no junction
leakage). This can be done by deducting 2aG; from 4Geh + 20G;j, where 2G;j is the one

found in the depletion regime, and a is found by comparing aGg and the previously ob-
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tained Gg. Finally, the calibrated Cgc can be reconstructed using Equation (2-5). This
method eliminates the influence of high off-state leakage on Cgc, and consequently, on
the mobility extraction, which can be applied to small-bandgap, high-mobility transistors

such as GeSn, InAs, and InSb n-MOSFETs [1, 6].

2.34  per-Niny Characteristics

The effective mobility (pefr) extracted from Ip or Is and Cgc measured at different
frequencies is plotted against inversion carrier density (Ninv) for the Ge, Geo.o55Sn0.045,
and Geo.895Sno.10s n-MOSFETs (Fig. 2-39). Only data above the threshold voltage (Vov >
0V) are displayed, because this is a prerequisite for the split C-V method (Chapter 2.2.3).
For all devices, the pesr extracted from Ip is consistently higher than that extracted from
Is, regardless of Niny. This is attributed to the much larger Iorr on the drain side compared
to the source side (Fig. 2-17 (b)). In addition, as the Ni,y decreases, the discrepancy be-
tween the pefr extracted from Ip and Is becomes more pronounced. This is attributed to
the increased channel resistance, causing both Ip and Is to become increasingly dominated
by their respective lorr, which is orders of magnitude higher on the drain side than on the

source side (Fig. 2-17 (b)). Lastly, as the Sn fraction increases, the discrepancy between

Geg.9555N0 045

5
0
N0 0,50, N
20,50, N 20,50, T 100,200 kHz S+ A
T=300K 100,200 kHz Ninv T=300K 100,200 kHz * ™ T=300K Niny

109 107 107 10® 10° 100 107 10® 10° 108 107  10%
2 -2 -2
N;,, (cm™) N;,, (cm™) N;,, (cm™)

Fig. 2-39 Effective mobility (pes) vs. inversion carrier density (Niny) of the (a) Ge, (b) Geo.955Sng.045, and (c)

Geo.3055n0.10s n-MOSFETs measured at frequencies of 20, 50, 100, and 200 kHz at 300 K.

> doi:10.6342/NTU202502633



the perr extracted from Ip and Is also becomes more pronounced. This is attributed to the
increase in lorr on the drain side relative to the source side with increasing Sn fraction
(Fig. 2-17 (b)). As a result, at room temperature, the s extracted from Is better reflects
the “true” mobility, because it is less influenced by Iorr.

The dominant electron scattering mechanisms are inferred from the density depend-
ence of pler extracted by Is (Fig. 2-39). In the intermediate-density regime (Niny = 1 x 10'2
cm), characteristic plateaus with density dependence of Ny "3 are observed across all
devices, which is attributed to either phonon scattering [74, 75] or alloy scattering [76].
In the high-density regime (Niny = 5 x 10'? cm™), the density dependence increases up to
Ninv % across all devices, which is attributed to the increased influence of surface rough-
ness scattering (SR) [74, 75]. However, in the low-density regime (Niny = 5 x 10!! cm™),
positive density dependence, which is attributed to Coulomb scattering [74, 75], are only
observed in the Ge device (Fig. 2-39 (a)). The absence of positive density dependencies
in the other two devices, except for the Geo9ssSno.osas n-MOSFET at 200 kHz (Fig. 2-39
(b) and (c)), is attributed to the anomalous split C-V characteristics. In particular, the
abnormally high Cgc in the depletion regime (Fig. 2-23 (b)) leads to an elevated 2Coy,
and consequently, an abnormally low Ni,y (Fig. 2-10 (a)), which eventually leads to an
excessively high pesr (Equation (2-4)), thereby obscuring the positive density dependence
of Lefr. This is supported by the recovery of a positive density dependence of L in the
Geo.9555n0.04s n-MOSFET as the frequency increases to 200 kHz (Fig. 2-39 (b)), because
the abnormally high Cgc in the depletion regime is suppressed at high frequencies (Fig.
2-23 (b)). As a result, the pefr extracted at higher frequencies is less influenced by the
anomalous split C-V characteristics (Chapter 2.3.2).

Other two factors determining the optimal frequency for the extraction of pesr are

interface trap response and channel resistance. On one hand, interface trap capacitance
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decreases monotonically with frequency, and thus pefr should be extracted with the highest
possible frequency to minimize its influence [25, 32]. On the other hand, the presence of
channel resistance in series with the gate stack results in a reduction in Ccc at high fre-
quencies [72, 77]. This occurs because as the frequency increases, the reactance (X =
1/oC) of the gate stack decreases relative to the channel resistance, thereby reducing both
the voltage drop (V) across and the energy (E = CV?/2) stored in the gate stack [69].
Consequently, the overall capacitive behavior of the device is suppressed, leading to a
reduction in Cgc. If pesr is extracted with an excessively high frequency, it would be over-
estimated due to the excessively low Cgc [32]. Therefore, according to the split C-V re-
sults, the optimal frequency is 50 kHz, because it is the highest frequency before the Cgc
of any device begins to drop off in the strong inversion regime (Fig. 2-23 (¢)).

The perr extracted from Is and Cgc at 50 kHz of the Ge, GeoossSno.o4s, and
Geo.895Sn0.10s n-MOSFETs are extracted from Fig. 2-39 and plotted against Sn fraction
(Fig. 2-40). The Niny is fixed at a value of 1 x 10'? cm™ to mitigate the overestimation of
Letr at lower densities (Fig. 2-39). Because efr is extracted in the intermediate-density
regime, the monotonic decrease in [lefr With increasing Sn fraction could be attributed to
an enhanced Coulomb scattering due to an increased Dj; at the oxide/Ge(Sn) interface [21,

55] and an enhanced alloy scattering due an increased Sn fraction [21, 76, 78].

600+ I I freq = 50 lez ]
w 450} O\O\O
g
5 300+
=
3]
= 150}

N,,, = 10*2 cm™

0 45 105
Sn fraction (at%)

Fig. 2-40 pesr (extracted from Is and Cgc at 50 kHz) vs. Sn fraction at a fixed Niny of 1012 cm™ at 300 K.
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2.4  Summary

In summary, strain-relaxed Ge(Sn) epitaxial structures with Sn fractions up to 10.5
at% were grown using RPCVD, with Sn fractions and strains characterized by HRRSM
and high film quality confirmed by HRTEM, EDXS, and AFM. Planar Ge, Geo.955Sn0.045,
and Geo.g95Sno.10s n-MOSFETs were fabricated using a gate-first process. To ensure the
accuracy of the extracted effective mobility (ier), a customized MATLAB® program was
implemented for measurement. In transfer I-V characteristics, an increase in Iorr and a
decrease in Ion with Sn fraction were observed, with the former attributed to an increased
junction leakage and the latter to an enhanced alloy scattering. In split C-V characteristics,
abnormally high Cgc and an increase in Cgc with Sn fraction were observed in both the
accumulation and depletion regimes. The former is attributed to a large supply of majority
carrier through the junctions in response to the AC signal, while the latter is due to an
enhanced supply of majority carriers with increasing Sn fraction. In the strong inversion
regime, a slight Sn fraction dependence of Cgc was observed, which is attributed to the
Sn-fraction dependent supply of minority carriers by both the channel and junctions in
response to the AC signal. A method is proposed to eliminate the off-state leakage effect
on Cgc, and consequently, mobility extraction, which can be applied to small-bandgap,
high-mobility transistors such as GeSn, InAs, and InSb n-MOSFETs. Among all regimes,
frequency dispersion in Cgc was observed, which is attributed to the frequency-dependent
energy storage in the gate stacks. Lastly, the pet-Niny characteristics are less distorted for
devices with a lower lorr and measured at a higher frequency. In the intermediate-density
regime, Ueff decreases monotonically with Sn fraction, which is attributed to an enhanced

Coulomb scattering and alloy scattering.
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Chapter 3 Electron Transport Properties in Ge(Sn)

Nn-MOSFETSs

3.1 Introduction

The electron transport in CVD-grown GeSn epitaxial films has been reported [9].
Hall measurements were performed on GeSn films under different strain conditions and
Sn fractions from 300 K to 4 K to characterize the electron transport properties (Fig. 3-1
(a)). Significant mobility enhancement was observed in GeSn films by applying tensile
strain (Fig. 3-1 (b)) and increasing Sn fraction (Fig. 3-1 (c)). This is because the energy
difference between the indirect and direct valleys in GeSn films is smaller (i.e. more like
a direct-bandgap material) under a large tensile strain or with a high Sn fraction [18, 19,
35], leading to an increase in the electron population in the I'-valley, where the effective

mass is very small [9].

@) Relaxed 50 or (b) TO1.
QEELIYPRL YR 150 nm ’g? A M‘“‘T 12
Compressive- = 10%F Tensile . i
strained 50 nm Relaxed 300 nm g L T-05
(¢] S Geg 925Ny o5 - ® o O 0gg..
N-5€0.925M0.08 > Relaxed Lo v
20 nm ~ £ 1 I 1 708
Relaxed Ge 100 nm Relaxed Ge |Gl 3 m B N
= ) Compressive
SOl SOl = 10 . .
L 1 10 100
Temperature (K)
Tensile strained (©)
Relaxed N-Geg.5,SNo 05 50 nm - Gea.afrsnn.liz
50 nm : ! ) 4 o (6x10" cm)
Nn-Geg ggSny 1 = 10°F T%...
Relaxed £ - oWy T
Relaxed i
Gee a;ﬁ 600 nm Geo‘gasnujz 900 bl 3 . T—0.1h. '.. d
0.88>"0.12 -
E L Gey ;SN 0 ‘.-T h
Relaxed Ge |ECE  Relaxed Ge | R (X107 om9) W
= 2
sol 3 1 10 100
I

Temperature (K)
Fig. 3-1 (a) Epitaxial structures of the Geo.92Sno.os and GeogsSno 12 films under different strain conditions.
Hall mobility vs. temperature of (b) Geo.92Sng s films under different strain conditions as well as (¢) strain-

relaxed Geg.92Sng.0s and Geg sgSno. 12 films [9]
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In the low-temperature regime (T < 100 K), the Hall mobility of all GeSn films re-
mains relatively constant with temperature (~ T% (Fig. 3-1 (b) and (c)), indicating that
Coulomb scattering is the dominant scattering mechanism [9]. In the high-temperature
regime, however, the power dependence of Hall mobility on temperature varies across the
GeSn films. For the compressive-strained and strain-relaxed Geo.92Sno.og films, the tem-
perature dependence is approximately T%° (Fig. 3-1 (b)), which is attributed to the alloy
scattering [9]. A much higher temperature dependence of T'? and T is observed for the
tensile-strained Geo.92Sno.0s film (Fig. 3-1 (b)) and strain-relaxed Geo.gsSno.12 film (Fig.
3-1 (c)), respectively. This is attributed to the mobility enhancement as a result of the
direct-bandgap characteristics of tensile-strained Geo.92Snoos film and strain-relaxed
Geo.88Sno.12 film [9]. To sum up, the effect of the indirect- to direct-bandgap transition in
GeSn, achieved either by increasing tensile strain or Sn fraction, is manifested in the sig-
nificant mobility enhancement and the abrupt increase in the power dependence of mo-
bility on temperature.

The electron transport properties have also been reported in Ge(Sn) n-MOSFETs.
For Ge n-MOSFETs (Fig. 3-2 (a)), the effective electron mobility exhibits a density de-

-1/3

pendence of Ni,y™'” at 250 K (Fig. 3-2 (b)), indicating that phonon scattering is the main

factor that limits the mobility [79]. As the temperature decreases, the Niny''’* dependence
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Fig. 3-2 (a) Device structure of a Ge n-MOSFET with its effective electron mobility vs. inversion carrier

density (Niny or N;) at various temperatures reported in (b) [79] and (c) [33].
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vanishes, implying that phonon scattering is no longer the dominant scattering mechanism.
However, the effective mobility does not increase despite the reduction in phonon scat-
tering. Instead, a monotonic reduction in mobility with decreasing temperature is ob-
served (Fig. 3-2 (b) and (c)). The reason is that in Ge n-MOSFETs, the oxide/semicon-
ductor interface is worse than that of the pristine SiO»/Si interface discussed in classical
texts, thereby resulting in a higher interface trap charge density (Dit). This leads to a
stronger Coulomb scattering, and consequently, the reduction in effective mobility with a
decreasing temperature [33, 79].

The electron transport properties are also investigated in the compressively strained
Geo.94Sn0.06 and Geo.g15Sno.0ss n-MOSFETs. Because the oxide/GeSn interface quality is
even poorer than its oxide/Ge counterpart, thin layers of Ge are grown on top of the GeSn
layers (Fig. 3-3 (a)) to improve the interface quality and reduce Di [21]. Despite the effort,
these devices do not benefit from the high electron mobility associated with the GeSn
alloys. The effective electron mobility in the GeSn n-MOSFETs (Fig. 3-3 (b) and (c)) is
lower than that reported for pure Ge channels (Fig. 3-2 (b) and (c)). This might be at-
tributed to additional alloy scattering in the GeSn channels [78]. In addition, the effective

electron mobility exhibits a monotonic decrease with a decreasing temperature (Fig. 3-3
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Fig. 3-3 (a) Epitaxial structure of the GeSn capped with a thin Ge layer. Effective electron mobility (pes)
vs. inversion carrier density (Ninv) of the (b) Geo.04Sno.0s and (c) Geo.o15Sn0.0ss --MOSFETs (with a 2-nm Ge

capping layer) at various temperatures [21].
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(b) and (c)). This can be attributed to enhanced Coulomb scattering at a lower temperature
due to the poor oxide/semiconductor interface [21], similar to that observed in the Ge n-
MOSFETs [33, 79]. Unlike the electron transport observed in n-GeSn films (Fig. 3-1 (b)
and (c)), no mobility enhancement with a decreasing temperature is observed in the GeSn
n-MOSFETs (Fig. 3-3 (b) and (c)). This may stem from the GeSn channels not being
sufficiently “direct”, resulting in an inadequate population of high-mobility electrons in
the I'-valley at low temperatures, which fails to counteract the increased Coulomb scat-
tering with decreasing temperature and enhance the mobility [9].

A more direct-bandgap-like GeSn channel material, such as the strain-relaxed
Geo.895Sn0.105 alloy in this work, is expected to exhibit a more dominant I'-valley electron
transport and enhance the electron mobility at low temperatures. As the temperature de-
creases, the Fermi-tail becomes sharper. The electron population in different valleys (I" or
L) becomes increasingly dependent on the energy difference between these two valleys
[9]. Due to the large difference in electron effective masses between the I'-valley and L-
valley [17], very different temperature-dependent trends of mobility between the indirect-
bandgap and direct-bandgap GeSn alloys are expected. Therefore, by investigating the
cryogenic transport characteristics in the Ge(Sn) n-MOSFETs, the effects of indirect-to-
direct bandgap transition in Ge(Sn) alloys on the electron transport properties can be un-

derstood.

3.2  Cryogenic Device Characteristics

3.2.1 Transfer I-V Characteristics

The normalized drain current (Ip) of the Ge, Geo.955Sno.045, and Geo.g95Sno.105 n-
MOSFETs from 300 K to 4 K are plotted against the overdrive voltage (Vov) (Fig. 3-4).

For all devices, the threshold voltage exhibits a two-step increase as the temperature de-
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Fig. 3-4 Normalized drain current (Ip) vs. overdrive voltage (Vov) of the (a) Ge, (b) Geo.95s5Sn0.045, and (c)
Geo.3955n0.105s --MOSFETs from 300 K to 4 K. Threshold voltage (V) vs. temperature (T) of the Ge,

Geo.955510.045, and Geo.gosSno.10s n-MOSFETs are shown in the insets of (a), (b), and (c), respectively.

creases (insets of Fig. 3-4). The initial increase in Vi, is attributed to the shift in bulk
Fermi potential with temperature [80], while the second step of increase in Vi, is attributed
to the presence of interface traps [81]. The latter occurs because, at lower temperatures,
MOSFETs require a larger surface band-bending to achieve strong inversion [31]. Due to
the high interface trap density near the conduction band edge [82], a larger gate bias, or a
larger threshold voltage, is required at lower temperatures to fill these traps before the
surface inversion occurs [83].

As the temperature drops, Ip at Vov ~ —0.5 V decreases for all devices. This is be-
cause Ip at Vov ~ —0.5 V is governed by the drain-to-substrate junction leakage [11],
which decreases at lower temperatures [66]. As Vov decreases from —0.5 V to -2 'V, the
change in Ip is different across devices and temperatures. For the Ge and Geo.955Sn0.045 n-
MOSFETs (Fig. 3-4 (a) and (b)), increases in Ip are observed above 50 K, which is at-
tributed to gate-induced drain leakage (GIDL) [22] caused by carrier tunneling at the gate-
to-drain overlaps [67]. The effect of GIDL on Ip becomes more prominent at lower tem-
peratures. This is because, in long-channel n-MOSFETs, the off-state leakage (Ip at Vov
<—0.5 V) comprises both junction leakage and GIDL [60], and the reduction in junction

leakage at lower temperatures increases the relative contribution of GIDL to Ip. At tem-
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peratures below 50 K, GIDL drops below the current detection limit and is no longer
observed [84]. In contrast, for the Geo.g95Sno.10s n-MOSFET, GIDL is not observed at all
temperatures (Fig. 3-4 (c)). By extracting the off-state current (Iorr, Ip at Vov ~—0.5 V)
from Fig. 3-4 and plotting it against temperature (Fig. 3-5 (a)), it is observed that the
junction leakage in the Geo.g9sSno.105 device is higher than the other low-Sn devices, pos-
sibly due to a smaller bandgap [19] and/or a worse junction quality [64]. Given that the
off-state leakage comprises both junction leakage and GIDL [60], the high junction leak-
age in the Geo.895Sno.10s n-MOSFET may have obscured the relative contribution of GIDL
to Ip.

The on-state drain current (Ionp, Ip at Vov = 2 V) is extracted from Fig. 3-4 and
plotted against temperature (Fig. 3-5 (b)). The on-state source current (Ion,s, Is at Vov =
2 V) is also extracted from Is-Vov curves (not shown) for comparison (Fig. 3-5 (¢)). A
much larger Ion,p compared to lons is observed at 300 K, which is attributed to the sig-
nificantly higher lorr on the drain side than on the source side (Chapter 2.3.1). As the
temperature drops, a peak in Ionp (Ion,s) with a 15% (16%) current enhancement is ob-
served in the Ge n-MOSFET, while a monotonic decrease in both Ion,p and Ion s are ob-
served in the Geo.os5Snooas n-MOSFET. For the Geo.g9sSno.10s n-MOSFET, however, a

peak in Ionp (Ion,s) with a 15% (21%) current enhancement is recovered, except that it
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Fig. 3-5 (a) Off-state current (Iorr, Ip at Vov ~—0.5 V), (b) on-state drain current (Ion,p, Ip at Vov =2 V),

and (c) on-state source current (Ion,s, Is at Vov =2 V) vs. temperature of the Ge(Sn) n-MOSFETs.
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occurs at a much lower temperature (50 K) compared to the Ge n-MOSFET (150 K).
Because the on-state current is proportional to both electron density and mobility [30],
their combined effects need to be decoupled using the split C-V method (Chapter 3.2.2)
before investigating the physical mechanism responsible for the distinct temperature de-
pendencies of the on-state current across devices (Chapter 3.3.2).

Using Fig. 3-5 (a) and (b), the on-off current ratio (Ion/lorr) is obtained as a function
of temperature (Fig. 3-6 (a)). For all devices, the monotonic increase in Ion/lorr With
decreasing temperature and increasing Sn fraction is attributed to the corresponding de-
crease in lorr (Fig. 3-5 (a)). This is because, across all devices and temperatures, lon stays
on the same order (Fig. 3-5 (b)), while lorr differs by several orders of magnitude (Fig.
3-5 (a)). From Fig. 3-4, the minimum subthreshold swing (SSmin) is extracted and plotted
against temperature (Fig. 3-6 (b)). As the temperature decreases, SSmin of all devices de-
creases monotonically, which is attributed to the suppressed thermal tail in the Fermi-
Dirac distribution [85]. Due to the finite depletion capacitance and interface trap capaci-
tance, SSmin remains strictly above the Boltzmann limit [86]. In addition, at low temper-
atures, SSmin levels off and deviates significantly from the Boltzmann limit. This can be
attributed to the presence of band-tail states, possibly originating from crystalline disor-

ders in the MOSFET channels [86]. SSmin vs. temperature is also extracted from Is-Vov
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Fig. 3-6 (a) On-off current ratio (Ion/Iorr), minimum subthreshold swing (SSmin) extracted from (b) Inp-Vov

curves (Fig. 3-4) and (c) Is-Vov curves (not shown) vs. temperature of the Ge(Sn) n-MOSFETs.
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curves (not shown) for comparison (Fig. 3-6 (c¢)). Around 300 K, the SSwin extracted from
the Is-Vov curves are much smaller than those extracted from the Ip-Vov curves (Fig. 3-6
(b)). This is attributed to the significantly higher Iorr on the drain side than on the source

side, obscuring the subthreshold characteristics of Ip (Chapter 2.3.1).

3.2.2 Split C-V Characteristics

The normalized gate-to-channel capacitance (Cgc) of the Ge, Geo.os5Sno.o45, and
Geo.895Sn0.10s n-MOSFETs from 300 K to 4 K is plotted against Vov to rule out the effect
of Vi, variation (Fig. 3-7). The frequency of measurement is selected to be 50 kHz to
reduce the effects of interface traps and channel resistance on Cgc (Chapter 2.3.4). The
Cac-Vov curves of all devices exhibit asymmetric V-shapes, with the asymmetry becom-
ing more pronounced as the temperature decreases. In the strong inversion regime (Vov
=2V), all Cgc-Vov curves attain their maxima due to the presence of inversion channels
[25]. When transitioning into the depletion regime (Vov ~—0.5 V), a drastic reduction in
Cac with decreasing Vov is observed across all curves due to the depletion of the inver-
sion channels [25]. As the temperature decreases, the “subthreshold” slopes of the Cgc-
Vov curves across all devices steepen due to a sharper MOSFET turn-on characteristics

[31] at lower temperatures (Fig. 3-4). When transitioning further into the accumulation
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Fig. 3-7 Normalized gate-to-channel capacitance (Cgc) vs. Vov of the (a) Ge, (b) Geo.ossSno.4s, and (c)

Geo.3955n0.10s n-MOSFETs measured with frequencies of 50 kHz from 300 K to 4 K.
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regime (Vov =-2 V), an increase in Cgc with decreasing Vov is observed across all curves,
even at low temperatures. This deviates from the standard split C-V characteristics [25],
and the potential causes are elaborated as follows.

The Coc measured in the accumulation, depletion, and strong inversion regimes are
extracted from Fig. 3-7 and plotted against temperature (Fig. 3-8). Because the Ge(Sn) n-
MOSFETs are fabricated using a gate-first process, both gate-to-source and gate-to-drain
overlaps are negligible. Therefore, in both the accumulation and depletion regimes, the
abnormally high Cgc (Fig. 3-8 (a) and (b)) cannot be attributed to the overlap capacitance
(Fig. 2-10 (a)). Instead, at 300 K, it is attributed to the significant junction leakage and
GIDL (Chapter 2.3.2). As the temperature decreases to 200 K, a drastic reduction in Cgc
is observed across all devices; below 200 K, Cgc remains low and relatively constant for
all devices (Fig. 3-8 (a) and (b)). This, by analogy with the case at 300 K, may be at-
tributed to the suppressed junction leakage at lower temperatures (Fig. 3-5 (a)).

In the strong inversion regime, Cgc reaches approximately 0.36 pF/cm? across all
devices and all temperatures (Fig. 3-8 (c)). A dielectric constant for the gate oxide (Al20O3)
is extracted as ~ 6.2, which is close to the reported value of ~ 6.5 [70]. At 300 K, the Sn-
fraction dependence of Cqc is attributed to the variation in 4Geh + 2Gj (Chapter 2.3.2). As

the temperature decreases, a slight variation in Cac is observed across all devices (Fig.
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Fig. 3-8 Cgc vs. temperature in the (a) accumulation (Vov = -2 V), (b) depletion (Vov ~—0.5 V), and (¢)

strong inversion (Voy =2 V) regimes of the Ge(Sn) n-MOSFETs measured with frequencies of 50 kHz.
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3-8 (¢)). This, in analogy to the case at 300 K, may be attributed to the variation of 4Gen
+ 2G; with temperature. Note that none of the temperature-dependent split C-V behaviors
observed in Fig. 3-8 have been reported elsewhere. Therefore, the preceding arguments
require validation, which is presented as follows.

To elucidate the temperature-dependent split C-V characteristics, models of the AC
carrier transport mechanisms in the Ge(Sn) n-MOSFETs in the split C-V configuration at
temperatures ranging from 300 K to 4 K are proposed. The transport mechanisms are
identical to those at 300 K (Fig. 2-25, Fig. 2-28, and Fig. 2-31), except that the junction
leakages decrease with decreasing temperature. Eventually, at the lowest temperature of
4 K, the junction leakages are effectively suppressed (Fig. 3-9). This is the same as the
conventional Si n-MOSFETs [25], where the ammeter connected to the source/drain only

picks up AC current either in the accumulation or the strong inversion regime.
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Fig. 3-9 Schematics showing the AC carrier transport mechanisms in the Ge(Sn) n-MOSFETs during the
positive/negative half of an AC cycle of the split C-V measurements in the (a/d) accumulation, (b/e)

depletion, and (c/f) strong inversion regimes at the lowest temperature of 4 K.
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By extending a concept from [72], physically based equivalent small-signal circuit
models of the Ge(Sn) n-MOSFETs during spilt C-V measurements at temperatures rang-
ing from 300 K to 4 K are constructed (Fig. 3-10). Based on the AC carrier transport
mechanisms elaborated in the previous paragraph, the circuit models are made identical
to those at 300 K (Fig. 2-26 (a), Fig. 2-29 (a), and Fig. 2-32 (a)), except for some differ-
ences. The carrier storage properties at the surface are modeled by oxide capacitance (Cox),
overlap capacitance (Cov), accumulation capacitance (Ca), depletion capacitance (Cp),
and inversion capacitance (Cr) [25], except that Ca, Cp, and C; are functions of tempera-
ture T. The dissipative carrier transports are modeled by bulk conductance (Gg), GIDL
conductance (Ggmi), junction conductance (G;j), generation-recombination conductance
(Gg), and channel conductance (Gen), except that Ggipr, Gj, Ggr, and Gen are functions of
temperature T.

In the accumulation regime, the circuit capacitance C of the small-signal model (Fig.

3-10 (a)) is derived from the imaginary part of the ratio ix/vx [69] as

c=14 (l") Co 4 2C 3-1
= —1Im = . , -
w Uy 1+ (w/w,.)? ov (3-1)
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Fig. 3-10 Equivalent small-signal circuit models of the Ge(Sn) n-MOSFETs biased in the (a) accumulation,

|||_O_’\Nv\v

(b) depletion, and (c) strong inversion regimes at temperatures ranging from 300 K to 4 K.
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Cox Il C4(T)

Co= i+ Gs (3-2)
2G;(T) + 2Ggp,,(T)
and
o Ga +26/(T) + 26p, (1) 53
‘ Cox I Ca(T)

The assumptions and derivations are identical to those stated in Appendix A.1.

The low-pass form in Equation (3-1) predicts that once the angular frequency o ex-
ceeds the cut-off frequency wc, a two-orders-of-magnitude reduction in C from its con-
stant value Cop per decade increase in o is expected [69], before approaching the lower
limit of 2C,y (overlap capacitance). Such behavior occurs because as ® increases above
®c, the reactance of Cox || Ca(T) drops below the reciprocal of Gg + 2Gj(T) + 2Gaipr(T)
(Equations (3-1) and (3-3)). Consequently, the energy stored in Cox || Ca(T) becomes less
than that dissipated through Gg + 2Gj(T) + 2GapL(T) [69], significantly attenuating the
capacitive behavior of the circuit (Equations (3-1)). This prediction is validated by the
log-log plot of Cgc vs. o (replotted from Fig. 3-8 (a) and data measured at other frequen-
cies, not shown), where the curves fitted by Equation (3-1) closely match the experimental

data at 300 K across all devices (Fig. 3-11). The data below 300 K deviate from the char-
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Fig. 3-11 Cgc vs. angular frequency o (replotted from Fig. 3-8 (a) and data measured at other frequencies,
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acteristic reduction in capacitance with increasing frequency predicted by Equation (3-1).
Instead, they exhibit saturation in the high-frequency limit. This behavior arises because
Cac diminishes significantly at lower temperatures (Fig. 3-11), thereby saturating at its
lower bound of 2C,y (Equation (3-1)).

In fact, the reduction in Cgc with decreasing temperature (Fig. 3-11) is consistent
with the prediction by the small-signal model. Specifically, Equation (3-1) anticipates a
reduction in the circuit capacitance C as the temperature decreases. This occurs because
both Cy and . decrease as 2GaipL(T) + 2Gj(T) decreases (Equations (3-2) and (3-3)),
where the off-state leakage, and consequently 2Ggmor(T) + 2G;(T), diminishes signifi-
cantly as the temperature drops (Fig. 3-4). Note that Ca(T) has a negligible effect on the
temperature dependence of Co and w. (Equations (3-2) and (3-3)), because Ca(T) is very
large in the accumulation regime [25]. This makes the term Cox || Ca(T) ~ Cox (tempera-
ture-independent), which effectively suppresses the temperature dependence contributed
by Ca(T).

The preceding analyses confirm that the AC behaviors of the Ge(Sn) n-MOSFETs
from 300 K to 4 K are qualitatively captured by the small-signal model. Therefore, the
temperature-dependent split C-V characteristics can be interpreted based on the model.
At 300 K, the anomalously high Cgc (Fig. 3-8 (a)) is attributed to a large 2Gj + 2GaipL,
because this implies a large Co and ®. (Equations (3-2) and (3-3)), and consequently, a
large C (Equation (3-1)). As the temperature decreases, the reduction in Cgc (Fig. 3-8 (a))
is attributed to the corresponding reduction in 2G;j(T) + 2GaipL(T), because this implies a
decrease in Co and o (Equations (3-2) and (3-3)), and consequently, a decrease in C
(Equation (3-1)). From a physical standpoint, this originates from a diminished supply of
majority carriers across the junctions in response to the AC signal as the temperature de-

creases (Fig. 3-9 (a) and (d)), which is evidenced by the corresponding reduction in off-
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state leakage (Fig. 3-5 (a)).
In the depletion regime, the circuit capacitance C of the physically based small-sig-
nal model (Fig. 3-10 (b)) takes on the same form as that in Equation (3-1), except that Co

and o, become

Cox Il Cp(T)

G (3-4)
e m

C0=

and

Gp + 2G;(T)
We = """,
¢ Cox I Cp(T)

(3-5)

respectively. The assumptions and derivations are identical to those stated in Appendix
A.2. The following analyses parallel those in the accumulation regime. First, the fitted
curves closely match the experimental data at 300 K across all devices (Fig. 3-12), which
validates the prediction of Equation (3-1). Moreover, Equation (3-1) predicts a reduction
in circuit capacitance C as the temperature decreases, because both Co and ®. decrease as
2Gj(T) decreases (Equations (3-4) and (3-5)), where lorr, and consequently 2Gj(T), di-

minishes significantly as the temperature drops (Fig. 3-5 (a)). This is validated by the

reduction in Cgc with decreasing temperature (Fig. 3-12), which eventually results in the
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Fig. 3-12 Cgc vs. angular frequency o (replotted from Fig. 3-8 (b) and data measured at other frequencies,
not shown) of the (a) Ge, (b) Geo.955Sno.045, and (c) Geog95Sng.10s n-MOSFETs in the depletion regime at

300K, 200K, 100 K and 4 K.
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saturation of Cgc at its lower bound 2C,y (Equation (3-1)).

Similar to the case in the accumulation regime, interpretations regarding the temper-
ature-dependent split C-V characteristics in the depletion regime are made based on the
small-signal model. At 300 K, the anomalously high Cgc (Fig. 3-8 (b)) is attributed to a
large 2G;j, because this implies a large Co and ®. (Equations (3-4) and (3-5)), and conse-
quently, a large C (Equation (3-1)). As the temperature decreases, the reduction in Cgc
(Fig. 3-8 (b)) is attributed to the corresponding reduction in 2G;(T), because this implies
a decrease in Co and o (Equations (3-4) and (3-5)), and consequently, a decrease in C
(Equation (3-1)). From a physical standpoint, this originates from a diminished supply of
majority carriers across the junctions in response to the AC signal as the temperature de-
creases (Fig. 3-9 (b) and (e)), which is evidenced by the corresponding reduction in off-
state leakage (Fig. 3-5 (a)).

In the strong inversion regime, the circuit capacitance C of the physically based
small-signal model (Fig. 3-10 (c)) takes on the same form as that in Equation (3-1), except

that Co and . become

- Cox I C;(T)
o~ 14 a(T)Gyg (3-6)
and
o, = 4G (T) + a(T)[G + 26G,(T)] ’ (3-7)
Cox II C;(T)
respectively, where
a(T) = [1+[Gs + 2G;(T)] /G (D] (3-8)

is a dimensionless quantity smaller than unity. The assumptions and derivations are iden-
tical to those stated in Appendix A.3. In contrast to the case in both the accumulation and

depletion regimes, the curves fitted using Equation (3-1) closely match the experimental
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data at temperatures down to 4 K across all devices (Fig. 3-13). This indicates that the
cryogenic frequency response of Cac is satisfactorily captured by the small-signal model
(Equation (3-1)).

At 300 K, a first-order approximation Ggr > 2G;j is made because the surface area is
much larger compared to the junction area (Chapter 2.3.2). Combining with the fact that
the junctions of the Ge(Sn) n-MOSFETs are leaky (2Gj > Gg), a can be approximated as
one. Using the fact that the surface is heavily inverted (4Gch > Gg), Equations (3-6) and
(3-7) predict Co to be independent of 4G + 2G;j and . to be linear in 4Geh + 2G;, respec-
tively. At the lowest temperature of 4 K, Ggr and G; are effectively suppressed (Ggr = Gj ~
0) because both conductance account for the GR processes [61, 65]. Therefore, a can be

approximated as zero, and thus Equations (3-6) and (3-7) predict Co to be independent of
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4Gen and o to be linear in 4Gep, respectively. An intuitive interpolation can be made at

temperatures between 300 K and 4 K: Co is expected to be independent of 4Gen(T) +

2G;(T), while o is expected to be linear in 4Gen(T) + 2G;j(T). This is justified by the fact

that, as the temperature decreases, 2Gj(T) decreases, thereby causing the term 4Gen(T) +

2G;j(T) to transition from the room-temperature limit of 4Gcn + 2G; to the low-temperature

limit of 4Gch.

The fitting parameters (used in Fig. 3-13) and 4Ion + 2lorr (excerpted from Fig. 3-5

(a) and (c)) at temperatures down to 4 K are shown in Fig. 3-14. By using the Sn fraction

as an intermediate parameter, Co and o, are found to be weakly dependent on and linear

in 4lon + 2lorr at temperatures down to 4 K, respectively (Fig. 3-15). Because Ion and

Iorr comprises the inversion current and junction leakage, respectively (Chapter 3.2.1),

(@) 0.5 . 2.4
T=300K
_ 0.41 —olisge
N O
£ o3} =
L {12 2
= 0.2} D -
S 5
2
o1 \4{@ 0.6
Voy=2V
0.0k ; —0.0
0 45 10.5
Sn fraction (at%)
(c) 0.5 . 2.4
T=100K
_ 0.4t =) olisg |
NE O
S 03¢ 5
Llj._ 11.2 "~
:); 0.2t sa
— 1 \‘{’/ ]
0.1f 06
Voy=2V
0.0k ; —0.0
0 45 10.5

Sn fraction (at%)

Sn fraction (at%)

105  (b) 0.5~ : 2.4
T=200K
& I
0.42_ _ 0.4 - s
+ NE
103 5 & 03¢
s L — 112
027 = 02p
z O — |
1013 0.1t 06
Voy =2V
10.0 0.0k ; 0.0
0 45 10.5
Sn fraction (at%)
108  (d) 0.5~ . 2.4
T=4K
& I
069 04 =) 118
E
+
¥ g 0.3}
045 L 11.2
7 ozt -
~~~ o
> O
0.23 o1l __ 10.6
Voy =2V
10.0 0.0k ; 0.0
0 45 10.5

.
o
o

o
o

€ 1

(s/pes ,01) °
S
S
(wyy) 01z + NOyy

.
o
(V)

-0.0

.
o
0

o
)

(wyw) 3012 + Oy

€ 1

(s/pes ,01) °
S
5

.
o
N

.
o
o
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1.e., 4lon + 2lorr is proportional to 4Gen(T) + 2G;{(T), it follows that Co and . are weakly
dependent on and linear in 4Gen(T) + 2G;j(T) at temperatures down to 4 K, respectively.
These findings validate the predictions made by the small-signal model (Equations (3-6)
and (3-7)).

The preceding analyses confirm that the AC behaviors of the Ge(Sn) n-MOSFETs
from 300 K to 4 K are well-characterized by the small-signal model. Therefore, the tem-
perature-dependent split C-V characteristics can be interpreted based on the model.
Across all device, the temperature dependence of Cge (Fig. 3-8 (¢)) is attributed to the
variation in 4Gen(T) + 2Gj(T). This is because the circuit capacitance C depends on both
Co and ®¢ (Equation (3-1)), where Co and o are linked to a dependence on 4lon + 2lorr

(Fig. 3-15), and consequently to 4Ge(T) + 2Gj(T), through Equations (3-6) and (3-7).
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Note that Ci(T) does not contribute to the temperature dependence of either Co or we. This
is because Ci(T) is very large in the strong inversion regime [25], making the term Cox ||
Ci(T) ~ Cox (temperature-independent), which effectively suppresses the temperature de-
pendence contributed by Ci(T). From a physical standpoint, this originates from the tem-
perature-dependent supply of minority carriers by both the channel and the junctions in
response to the AC signal (Fig. 3-9 (c) and (f)).

To sum up, in both the accumulation and depletion regimes, the reduction in Cgc
with decreasing temperature (Fig. 3-8 (a) and (b)) is attributed to the corresponding de-
crease in the supply of majority carriers across the junctions in response to the AC signal
(Fig. 3-9 (a), (b), (d), and (e)). Therefore, standard split C-V characteristics are recovered
at low temperatures across all device. In the strong inversion regime, the temperature
dependence of Cgc (Fig. 3-8 (¢)) is attributed to the temperature-dependent supply of
minority carriers by both the channel and the junctions in response to the AC signal (Fig.
3-9 (c) and (f)). This implies that in Ge(Sn) n-MOSFETs, both inversion carrier transport

and junction leakages contribute to the on-state gate-to-channel capacitance.

3.3  Electron Mobility in Ge(Sn) n-MOSFETs

3.3.1 Effective Mobility vs. Inversion Carrier Density

The effective mobility (pesr) extracted from drain current (Ip) (Fig. 3-4) is plotted
against the inversion carrier density (Ninv) for the Ge, Geo.955Sn0.045, and Geo.g95Sno.105 n-
MOSFETs (Fig. 3-16). Similar to the case at 300 K, the frequency is chosen as 50 kHz
(Fig. 3-7) to reduce the effect of interface trap capacitance [25, 32] and channel resistance
[32, 72, 77] (Chapter 2.3.4). Only the data above threshold voltage (Vov > 0 V) are dis-
played, because the split C-V method assumes that the inversion current is predominantly

drift current rather than diffusion current (Chapter 2.2.3). Besides, the data with an
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Ion/Iorr ratio smaller than 107 are omitted to avoid the overestimation of effective mobil-
ity due to the high off-state leakage (Chapter 2.3.4).

In the low-density regime (Niny = 5 x 10! cm™), the effective mobility increases with
the inversion charge density for all Ge(Sn) n-MOSFETs (Fig. 3-16). This is attributed to
the screening effect on Coulomb scattering [74, 75, 87]. As the inversion charge density
increases, the impurity potential is screened more effectively, because there are more “po-
larized” electrons to move around and contribute to the screening process. This results in
a weaker Coulomb scattering and, consequently, an increase in effective mobility with
inversion carrier density. As the temperature decreases, the density dependence of effec-
tive mobility increases from Niny*>, Niny">, and Niny®”® to Niny*%, Niny!'!>, and Niny!* for
the Ge, Geo.955Sn0.045, and Geo gosSno.10s n-MOSFETS, respectively (Fig. 3-16). This is at-
tributed to an enhanced screening effect [31, 88], because electrons are more easily “po-
larized” to contributed to screening at lower temperatures due to a sharper Fermi-Dirac
distribution (Appendix B.4.2). Besides, as the Sn fraction increases, the power of the den-
sity dependence of effective mobility becomes higher (Fig. 3-16). This can be attributed
to the higher interface trap density (Dj) [74] at the Al2O3/Ge(Sn) interface of devices with
a higher Sn fraction [21, 55].

In the intermediate-density regime (Niny = 1 x 10'> cm™), characteristics plateaus

(b)
Q Q
2 2
N o~
S ;£
© O
~ s ) . ~
b3 NtV 150,100,50, = 4 250,200,
= 20,10.4 K = N 150,100,50,
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0" 10% _ 10% 10"  10%® _ 10% 0" 10% _ 10%
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Fig. 3-16 Effective mobility (per) vs. inversion carrier density (Niny) of the (a) Ge, (¢) Geo.9s5Sng.04s, and (e)

Geo.3955n0.10s n-MOSFETs (extracted from Ip (Fig. 3-4) and Cgc at 50 kHz (Fig. 3-7)).
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with a density dependence of Niny * is observed across all devices at high temperatures
(Fig. 3-16). This is attributed to phonon scattering [31] or alloy scattering [89]. As the
temperature decreases, the characteristic plateau in the Ge and Geo.955Sn0.04s n-MOSFETs
become less prominent, indicating a weaker phonon and alloy scattering at lower temper-
atures. The Niny % plateau for the Geo.s9sSno.10s n-MOSFET, however, appears to persist
down to cryogenic temperatures. This could be attributed to stronger alloy scattering [78]
compared to the other devices with lower Sn fractions. Lastly, in the high-density regime
(Niny = 5 x 10'2 cm™), the density dependence of effective mobility becomes Niny *¢ for
all devices across all temperatures (Fig. 3-16), which is attributed to an increased influ-

ence of the surface roughness (SR) scattering [74].

3.3.2 Effective Mobility vs. Temperature

The effective mobility in various density regimes (Fig. 3-16) is extracted and plotted
against temperature (Fig. 3-17 and Fig. 3-20). In the low-density regime (Niny = 5 x 10!
cm?), a peak effective mobility is observed in the conventional Sin-MOSFET (Fig. 3-17),
which is attributed to the competition between the reduction of phonon scattering and the
enhancement of Coulomb scattering as the temperature decreases [31]. For the Ge and
Geo.9555n0.045s n-MOSFETs, however, no peak in effective mobility is observed. Instead,
the effective mobility decreases monotonically with a decreasing temperature. This is at-
tributed to stronger Coulomb scattering in the Ge(Sn) n-MOSFETSs than that in the Si n-
MOSFET as a result of a higher Dj; at the AI>O3/Ge(Sn) interface [21, 55] compared to
that at the S102/S1 interface [31], considering that the impurity concentration of the Ge(Sn)
substrates (Chapter 2.2.1) and the Si substrates [31] are similar (~ 10'® cm™). As the tem-
perature decreases, the temperature dependence of effective mobility is reduced from T%’

to T°3, indicating that the mobility degradation is mitigated at lower temperatures. This
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Fig. 3-17 pesr vs. temperature of the Si [31] and Ge(Sn) n-MOSFETs (extracted from Fig. 3-16) in the low-

density regime (Nipy = 5 x 10" cm™?).

could be attributed to an enhanced screening effect at lower temperatures, where electrons
become more easily “polarized”, and consequently, more effective at screening the per-
turbing potential introduced by the impurities (Appendix B.4.2).

For the Geo.gosSno.10s n-MOSFET, however, an anomalous mobility upturn is ob-
served between 100 K and 20 K (Fig. 3-17). The decrease in effective mobility as the
temperature decreases from 200 K to 150 K and from 20 K to 4 K can be attributed to
Coulomb scattering as a result of the high Dj; at the poor oxide/Ge(Sn) interface [21].
However, the anomalous increase in effective mobility as the temperature drops from 100
K to 20 K cannot be explained by any of the scattering mechanisms in n-MOSFETs. On
one hand, phonon scattering is weak at low temperatures [74, 75], and thus it cannot con-
tribute to the increase in effective mobility. On the other hand, Coulomb, alloy, and sur-
face roughness scattering are stronger in the Geo.g95Sno.105 device compared to the other
low-Sn devices due to a higher Di [21, 55], a higher Sn fraction, and a larger surface
roughness (Fig. 2-8), respectively. Therefore, an even more severe mobility degradation
with decreasing temperature would be expected, contradicting the observed increase in
effective mobility.

An additional transport mechanism, 1.e., the dual-valley electron transport [9], can
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explain the anomalous mobility upturn in the Geo.go5sSno.10s n-MOSFET. In Ge(Sn) alloys,
two conduction-band valleys (I' and L) are close in energy. According to Fermi-Dirac
statistics, electrons occupy both the I'- and L-valleys (Fig. 3-18). Thus, even though all
electrons are in the same physical space (the inversion channel), they transport with dif-
ferent effective masses and mobilities [9]. The overall electron mobility p is expressed as
a weighted average of the mobility in the I'-valley (ur) and the L-valley (ur) [17]:

_nppp g, (np/nyur + py
nr+ng np/n, +1

: (3-9)

where the nr and ni represents the electron population in the I'-valley and L-valley, re-
spectively. When the ratio of electron population in the I'-valley relative to that in the L-
valley, i.e., nr/nr, is large (small), pu approaches pr (pr). This is straightforward because
the overall mobility p would be dominated by pr (u) if the majority of electrons reside
in the I'-valley (L-valley).

At low temperatures, the Fermi-tail is suppressed, so electrons condense to the valley
with a lower energy [12]. For indirect-bandgap Ge(Sn) alloys, such as Ge and

Geo.9555n0.045, the energy of the L-valley is lower [18, 19, 35]. Therefore, as the tempera-

(@) Ge and Ge g555N 45 (indirect-bandgap)
L r

Temperature
decreases

——
(fixed density)

L r

Temperature
decreases

(fixed density)

Fig. 3-18 The variation of electron population in the I'- and L-valley with temperature in (a) indirect-

bandgap and (b) direct-bandgap Ge(Sn) alloys under a fixed electron density [12].
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ture drops, electrons condense to the L-valley (Fig. 3-18 (a)). This results in a reduction
in nr/n. under a fixed electron density [9], and thus the L-valley electrons dominate the
overall transport, i.e., u approaches pr (Equation (3-9)). Due to the much larger effective
mass in the L-valley (uL < pr) [17, 19], the overall mobility p is expected to decrease as
the temperature decreases. This agrees with the monotonic reduction in effective mobility
observed in the Ge and Geo.955Sn0.045s n-MOSFETs (Fig. 3-17).

On the other hand, for direct-bandgap Ge(Sn) alloys, such as Geo.g95Sno.105, the I'-
valley is lower in energy [18, 19, 35]. Under a fixed electron density, the nr/np. ratio in-
creases as the temperature decreases (Fig. 3-18 (b)) [9]. Therefore, the I'-valley electrons
dominate the overall transport, i.e., u approaches pur (Equation (3-9)). Since the effective
mass in the ['-valley is much smaller (ur > p) [17, 19], an enhancement in overall mo-
bility p with decreasing temperature is expected. This explains the anomalous mobility
upturn observed in the Geo.g95Sno.10s n-MOSFET (Fig. 3-17). At temperatures below 20
K, the mobility of the GeososSno.105s device even surpasses those of the Ge and
Geo.9555n0.045 devices, despite being subjected to the strongest Coulomb scattering [21,
55] and alloy scattering [78] across all devices.

A calculated result from prior work [9] corroborates the arguments above. As the
temperature decreases, nr/ny of the strain-relaxed n-Geo.92Sno.0s film decreases, while
that of the strain-relaxed n-Geo.gsSno.12 film increases (Fig. 3-19). This indicates that at
some Sn fractions between 8 at% and 12 at%, the n-GeSn film would exhibit a marginal
transition in the trend of nr/np vs. temperature from decreasing to increasing, which
agrees with the observed transition in the trend of mobility vs. temperature in the Ge(Sn)
n-MOSFETs as the Sn fraction increases from 4.5 at% to 10.5 at% (Fig. 3-17). Combining
with the fact that the mobility of the Geo.g95Sno.105 device remains relatively constant with

temperature, a Sn fraction of 10.5 at% can be treated as a threshold of transition from an
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Fig. 3-19 Calculated electron population ratio in the I'-valley relative to that in the L-valley (nr/n.) of the

strain-relaxed n-Geo 92Sng 03 and n-Geo gsSno 12 films [9].

indirect to direct bandgap GeSn. In addition, the increase in nr/n. occurs predominantly
at temperatures below 200 K (Fig. 3-19), suggesting that the mobility enhancement with
decreasing temperature starts around 200 K. Such a “transition point” is also observed in
the Geo.s95Sno.105 device around 100 K, where the anomalous mobility upturn with de-
creasing temperature begins (Fig. 3-17).

In the intermediate-density regime (Niny = 1 x 10'? cm™), the pesT curves of the
Ge(Sn) n-MOSFETs (Fig. 3-20 (a)) are similar to those in the low-density regime (Fig.
3-17). As the Sn fraction increases from 0 at% to 10.5 at%, a transition from a monotonic

trend of effective mobility over temperature to that with an anomalous mobility upturn

N;,, = 1 x 102 cm™ N, = 5 x 102 cm™
1 L L 1 L L
107 10 100 105 10 100
Temperature (K) Temperature (K)

Fig. 3-20 pegr vs. temperature of the Si [31] and Ge(Sn) n-MOSFETs (extracted from Fig. 3-16) in the (a)

intermediate-density (Nipy = 1 x 10'? cm™?) and (b) high-density regimes (Niny = 5 x 10'? cm™).
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between 150 K and 20 K is also observed. This is attributed to the dual-valley electron
transport, where a mobility enhancement arises due to the indirect- to direct-bandgap
transition of Ge(Sn) by increasing the Sn fraction (Fig. 3-18). The only difference is the
weaker temperature dependence (T%? ~ T%%) compared to that in the low-density regime
(T%3 ~ T%7). This can be attributed to a stronger influence of alloy and surface roughness
scattering at higher densities, where both of the scattering mechanisms are temperature-
independent (Appendix B.1).

In the high-density regime (Niny = 5 x 10'2 cm™), the pesT curves of all the Ge(Sn)
n-MOSFETs exhibit an even weaker temperature dependence (T° ~ T*!) (Fig. 3-20 (b))
compared to those in the intermediate-density (T%2 ~ T%%) (Fig. 3-20 (a)) and low-density
regimes (T%° ~ T%7) (Fig. 3-17). This is attributed to an even stronger influence of alloy
and surface roughness scattering at higher densities, where both of the scattering mecha-
nisms are temperature-independent (Appendix B.1). Nevertheless, the effect of indirect-
to direct-bandgap transition on electron transport remains readily observable. In particular,
the pet-T curve of the Geo.ossSno.o4s n-MOSFET is below that of the Ge device owing to
stronger alloy scattering [78]. However, the pef-T curve of the Geo.gosSno.10s n-MOSFET
becomes progressively higher than that of the Geo.955Sno.045 device as the temperature
decreases, despite being subjected to a stronger alloy [78] and surface roughness scatter-
ing (Fig. 2-8). This is explained by the dual-valley electron transport, where a mobility
enhancement with decreasing temperature occurs exclusively in the Geo.gosSno.105 n-
MOSFET due to an increased electron population in the I'-valley (Fig. 3-18 (b)). These
findings indicate that an indirect-to-direct bandgap transition in Ge(Sn) occurs between a
Sn fraction of 4.5 at% and 10.5 at%, which agrees with theoretical predictions [18, 19,

35].
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3.4 Summary

In summary, transfer I-V and split C-V characteristics of the Ge, Geg.9555n0.045 and
Geo.895Sn0.10s n-MOSFETs were investigated from 300 K to 4 K. As the temperature de-
creases, drastic reduction in Iorr were observed across all devices. This is attributed to a
diminished junction leakage and gate-induced drain leakage (GIDL). The temperature
dependence of Ion, however, was quite complex across all devices. Before investigating
the underlying cause, the combined effects of inversion carrier density (Ninv) and effective
mobility (pefr) on Ion were decoupled using the split C-V method. As the temperature
decreases, reduction in Cgc were observed in the accumulation and depletion regimes,
which is attributed to a diminished supply of majority carriers through the junctions in
response to the AC signal. In the strong inversion regime, the temperature-dependence of
Cqac is attributed to the temperature-dependent supply of minority carriers by both the
channel and the junctions in response to the AC signal. These were validated using phys-
ically based small-signal circuit models derived from the temperature-dependent AC car-
rier transport mechanisms. Finally, effective mobility in the Ge(Sn) n-MOSFETs were
investigated. For the Ge and Geo.9555n0.045s n-MOSFETs, a monotonic decrease in plefr with
decreasing temperature is observed due to enhanced Coulomb scattering. As the Sn frac-
tion increases up to 10.5 at%, the pe-T trend transitions from a monotonic decrease to
one with an anomalous mobility upturn (enhancement) even being subjected to stronger
Coulomb, alloy, and surface roughness scattering. This can be explained by an increased
electron population in the I'-valley, where the effective mass is much smaller than in the
L-valley, strongly suggesting that Geo.g95Sno.105 1s a direct-bandgap material and that an

indirect-to-direct bandgap transition occurs between Sn fractions of 4.5 at% and 10.5 at%.
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Chapter 4 Conclusion and Future Work

4.1 Conclusion

In this thesis, the transport properties in GeSn n-MOSFETs with Sn fractions up to
10.5 at% were investigated from 300 K to 4 K. In Chapter 2, room-temperature device
characteristics were investigated and explained using equivalent small-signal circuit mod-
els. Strain-relaxed Ge, Geo.9555n0.045, and Geo.gosSno.105 epitaxial structures were grown
using RPCVD, where the exact strain and Sn fractions were extracted from the RSM
results. The high-quality of the GeSn epitaxy was confirmed through TEM, EDXS, and
AFM analysis. To rule out the effect of threshold voltage variation on the extraction of
effective mobility, all measurements were conducted with a standardized procedure im-
plemented by a customized MATLAB® program, which performs calibration Vg sweeps
and maintains identical Vg step timing throughout the measurement. The off-state current
(Iorr) of the Ge(Sn) n-MOSFETs increased with the Sn fraction, which is attributed to the
enhanced junction leakage. By contrast, the on-state current (Ion) of the Ge(Sn) n-
MOSFETs decreased with the Sn fraction, which is attributed to the enhanced alloy scat-
tering. In both the accumulation (Vov = -2 V) and depletion regimes (Vov = —0.5 V),
abnormally high gate-to-channel capacitance (Cgc) was observed across all devices,
which is attributed to the large supply of majority carrier through the junctions in response
to the AC signal. In the strong inversion regime (Vov =2 V), a slight Sn-fraction depend-
ence of gate-to-channel capacitance (Cgc) was observed, which is attributed to the Sn-
fraction dependent supply of minority carriers by both the channel and junctions in re-
sponse to the AC signal. These were validated using physically based small-signal circuit
models. A method is proposed for future calibration of the off-state leakage effect on Cac,
and consequently, mobility extraction, which can be applied to small-bandgap, high-mo-

bility transistors such as GeSn, InAs, and InSb n-MOSFETs. Finally, a reduction in effec-
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tive mobility is observed with an increasing Sn fraction, which is attributed to enhanced
alloy scattering.

In Chapter 3, cryogenic device characteristics and electron transport properties were
investigated. A monotonic reduction in off-state current (Iorr) with a decreasing temper-
ature was observed across all Ge(Sn) n-MOSFETs, which is attributed to suppressed junc-
tion leakages. The on-state current (Ion), however, exhibited a complex trend with the
temperature. To facilitate analysis, its dependence on both electron density and mobility
was decoupled using the split C-V method. The abnormally high gate-to-channel capaci-
tance (Cgc) in both the accumulation (Vov =-2 V) and depletion regimes (Vov =-0.5 V)
observed at room-temperature was effectively suppressed at low temperatures thanks to
the diminished supply of majority carriers through the junctions in response to the AC
signal. In the strong inversion regime (Vov = 2 V), the temperature-dependence of gate-
to-channel capacitance (Cgc) was observed, which is attributed to the temperature-de-
pendent supply of minority carriers by both the channel and junctions in response to the
AC signal. These were also validated using the physically based small-signal circuit mod-
els. Finally, the effective mobility (esr) in the Ge(Sn) n-MOSFETs was investigated. A
monotonic decrease in e With decreasing temperature is observed in the Ge and
Geo.9555n0.045s n-MOSFETs due to enhanced Coulomb scattering. As the Sn fraction in-
creases up to 10.5 at%, a transition in the pes-T trend is observed from a monotonic de-
crease to one with an anomalous mobility upturn (enhancement) even under a stronger
Coulomb, alloy, and surface roughness scattering. This is attributed to an increased elec-
tron population in the I'-valley, where the effective mass is much smaller than in the L-
valley. The results suggest that Geo.s9sSno.105 is a direct-bandgap material and an indirect-

to-direct bandgap transition between Sn fractions of 4.5 at% and 10.5 at%.
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4.2  Future Work

There are five main directions that could be further explored in the future:

1. Electron transport in Ge(Sn) n-MOSFETs under different strain conditions:

By varying the strain applied to the Ge(Sn) active layer while keeping the Sn fraction
constant, the “directness” of Ge(Sn) can be modulated without altering the intensity of
alloy scattering [11]. This approach eliminates one interfering factor and enables a clearer

observation of the indirect-to-direct bandgap transition in GeSn alloys.

2. Electron transport in Ge(Sn) gated Hall-bar by Hall measurements:

By extracting Hall mobility and Hall carrier density through Hall measurements, the ef-
fect of immobile charges (e.g., interface trap charges) on the extracted mobility can be
excluded [90, 91]. This approach minimizes the influence of the typically poor ox-
ide/Ge(Sn) quality and enables a more reliable investigation into the nature of the indirect-

to-direct bandgap transition in GeSn alloys.

3.  Magnetotransport: effective mass extraction:

In previous methods, the observation of the indirect-to-direct bandgap transition in Ge(Sn)
relies on carrier mobility, which is complicated by various scattering mechanisms. This
issue can be addressed by extracting the effective masses of Ge(Sn) from temperature-
dependent Shubnikov-de Haas (SdH) oscillations [92] and compare them to theoretical
predictions [3]. Due to the large difference between the electron effective masses in the
L-valley and the I'-valley [3], the indirect or direct bandgap nature of GeSn alloys should

be readily identified.

4. Electron transport in Ge(Sn) n-MOSFETs under different channel directions:
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For indirect-bandgap Ge(Sn) n-MOSFETs, the electron mobility could depend on channel
direction. When fabricated using (110) substrates, the direction-dependence of electron
mobility could become more prominent due to a lower symmetry (2-fold) in valley con-
figuration compared to (100) substrates (4-fold) [51]. Because the constant energy surface
centered at the ['-point is isotropic, the direction-dependence of electron mobility is con-
tributed by electrons in the L-valley and/or the A-valley. Therefore, if a transition from
an indirect to direct bandgap occurs, the direction-dependence of electron mobility should
weaken or vanish because electrons in the isotropic I'-valley becomes more dominant.

This offers a new way to probe the indirect-to-direct bandgap transition in GeSn alloys.

5. Calibration of high off-state leakage effect on Cgc and mobility extraction:

Both Cgc and the extracted effective mobility are severely affected by the transistor off-
state leakage, especially for high-Sn GeSn n-MOSFETs (Chapter 2.3). A method to elim-
inate the effect of off-state leakage is proposed, but requires data at frequencies higher
than 200 kHz (Chapter 2.3.3). Therefore, by obtaining Coc and Ggsq under a wider fre-
quency spectrum (say, from 1 kHz to 1 MHz) using the split C-V and split G-V measure-
ment, the off-state leakage effect on Cgc can be calibrated, enabling accurate mobility
extraction from low-bandgap, high-mobility transistors such as GeSn, InAs, and InSb n-

MOSFETs suffering from severe junction leakage.
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[5]

REFERENCES

O. Moutanabbir ef al., "Monolithic infrared silicon photonics: The rise of (S1)GeSn
semiconductors," Applied Physics Letters, vol. 118, no. 11, p. 110502, 2021.

S. Wirths et al., "Lasing in direct-bandgap GeSn alloy grown on Si," Nature
photonics, vol. 9, no. 2, pp. 88-92, 2015.

Z. Song et al., "Band structure of Gel— xSnx alloy: A full-zone 30-band k- p
model," New Journal of Physics, vol. 21, no. 7, p. 073037, 2019.

S. Wirths, D. Buca, and S. Mantl, "Si—Ge—Sn alloys: From growth to applications,"
Progress in crystal growth and characterization of materials, vol. 62, no. 1, pp. 1-
39, 2016.

G.-E. Chang, S.-Q. Yu, J. Liu, H.-H. Cheng, R. A. Soref, and G. Sun, "Achievable
performance of uncooled homojunction GeSn mid-infrared photodetectors," I[EEE
Journal of Selected Topics in Quantum Electronics, vol. 28, no. 2: Optical Detectors,
pp- 1-11, 2021.

R. Pillarisetty, "Academic and industry research progress in germanium
nanodevices," Nature, vol. 479, no. 7373, pp. 324-328, 2011.

J. D. Sau and M. L. Cohen, "Possibility of increased mobility in Ge-Sn alloy
system," Physical Review B—Condensed Matter and Materials Physics, vol. 75, no.
4, p. 045208, 2007.

S. Mukhopadhyay, B. Mukhopadhyay, G. Sen, and P. Basu, "Maximum theoretical
electron mobility in n-type Ge 1— x Sn x due to minimum doping requirement set
by intrinsic carrier density," Journal of Computational Electronics, vol. 20, pp. 274-
279, 2021.

K. Y. Tien, Y.-Y. Chen, C.-Y. Liu, H. S. Kao, and J.-Y. Li, "Extremely High Electron

Mobility in GeSn Epitaxial Films by Chemical Vapor Deposition," Advanced

91

doi:10.6342/NTU202502633



Electronics Materials, vol. 11, no. 11, 2025.

[10] Y.-S. Huang et al., "High-mobility CVD-grown Ge/strained Ge 0.9 Sn 0.1/Ge
quantum-well pMOSFETs on Si by optimizing Ge cap thickness," IEEE
Transactions on Electron Devices, vol. 64, no. 6, pp. 2498-2504, 2017.

[11] Y. Chuang, C.-Y. Liu, G.-L. Luo, and J.-Y. Li, "Electron mobility enhancement in
GeSn n-channel MOSFETs by tensile strain," IEEE Electron Device Letters, vol.
42, no. 1, pp. 10-13, 2020.

[12] C. Y. Liu et al., "Room-temperature negative differential resistance and high
tunneling current density in GeSn Esaki diodes," Advanced Materials, vol. 34, no.
41, p. 2203888, 2022.

[13] M. Liuetal., "Design of GeSn-based heterojunction-enhanced N-channel tunneling
FET with improved subthreshold swing and ON-state current," /EEE Transactions
on Electron Devices, vol. 62, no. 4, pp. 1262-1268, 2015.

[14] G. Han et al., "GeSn quantum well p-channel tunneling FETs fabricated on Si (001)
and (111) with improved subthreshold swing," IEEE Electron Device Letters, vol.
37, no. 6, pp. 701-704, 2016.

[15] S. A. Ghetmiri et al., "Direct-bandgap GeSn grown on silicon with 2230 nm
photoluminescence," Applied Physics Letters, vol. 105, no. 15, 2014.

[16] D. Stange et al., "Optical transitions in direct-bandgap Gel—x Sn x alloys," 4ACS
photonics, vol. 2, no. 11, pp. 1539-1545, 2015.

[17] L. Liu, R. Liang, J. Wang, and J. Xu, "Investigation on the effective mass of Gel—
xSnx alloys and the transferred-electron effect," Applied Physics Express, vol. 8, no.
3,p. 031301, 2015.

[18] L. Liu, R. Liang, J. Wang, and J. Xu, "Enhanced carrier mobility and direct

tunneling probability of biaxially strained Gel— xSnx alloys for field-effect

% doi:10.6342/NTU202502633



transistors applications," Journal of Applied Physics, vol. 117, no. 18, 2015.

[19] S. Gupta, B. Magyari-Kope, Y. Nishi, and K. C. Saraswat, "Achieving direct band
gap in germanium through integration of Sn alloying and external strain," Journal
of Applied Physics, vol. 113, no. 7, 2013.

[20] W. Du et al., "Competition of optical transitions between direct and indirect
bandgaps in Gel— xSnx," Applied Physics Letters, vol. 105, no. 5, 2014.

[21] S. Gupta et al., "Towards high mobility GeSn channel nMOSFETs: Improved
surface passivation using novel ozone oxidation method," in 2012 International
Electron Devices Meeting, pp. 16.2. 1-16.2. 4, 2012.

[22] T.-H. Liu et al., "High-mobility GeSn n-channel MOSFETs by low-temperature
chemical vapor deposition and microwave annealing," IEEE Electron Device
Letters, vol. 39, no. 4, pp. 468-471, 2018.

[23] K. Han et al., "First demonstration of complementary FinFETs and tunneling
FinFETs co-integrated on a 200 mm GeSnOlI substrate: A pathway towards future
hybrid nano-electronics systems," in 2019 Symposium on VLSI Technology, pp.
T182-T183, 2019.

[24] M. Liu et al., "Vertical GeSn nanowire MOSFETs for CMOS beyond silicon,"
Communications Engineering, vol. 2, no. 1, p. 7, 2023.

[25] D. K. Schroder, Semiconductor material and device characterization, John Wiley &
Sons, 2015.

[26] H.-C. Luan et al., "High-quality Ge epilayers on Si with low threading-dislocation
densities," Applied physics letters, vol. 75, no. 19, pp. 2909-2911, 1999.

[27] S.-i. Kobayashi, Y. Nishi, and K. Saraswat, "Effect of isochronal hydrogen
annealing on surface roughness and threading dislocation density of epitaxial Ge

films grown on Si," Thin Solid Films, vol. 518, no. 6, pp. S136-S139, 2010.

% doi:10.6342/NTU202502633



[28] P. Jahandar and M. Myronov, "Impact of strain relaxation on the growth rate of
heteroepitaxial germanium tin binary alloy," Journal of Semiconductors, vol. 45, no.
10, p. 102101, 2024.

[29] F. Stern and W. Howard, "Properties of semiconductor surface inversion layers in
the electric quantum limit," Physical Review, vol. 163, no. 3, p. 816, 1967.

[30] Y. Taur and T. H. Ning, Fundamentals of modern VLSI devices, Cambridge
university press, 2021.

[31] H. Oka, T. Inaba, S. lizuka, H. Asai, K. Kato, and T. Mori, "Effect of conduction
band edge states on coulomb-limiting electron mobility in cryogenic MOSFET
operation," in 2022 IEEE Symposium on VLSI Technology and Circuits (VLSI
Technology and Circuits), pp. 334-335, 2022.

[32] W. Zhu, J.-P. Han, and T. Ma, "Mobility measurement and degradation mechanisms
of MOSFETs made with ultrathin high-k dielectrics," [EEE Transactions on
Electron Devices, vol. 51, no. 1, pp. 98-105, 2004.

[33] R. Zhang, N. Taoka, P.-C. Huang, M. Takenaka, and S. Takagi, "1-nm-thick EOT
high mobility Ge n-and p-MOSFETs with ultrathin GeO x/Ge MOS interfaces
fabricated by plasma post oxidation," in 201/ International Electron Devices
Meeting, pp. 28.3. 1-28.3. 4, 2011.

[34] H. Lan and C. Liu, "Band alignments at strained Gel— xSnx/relaxed Gel— ySny
heterointerfaces," Journal of Physics D: Applied Physics, vol. 50, no. 13, p. 13LT02,
2017.

[35] K. Qian ef al., "Secondary epitaxy of high Sn fraction GeSn layer on strain-relaxed
GeSn virtue substrate by molecular beam epitaxy," Journal of Physics D: Applied
Physics, vol. 56, no. 7, p. 075101, 2023.

[36] R. Olesinski and G. Abbaschian, "The Ge— Sn (germanium— tin) system," Bulletin

. doi:10.6342/NTU202502633



of Alloy Phase Diagrams, vol. 5, no. 3, pp. 265-271, 1984.

[37] F. Gencarelli et al., "Low-temperature Ge and GeSn chemical vapor deposition
using Ge2H6," Thin Solid Films, vol. 520, no. 8, pp. 3211-3215, 2012.

[38] H. Wang et al., "First monolithic integration of group IV waveguide photodetectors
and modulators on 300 mm Si substrates for 2-um wavelength optoelectronic
integrated circuit," in 2022 IEEE Symposium on VLSI Technology and Circuits
(VLSI Technology and Circuits), pp. 407-408, 2022.

[39] V. Shah, A. Dobbie, M. Myronov, and D. R. Leadley, "Effect of layer thickness on
structural quality of Ge epilayers grown directly on Si (001)," Thin Solid Films, vol.
519, no. 22, pp. 7911-7917, 2011.

[40] A. Mosleh et al., "Direct Growth of Gel— x Sn x Films on Si Using a Cold-Wall
Ultra-High Vacuum Chemical-Vapor-Deposition System," Frontiers in Materials,
vol. 2, p. 30, 2015.

[41] H. Caietal., "Thickness-dependent behavior of strain relaxation and Sn segregation
of GeSn epilayer during rapid thermal annealing," Journal of Alloys and
Compounds, vol. 904, p. 164068, 2022.

[42] W. Takeuchi, T. Asano, Y. Inuzuka, M. Sakashita, O. Nakatsuka, and S. Zaima,
"Characterization of shallow-and deep-level defects in undoped Gel— xSnx
epitaxial layers by electrical measurements," ECS Journal of Solid State Science
and Technology, vol. 5, no. 4, p. P3082, 2015.

[43] D. Chen et al., "Ultralow temperature ramping rate of LT to HT for the growth of
high quality Ge epilayer on Si (1 0 0) by RPCVD," Applied Surface Science, vol.
299, pp. 1-5, 2014.

[44] W. Dou et al, "Investigation of GeSn strain relaxation and spontaneous

composition gradient for low-defect and high-Sn alloy growth," Scientific reports,

% doi:10.6342/NTU202502633



vol. 8, no. 1, p. 5640, 2018.

[45] S. Assali, J. Nicolas, and O. Moutanabbir, "Enhanced Sn incorporation in GeSn
epitaxial semiconductors via strain relaxation," Journal of Applied Physics, vol. 125,
no. 2, 2019.

[46] M. Ball and D. McCartney, "The measurement of atomic number and composition
in an SEM using backscattered detectors," Journal of Microscopy, vol. 124, no. 1,
pp. 57-68, 1981.

[47] V. K. Pecharsky and P. Y. Zavalij, Fundamentals of diffraction, Springer, 2003.

[48] M. Albrecht et al., "Surface ripples, crosshatch pattern, and dislocation formation:
Cooperating mechanisms in lattice mismatch relaxation," Applied physics letters,
vol. 67, no. 9, pp. 1232-1234, 1995.

[49] M. A. Mahjoub et al., "Impact of wet treatments on the electrical performance of
Ge0. 9Sn0. 1-based p-MOS capacitors," ACS Applied Electronic Materials, vol. 1,
no. 2, pp. 260-268, 2019.

[50] G. Krieger, G. Spadini, P. P. Cuevas, and J. Schuur, "Shadowing effects due to tilted
arsenic source/drain implant," IEEE transactions on electron devices, vol. 36, no.
11, pp. 2458-2461, 1989.

[51] Y.-J. Yang, W. Ho, C.-F. Huang, S. Chang, and C. Liu, "Electron mobility
enhancement in strained-germanium n-channel metal-oxide-semiconductor field-
effect transistors," Applied Physics Letters, vol. 91, no. 10, 2007.

[52] C.-S. Lin et al., "Anomalous capacitance induced by GIDL in p-channel LTPS
TFTs," IEEE electron device letters, vol. 30, no. 11, pp. 1179-1181, 2009.

[53] J. H. Stathis and S. Zafar, "The negative bias temperature instability in MOS devices:
A review," Microelectronics Reliability, vol. 46, no. 2-4, pp. 270-286, 2006.

[54] R. Gao, Z. Ji, J. F. Zhang, J. Marsland, and W. D. Zhang, "As-grown-generation

% doi:10.6342/NTU202502633



model for positive bias temperature instability," /IEEE Transactions on Electron
Devices, vol. 65, no. 9, pp. 3662-3668, 2018.

[55] S. Gupta et al., "GeSn channel nMOSFETs: Material potential and technological
outlook," in 2012 Symposium on VLSI Technology (VLSIT), pp. 95-96, 2012.

[56] H.-S. Wong, M. H. White, T. J. Krutsick, and R. V. Booth, "Modeling of
transconductance degradation and extraction of threshold voltage in thin oxide
MOSFET's," Solid-State Electronics, vol. 30, no. 9, pp. 953-968, 1987.

[57] J. Koomen, "Investigation of the MOST channel conductance in weak inversion,"
Solid-State Electronics, vol. 16, no. 7, pp. 801-810, 1973.

[58] E. H. Nicollian and J. R. Brews, MOS (metal oxide semiconductor) physics and
technology, John Wiley & Sons, 2002.

[59] S. M. Thomas et al., "Improved effective mobility extraction in MOSFETSs," Solid-
state electronics, vol. 53, no. 12, pp. 1252-1256, 2009.

[60] K. Roy, S. Mukhopadhyay, and H. Mahmoodi-Meimand, "Leakage current
mechanisms and leakage reduction techniques in deep-submicrometer CMOS
circuits," Proceedings of the IEEE, vol. 91, no. 2, pp. 305-327, 2003.

[61] S. Kim, J. Gupta, N. Bhargava, M. Coppinger, and J. Kolodzey, "Current—voltage
characteristics of GeSn/Ge heterojunction diodes grown by molecular beam
epitaxy," IEEFE electron device letters, vol. 34, no. 10, pp. 1217-1219, 2013.

[62] K. Lee et al.,, "Gate-induced-drain-leakage (GIDL) in CMOS enhanced by
mechanical stress," IEEE Transactions on Electron Devices, vol. 69, no. 4, pp.
2214-2217,2022.

[63] K. Sewell and F. Murphy-Armando, "First-Principles Calculation of Alloy
Scattering and n-type Mobility in Strained GeSn," arXiv preprint arXiv:2410.14478,

2024.

¥ doi:10.6342/NTU202502633



[64] A. Giunto and A. Fontcuberta i Morral, "Defects in Ge and GeSn and their impact
on optoelectronic properties," Applied Physics Reviews, vol. 11, no. 4, 2024.

[65] S. Ghosh, G. Sun, T. A. Morgan, G. T. Forcherio, H.-H. Cheng, and G.-E. Chang,
"Dark current analysis on GeSn pin photodetectors," Sensors, vol. 23, no. 17, p.
7531, 2023.

[66] S. M. Sze, Y. Li, and K. K. Ng, Physics of semiconductor devices, John wiley &
sons, 2021.

[67] T. Chan, J. Chen, P. Ko, and C. Hu, "The impact of gate-induced drain leakage
current on MOSFET scaling," in 1987 International Electron Devices Meeting, pp.
718-721, 1987.

[68] C. K. Dabhi, A. S. Roy, and Y. S. Chauhan, "Compact modeling of temperature-
dependent gate-induced drain leakage including low-field effects," IEEE
Transactions on Electron Devices, vol. 66, no. 7, pp. 2892-2897, 2019.

[69] A.B. Carlson, Circuits: engineering concepts and analysis of linear electric circuits,
2000.

[70] J. Castillo-Saenz et al., "Properties of Al2Os thin films grown by PEALD at low
temperature using H>O and O plasma oxidants," Coatings, vol. 11, no. 10, p. 1266,
2021.

[71] C. Schulte-Braucks et al., "Correlation of bandgap reduction with inversion
response in (Si) GeSn/high-k/metal stacks," ACS applied materials & interfaces,
vol. 9, no. 10, pp. 9102-9109, 2017.

[72] H. S. Haddara and M. El-Sayed, "Conductance technique in MOSFETs: Study of
interface trap properties in the depletion and weak inversion regimes," Solid-state
electronics, vol. 31, no. 8, pp. 1289-1298, 1988.

[73] R. Soref, J. Hendrickson, and J. W. Cleary, "Mid-to long-wavelength infrared

% doi:10.6342/NTU202502633



[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

plasmonic-photonics using heavily doped n-Ge/Ge and n-GeSn/GeSn
heterostructures," Optics express, vol. 20, no. 4, pp. 3814-3824, 2012.

D.-S. Jeon and D. E. Burk, "MOSFET electron inversion layer mobilities-a
physically based semi-empirical model for a wide temperature range," [EEE
Transactions on Electron Devices, vol. 36, no. 8, pp. 1456-1463, 1989.

S.-i. Takagi, A. Toriumi, M. Iwase, and H. Tango, "On the universality of inversion
layer mobility in Si MOSFET's: Part I-effects of substrate impurity concentration,"
IEEE Transactions on Electron Devices, vol. 41, no. 12, pp. 2357-2362, 1994.

C. Leitz, M. Currie, M. Lee, Z.-Y. Cheng, D. Antoniadis, and E. Fitzgerald, "Hole
mobility enhancements and alloy scattering-limited mobility in tensile strained
Si/SiGe surface channel metal-oxide—semiconductor field-effect transistors,"
Journal of Applied Physics, vol. 92, no. 7, pp. 3745-3751, 2002.

P.-M. Chow and K.-L. Wang, "A new AC technique for accurate determination of
channel charge and mobility in very thin gate MOSFET's," IEEE transactions on
electron devices, vol. 33, no. 9, pp. 1299-1304, 1986.

K. Sewell and F. Murphy-Armando, "First-Principles Calculation of Alloy
Scattering and n-type Mobility in Strained GeSn," Physical Review Applied, vol.
23, p. 014074, 2025.

D. Kuzum, A. J. Pethe, T. Krishnamohan, and K. C. Saraswat, "Ge (100) and (111)
N-and P-FETs with high mobility and low-$ T $ mobility characterization," /[EEE
transactions on electron devices, vol. 56, no. 4, pp. 648-655, 2009.

A. Beckers, F. Jazaeri, A. Grill, S. Narasimhamoorthy, B. Parvais, and C. Enz,
"Physical model of low-temperature to cryogenic threshold voltage in MOSFETSs,"
IEEE Journal of the Electron Devices Society, vol. 8, pp. 780-788, 2020.

H. Su et al., "A physical charge-based analytical threshold voltage model for

99

doi:10.6342/NTU202502633



cryogenic CMOS design," IEEE Journal of the Electron Devices Society, vol. 12,
pp. 859-867, 2024.

[82] M. Cassé, K. Tachi, S. Thiele, and T. Ernst, "Spectroscopic charge pumping in Si
nanowire transistors with a high-k/metal gate," Applied Physics Letters, vol. 96, no.
12, 2010.

[83] A. Appaswamy, P. Chakraborty, and J. D. Cressler, "Influence of interface traps on
the temperature sensitivity of MOSFET drain-current variations," IEEE Electron
Device Letters, vol. 31, no. 5, pp. 387-389, 2010.

[84] Y. Liu, L. Lang, Y. Chang, Y. Shan, X. Chen, and Y. Dong, "Cryogenic
characteristics of multinanoscales field-effect transistors," IEEE Transactions on
Electron Devices, vol. 68, no. 2, pp. 456-463, 2020.

[85] H. Bohuslavskyi et al., "Cryogenic subthreshold swing saturation in FD-SOI
MOSFETs described with band broadening," IEEE Electron Device Letters, vol. 40,
no. 5, pp. 784-787, 2019.

[86] A. Beckers, F. Jazaeri, and C. Enz, "Theoretical limit of low temperature
subthreshold swing in field-effect transistors," IEEE Electron Device Letters, vol.
41, no. 2, pp. 276-279, 2019.

[87] Y. Kawaguchi, T. Suzuki, and S. Kawaji, "Carrier concentration dependence and
temperature dependence of mobility in silicon (100) N-channel inversion layers at
low temperatures," Solid State Communications, vol. 36, no. 3, pp. 257-259, 1980.

[88] N. Ma and D. Jena, "Charge scattering and mobility in atomically thin
semiconductors," Physical Review X, vol. 4, no. 1, p. 011043, 2014.

[89] W. Yu et al., "Experimental Investigation on Alloy Scattering in sSi/${\rm Si} _
{0.5} {\rm Ge} _ {0.5} $/sSOI Quantum-Well p-MOSFET," IEEE Transactions on

Electron Devices, vol. 61, no. 4, pp. 950-952, 2014.

100 doi:10.6342/NTU202502633



[90] K. Toprasertpong, M. Takenaka, and S. Takagi, "Direct observation of interface
charge behaviors in FeFET by quasi-static split CV and Hall techniques: Revealing
FeFET operation," in 2019 IEEE International Electron Devices Meeting (IEDM),
pp. 23.7. 1-23.7. 4, 2019.

[91] K. Sumita, K. Toprasertpong, M. Takenaka, and S. Takagi, "Evaluation of interface
traps inside the conduction band of InAs-on-insulator ntMOSFET by self-consistent
Hall-QSCV method," Applied Physics Letters, vol. 119, no. 10, 2021.

[92] P. Kaul et al., "Phase-Coherent Transport in GeSn Alloys on Si," Advanced
Electronic Materials, vol. 11, no. 2, p. 2400565, 2025.

[93] A. Sedra, K. Smith, T. C. Carusone, and V. Gaudet, "Microelectronic circuits 8th
edition," Chapter, vol. 14, pp. 1235-1236, 2020.

[94] D. A. Neamen, Semiconductor physics and devices: basic principles, McGraw-hill,
2011.

[95] S. Gupta et al., "Density and capture cross-section of interface traps in GeSnO2 and
GeO2 grown on heteroepitaxial GeSn," ACS applied materials & interfaces, vol. 8,
no. 21, pp. 13181-13186, 2016.

[96] B. Liu et al., "Surface roughness scattering in two dimensional electron gas
channel," Applied Physics Letters, vol. 97, no. 26, 2010.

[97] D. Esseni and F. Driussi, "A quantitative error analysis of the mobility extraction
according to the Matthiessen rule in advanced MOS transistors," IEEE Transactions
on Electron Devices, vol. 58, no. 8, pp. 2415-2422, 2011.

[98] R.Suetal., "Comprehensive Understanding of the Mobility Scattering Mechanisms
and Evaluation of the Universal Mobility in Ultra-Thin-Body Ge-OI p-and n-
MOSFETSs," IEEE Transactions on Electron Devices, 2024.

[99] A. Saxena and A. Adams, "Determination of alloy scattering potential in Gal— x Al

101 doi:10.6342/NTU202502633



x As alloys," Journal of applied physics, vol. 58, no. 7, pp. 2640-2645, 1985.

[100] H. Nomura, R. Suzuki, T. Kutsuki, T. Saraya, and T. Hiramoto, "Mechanisms of
high hole mobility in (100) nanowire pMOSFETs with width of less than 10nm," in
2012 13th International Conference on Ultimate Integration on Silicon (ULIS), pp.
41-44,2012.

[101] G. Mazzoni, A. L. Lacaita, L. M. Perron, and A. Pirovano, "On surface roughness-
limited mobility in highly doped n-MOSFET's," IEEE Transactions on Electron
Devices, vol. 46, no. 7, pp. 1423-1428, 1999.

[102]J. H. Davies, The physics of low-dimensional semiconductors: an introduction,
Cambridge university press, 1998.

[103] A. Hartstein, A. Fowler, and M. Albert, "Temperature dependence of scattering in
the inversion layer," Surface Science, vol. 98, no. 1-3, pp. 181-190, 1980.

[104]S. Villa, A. L. Lacaita, L. M. Perron, and R. Bez, "A physically-based model of the
effective mobility in heavily-doped n-MOSFETSs," IEEE Transactions on Electron
Devices, vol. 45, no. 1, pp. 110-115, 1998.

[105] B. K. Ridley, Quantum processes in semiconductors, Oxford university press, 2013.

[106] T. Ando, A. B. Fowler, and F. Stern, "Electronic properties of two-dimensional
systems," Reviews of Modern Physics, vol. 54, no. 2, p. 437, 1982.

[107]Y. Zhao, H. Matsumoto, T. Sato, S. Koyama, M. Takenaka, and S. Takagi, "A Novel
Characterization Scheme of $\hbox {Si/SiO} {2} $ Interface Roughness for
Surface Roughness Scattering-Limited Mobilities of Electrons and Holes in
Unstrained-and Strained-Si MOSFETS," IEEE transactions on electron devices, vol.

57, no. 9, pp. 2057-2066, 2010.

10z doi:10.6342/NTU202502633



Appendix A Derivation of the Circuit Capacitance of

Small-Signal Models

A.l  Accumulation Regime (Vov =-2 V)

During the split C-V measurement, the AC signal applied to the Ge(Sn) n-MOSFETs
are small relative to the DC bias, and thus the non-linear carrier storage properties and
carrier transport properties in the Ge(Sn) n-MOSFETs (Fig. 2-25) can be approximated
using linearized circuit elements, i.e., small-signal models [93]. On one hand, in the
accumulation regime (Vov = —2 V), the storage of carriers at the surface are modeled by
the distributed gate oxide capacitance coxWdL and the distributed accumulation
capacitance cAWdL, while the storage of carriers at the source-to-substrate and drain-to-
substrate junctions are modeled by the junction capacitance C; and the diffusion

capacitance Cq (Fig. A-1 (a)). Besides, the storage of carriers at the gate-to-source and

. .1 L 1L L7 NONONON NN NN

Ti+Cq Ci+€Cq

Region

Fig. A-1 The distributed small-signal circuit model of the Ge(Sn) n-MOSFETs biased in the accumulation

regime (Vov =-2 V) during split C-V measurement.
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gate-to-drain overlaps are modeled by the overlap capacitance Coy. Note that the effects
of interface traps are omitted for simplicity. On the other hand, the vertical transport of
carriers across the bulk, the horizontal transport of carriers across the bulk near the surface,
the transport of carriers across the source-to-substrate and drain-to-substrate n*/p
junctions, the tunneling of carriers at the gate-to-source and gate-to-drain overlaps, and
the leakage through the oxide layer are modeled by the distributed differential bulk
conductance ggWdL, the distributed differential series conductance gsW/L, the
differential junction conductance G;j, the differential GIDL conductance Gaipr, and the
distributed differential oxide conductance goxWdL, respectively (Fig. A-1).

To facilitate analysis, a lumped circuit approximation [72] has been made, where the
distributed capacitance (coxWdL and caAWdL) and the distributed differential conductance
(gsWdL, gsW/L, and goxWdL) are integrated along the channel direction (L) to transform
into lumped capacitance (Cox and Ca) and lumped differential conductance (Gg, 2Gs, and

Gox), respectively (Fig. A-2). Note that a factor of two is introduced to 2Gs to make sure

AV,
°
| Accumulation | + CV High
o CVILow
L

Cov O‘A Cov

Region

Fig. A-2 The lumped small-signal circuit model derived from Fig. A-1.
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that the total series conductance along the channel is Gs. Due to symmetry, the lumped
circuit model is “folded” with respect to the central symmetric axis of the devices, thereby
doubling C;, Cq, Cov, Gj, GaipL, and 2G;s since they are all in parallel with their respective
counterparts (Fig. A-3 (a)).

To extract the most important feature from the circuit model, further simplifications
are made (Fig. A-3 (b)). Firstly, Gox is omitted since the gate current does not change with
gate bias (Fig. 2-13 (a)), i.e., Gox ~ 0 S, rendering the oxide layer completely capacitive.
Then, 2C; + 2Cq are omitted since G; is much larger than both the junction susceptance B;

and the diffusion susceptance Bq. Specifically, the ratio Gi/B; is expressed as [94]

G__ 9 _ G | ¥u (A-1)
B; 2nfC; mfA |2qesNy

where the lower bound of G;j is approximately 20 uS since lorr ~ 0.2 pA at Vp = 10 mV

(Fig. 2-17 (a)). Using the parameters in [3, 5, 11, 95] and junction area A ~ 210 um x 55
um, it can be obtained from Equation (A-1) that as long as f'is much smaller than 1 MHz,
Gj/B; will be much larger than unity. In addition, the ratio Gj/Bq is expressed as [94]

G__9 1
B, 2nfC; mnufrt,’

(A-2)

where the lower bound of the minority carrier lifetime 1, is 90 ns (Ge) [64]. As long as f

(@) CV High (b) 9 CVHigh
(Gate) V., e (Gate) i,

2 _'_—_Il N
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! e
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Fig. A-3 The (a) complete and (b) simplified equivalent small-signal circuit model derived from Fig. A-2.
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is much smaller than 4 MHz, Gj/B4 will be much larger than unity. These imply that if the
measurement frequency is much smaller than 1 MHz, which is the case in this study (20
— 200 kHz), the electrical behavior of the junctions will be predominantly conductive
rather than capacitive. Lastly, 4G is omitted since G; is expected to be much smaller than
G;. This is because the transport across the junctions are determined by the transport of
minority carriers [30, 66], while the transport across the bulk is determined by the
majority carriers. Given that the minority carrier lifetime is significantly longer (~10°
times) than the majority carrier lifetime (dielectric relaxation time) [58, 66], the rate of
carrier transport across the junctions in series with bulk is expected to be limited by that
across the junction. As a result, the total conductance (4Gs || 2G;j) is expected to be limited
by the junction conductance 2G;.

The frequency response of the circuit’s capacitance is obtained as follows. By
performing Nodal Analysis [69] at node vi (Fig. A-3 (b)), the relation

i1 =1y + 13 (A-3)

1s obtained, where 11, 12, and 13 are expressed as

i1 = 5(Cox | C)(vy — V1), (A-4)
i = (2G; + 2GgpL)v1 (A-5)

and
i3 = GgVy, (A-6)

respectively. The parallel operator || is defined as

AlB= AB (A-7)
A+ B

By plugging Equations (A-5) to (A-7) into Equation (A-3) and rearranging the terms, the
relation between v and vx can be obtained as

_ S(Cox Il Ca) v
Gg +2G; + 2Ggpr + 5(Cox 1 C4) ™7

12 (A-8)
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Next, by performing Nodal Analysis [69] at node v (Fig. A-3 (b)), the relation
Iy =10yt iy (A-9)
is obtained, where 12 is given by Equation (A-5), and i4 is expressed as
iy = 25Cy,Vy . (A-10)
By plugging Equation (A-8) into Equation (A-5), 1> can be expressed as a function of vx.
Finally, by plugging 1> (as a function of vx) and Equation (A-10) into Equation (A-9), the
relation between ix and vx can be obtained as

o 5CCox I C)(26G; + 26Gai1)
x GB + ZGJ + ZGGIDL + S(COX ” CA)

Uy + 25C,, 0y . (A-11)

By replacing s with jo in Equation (A-11), the circuit capacitance C is derived as

C =llm(i—x) = CO-;+ZCO,,, (A-12)
w » 1+ (w/w)?
where
Gl
14 % (A-13)
and

_ Gp +2G; + 2Ggip,

W A-14
On the other hand, the circuit conductance G is derived as
G=R (i") =G _ A-15
— ) T T (A1)
where
GO = ZGJ + ZGGIDL (A-16)
and
Gg + 2G; + 2Ggipy,
w, = A-17
c Cox ” CA ( )
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A.2 Depletion Regime (Vov ~-0.5V)

Similarly, the distributed small signal circuit model of the Ge(Sn) n-MOSFETs
biased in the depletion regime (Vov ~—0.5 V) is derived by approximating the non-linear
carrier storage and transport properties (Fig. 2-28) using linearized circuit elements (Fig.
A-4). The assumptions and circuit element symbols are identical to those in the
accumulation regime (Appendix A.1 and Fig. A-1), except that cAWdL is replaced with
the distributed depletion capacitance coxWdL, and Gaipr is removed since GIDL is absent
in the depletion regime. To facilitate analysis, a lumped circuit approximation [72] similar
to those in the accumulation regime (Fig. A-2) has also been made (Fig. A-5). Due to
symmetry, the lumped circuit model is also “folded” with respect to the central symmetric
axis of the devices, thereby doubling C;, Cq4, Cov, Gj, and 2G;s since they are all in parallel
with their respective counterparts (Fig. A-6 (a)). To extract the most important feature

from the circuit model, further simplifications are also made (Fig. A-6 (b)): Gox, 2Cj +

AV
Depletion + CV‘High
pan CVILOW T
= | . £ — —

Fig. A-4 The distributed small-signal circuit model of the Ge(Sn) n-MOSFETs biased in the depletion

regime (Vov ~—0.5 V) during split C-V measurement.
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$a1[ cvlLow

Depletion + CV High
4

CO’U

|
tAIB i Ground

Fig. A-5 The lumped small-signal circuit model derived from Fig. A-4.

2Cq, and 4Gs are omitted for the same reasons as those stated in Appendix A.1.
The frequency response of the circuit’s capacitance is obtained similarly to those
stated in Appendix A.1, except that Ca is replaced with Cp and GgipL is omitted. The

circuit capacitance C is derived as

1 i 1
c =—1m(—"> =Co ——F——5+ 2Coy, (A-18)
w vy 1+ (w/w)
where
€)) CV High (b) 9 CVHigh
V.9 (Gate) i
0——|\'4
Cox — ZCOV COX if l]z I 2C0v
CV Low Co—e— Iy CV Low
(Source/Drain) ; — (Source/Drain)
1 0—’\2,\(;/\/\' 7 V J_
L j iy ==

= G,
j3l Ground
(Body)

Fig. A-6 The (a) complete and (b) simplified equivalent small-signal circuit model derived from Fig. A-5.
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Cox " CD

0T TG, (A-19)
1+ Z_G]
and
Gp + 2G;
W, = ——. A-20
c Cox ” CD ( )

On the other hand, the circuit conductance G is derived as

i 1
G =Re (é) =G, Tr o) (A-21)
where
Go = 2G; (A-22)
and
Gp + 2G;
We = TG (A-23)

A.3 Strong Inversion Regime (Vov=2YV)

The distributed small signal circuit model of the Ge(Sn) n-MOSFETs biased in the
strong inversion regime (Vov = 2 V) is also derived by approximating the non-linear car-
rier storage properties and carrier transport properties (Fig. 2-31) using linearized circuit
elements (Fig. A-7). The assumptions and circuit element symbols are identical to those
in the depletion regime (Appendix A.2 and Fig. A-4), except that coxWdL is replaced with
the distributed inversion capacitance ciWdL, and additional distributed differential chan-
nel conductance gcnW/dL as well as distributed differential surface GR conductance
g WdL are introduced. In addition, Cp is omitted since, in the strong inversion regime,
the electric field from the gate is screened by the charges in the inversion layer, i.e., the
charges at the edge of the surface depletion region no longer respond to the AC signal

applied to the gate [25]. The distributed bulk trap capacitance ctWdL associated with
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AV

|Strong Inversion | CV High
‘AI_L_C:VNLOW |\4cIWdL gch% ‘ .

Fig. A-7 The distributed small-signal circuit model of the Ge(Sn) n-MOSFETs biased in the strong inversion

regime (Vov =2 V) during split C-V measurement.

go-WdL is also omitted since ctWdL is negligible compared to ciWdL [58].
To facilitate analysis, a lumped circuit approximation [72] similar to those in the

depletion regime (Fig. A-5) has also been made (Fig. A-8). Note that a factor of two is

AVg
®
|Strong Inversion | CV High
$a | cvlLow
= + =
CO‘IJ

M

M
‘AIB i Ground

Fig. A-8 The lumped small-signal circuit model derived from Fig. A-7.
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introduced to 2Gch to make sure that the total series conductance along the channel is Gen.
Due to symmetry, the lumped circuit model is also “folded” with respect to the central
symmetric axis of the devices, thereby doubling C;, Cq, 2Cov, Gj, 2Gs, and 2Gen since they
are all in parallel with their respective counterparts (Fig. A-9 (a)). To extract the most
important feature from the circuit model, further simplifications are also made (Fig. A-9
(b)): Gox, 2Cj + 2Cq, and 4G are omitted for the same reasons as those stated in Appendix
A.l.

The frequency response of the circuit’s capacitance is obtained as follows. By per-

forming Nodal Analysis [69] at node v (Fig. A-9 (b)), the relation

i3 =1i4+ 15 (A-24)
is obtained, where i3, i4, and is are expressed as
i3 = Ggr(vl —V,), (A-25)
Iy = 2Gjv,, (A-26)
and
i = Ggvy,, (A-27)

respectively. Note that the parallel operator || is as defined in Equation (A-7). By plug-

ging Equations (A-25) to (A-27) into Equation (A-24) and rearranging the terms, the re-

(a) (b)  ©cCVHigh
"x? (Gate) —_i,
K sreammb
COX - COX Illl —_—r 2COV
— 2C,, : CV Low
(Sourcg\/Drain)
;o —» J_
CV Low b =
P (Source/Drain) j
._/41'4
Cs 2C;+2C, =
Ground Ground
(Body) (Body)

Fig. A-9 The (a) complete and (b) simplified equivalent small-signal circuit model derived from Fig. A-8.
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lation between vi and v» is obtained as

v, = i v (A-28)
2 Gp+2Gi+ Gy U
Next, by performing Nodal Analysis [69] at node vi, the relation
il = iz + i3 (A-29)

is obtained, where i3 is given by Equation (A-25), and 1; and i, are expressed as
i1 = 5(Cox Il €Wy — vy) (A-30)
and
i =4G vy, (A-31)
respectively. By plugging Equation (A-28) into Equation (A-25), i3 can be expressed as a
function of vi. Then, by plugging Equations (A-30) and (A-31) into Equation (A-29) and
rearranging the terms, the relation between v and vy is obtained as

- [s(Cox I C)) + 4Gen] (Gs + 2G; + Ggr) + Ggr (G + 26G)) v (A-32)
1 5(Cox 1 C)(Gs + 2G; + Gyy) B

Finally, by performing Nodal Analysis [69] at node v3 (Fig. A-3 (b)), the relation

Iy =1, +iy+ig (A-33)
is obtained, where 12, i4 are given by Equations (A-31) and (A-26), respectively, and i¢ is
expressed as

ig = 25C, Uy . (A-34)

By plugging Equations (A-28) and (A-32) into Equation (A-26), 14 can be expressed as a
function of vx. By plugging Equation (A-32) into Equation (A-31), i can also be ex-
pressed as a function of vx. Finally, by plugging 12, 14 (both as a function of vx), and Equa-
tion (A-34) into Equation (A-33), the relation between ix and vx can be obtained as

_ S(Cox | CH[4G 1 (Gp + 2G; + Gyp) + 2G;Gy, ,
[s(Cox Il C)) + 4Ge](Gp + 2G; + Gyr) + Gyr(Gp + 2G;)

(A-35)

Ly

By replacing s with jo in Equation (A-35), the circuit capacitance C is derived as
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1 Iy 1
C = Zlm (a) = CO m + ZCOV B (A-36)
where
oo oG
0~ 1+ aGpg (A-37)
4GCh + Z(XGJ
and
o 4G + a(Gp + 2G)) (A-38)
‘ Cox Il C;
using the definition
a=[1+(Gy+26G;)/Gp] . (A-39)
On the other hand, the circuit conductance G is derived as
G =R (ix) =G ! A-40
— R T T @ (840)
where
Gy = 4G + 2aG; (A-41)
and
o _AGat a(Gp + 2G)) (A-42)
‘ Cox II C;
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Appendix B Scattering Mechanisms in n-MOSFETS

B.1 Overview

Due to various perturbation to the periodic crystal potentials, the electron transport
properties are not only dependent on the electronic band structures but electron scattering

processes. In particular, the electron mobility p is expressed as [96]

0
’ e [t ®ELdE
u =W(Ttr) =F
fEﬁdE

, (B-1)

where the effective mass m” and the energy-averaged transport lifetime <> are deter-
mined by the curvature of band structures and scattering processes, respectively. Accord-
ing to Matthiessen’s rule, the energy-dependent transport lifetime 1w(E) is the inverse of

the sum of all inverse transport lifetime 1/twn(E) [97]:

1 -1
7 (B) = [ZT ( E)] , (B-2)

where each tun(E) corresponds to a type of electron scattering mechanism. To facilitate

the understanding of electron transport in n-MOSFETs, the electron mobility p is usually

approximated as [98]

=k

where p, corresponds to a type of electron scattering mechanism with transport lifetime

Ttr,n, i.e.,

’ e [ tirn(B)E I dE

Up = %(Ttr,n) = m* fE af dE (B-4)

In this case, the summation is done after energy-averaging. Thus, p can then be under-

stood as being limited by various “branches” p,, with the lowest one corresponding to the
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Table B-1 The power of density (o) and temperature (y) dependence of 2DEG mobility i, 2p.

surface roughness phonon alloy Coulomb
scattering scattering scattering scattering
a -2 [74] —0.3 [31] —0.3 [89] 0.5~21[31, 74, 75]
-0.5" 9, 99]
Y 0[31] -1 ~-1.75[74, 75] -1 ~1[31,74]

07 (Appendix B.3.2)

* Bulk transport; T 2DEG transport (not yet reported)

dominant scattering mechanism (Fig. B-1).

In the Ge(Sn) n-MOSFETs, four types of scattering mechanisms are expected to be
observed. The 2DEG mobility limited by each type of them is expressed as

tn,2p X Niny,“TY, (B-5)

where the power dependence of ,2p on the inversion carrier density (o) and temperature
(y) are listed in Table B-1. A positive (negative) a indicates that the corresponding pn2p
increases (decreases) with density, making it the mobility-limiting “branch” of the overall
mobility p in the low-density (high-density) regime (Fig. B-1). Therefore, Coulomb scat-
tering dominates in the low-density regime since it is the only scattering mechanism with
a positive o [31, 74, 75]. Surface roughness scattering, which exhibits the most negative
o, dominates in the high-density regime [74]. As for phonon and alloy scattering, they
dominate in the intermediate-density regime because their o is negative but smaller in

magnitude compared to that of surface roughness scattering [31, 89]. Analogously, at

Coulomb
scattering

.ﬁ‘ Phonon
ol scattering
(=] T A
S| /e P
g - A \
3 gh temp
=
w
------ Total mobility

Inversion Charge Density
Fig. B-1 A schematic showing the relationships between the total mobility and different mobility branches

corresponding to various scattering mechanisms [100].
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room temperature, either phonon or alloy scattering dominates since their v is negative [9,
74, 75, 99]. However, at low temperatures, Coulomb scattering dominates since its vy is
mostly positive, expect at the cryogenic limit [31, 74]. The intensity of surface roughness
scattering remains constant with temperature (y = 0), indicating that it could be observed

at all temperatures [31]. Further details are stated below.

B.2 Surface Roughness Scattering

B.2.1 The Physical Mechanism

The change in the position of oxide/semiconductor interface (A) leads to a variation
in the position of electron wavefunction in the inversion channel, and consequently, a
change in the potential energy (EcrA) at the centroid of the wavefunction (Fig. B-2), as-
suming that the energy subbands and the shape of wavefunctions are independent of A
(since A is small) [101]. According to Fermi’s Golden Rule, potential energy variation
gives rise to a perturbation to carrier transport [102]. Therefore, the surface roughness of
an n-MOSFET is a source of electron scattering. The surface-roughness-limited mobility

usr is expressed as [101]

Hsp X Egpp 2AT2TY, (B-6)

/

Fig. B-2 A schematic showing the effect of the change in surface position (A) on the electron wavefunction,

where the potential energy at the centroid is varied by EcrA [101].
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where the term EerA is raised to a power of two because scattering rate is proportional to
the square of the perturbing potential energy [102]. As the surface becomes rougher
(larger A) and the effective field (Eefr) becomes stronger, the change in potential energy
at the centroid (EcA) becomes larger (Fig. B-2). This leads to a more severe perturbation

to electron transport and, consequently, a lower psr (Equation (B-6)).

B.2.2 The Temperature Dependence

The temperature dependence (y) of usr remains inconclusive (Equation (B-6)).
Some of the prior works suggest that psr is independent of temperature (y = 0) [31, 103]
since the surface roughness does not change with temperature. However, other works
suggests a sublinear (y =—1/3) [104] and a linear (y =—1) [101] temperature dependence,
which is attributed to the variation of screening effect and Fermi-Dirac statistics (Equa-

tion (B-4)) with temperature [101].

B.2.3 The Density Dependence

The Eesr > dependence of usr (Equation (B-6)) implies that surface roughness scat-

tering is dominant at high field. According to the expression [101]

Ngep + qNiny /2
Eeff — q dep q lnv/ : (B—7)

€Esemi

it can be observed that Eefr is proportional to inversion carrier density Niny in the high-
field limit since the depletion carrier density Ndep no longer increases after strong inver-
sion [30]. Therefore, pusr is also expected to exhibit an Nin, > dependence [74], i.e.,

Hsr € Nigy™° T, (B-8)

in the high-field limit.
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B.3 Phonon and Alloy Scattering

B.3.1 The Physical Mechanism

The presence of atomic vibrations, or phonons, in semiconductors at finite tempera-
tures induce time-varying crystal potential energy at the centroid of the electron wave-
function in the inversion channel [102]. Therefore, according to Fermi’s Golden Rule, the
atomic vibrations, or phonons, give rise to electron scattering since potential energy var-
iation is a perturbation to carrier transport [102]. Similarly, the substitution of one type of
atom into a periodic host of atoms of other types, such as that in the Ge1xSnx alloys or
II1-V compound semiconductors, also induces a perturbing potential energy [78]. This is
known as alloy or disorder scattering [99]. The mobility limited by phonon scattering (jtph)
and alloy scattering (ual) takes on the same form [75, 76]

p o< Egr 03T, (B-9)

where y varies depending on the type of scattering mechanism involved.

B.3.2 The Temperature Dependence

According to Bose-Einstein distribution, the average energy of phonons decreases
with temperature and becomes zero in the low-temperature limit [74]. This implies that
the perturbating potential induced by phonons weakens as the temperature decreases.
Therefore, y is reported to be —1 ~ —1.75 [74, 75] for the mobility limited by phonon
scattering (uph) (Equation (B-9)).

On the other hand, the y for alloy scattering in bulk semiconductors is reported to be
—0.5 [9, 99], while the exponent y for alloy scattering in n-MOSFETs (2DEG transport)
has yet to be reported. When it comes to mobility calculation for alloy scattering, the
energy dependence of transport lifetime is completely determined by the energy depend-

ence of the density of states N(E) [105]
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[term ()] o NCE), (B-10)
where the 3D and 2D density of states are used for the bulk and 2DEG transport, respec-
tively. Since the energy dependence of the 3D and 2D density of states is given by [94]

N3p(E) o EY/2 (B-11)
and

N,p(E) « E°, (B-12)
respectively, by noting that the average energy of electrons is proportional to kT [94], the
energy averaging process (Equation (B-4)) yields a T-%° and T° dependence for the mo-
bility limited by alloy scattering (pa) in bulk semiconductor and n-MOSFETs, respec-
tively. Such a 0.5 power difference between the bulk and 2DEG transport is also observed

in the calculation of the mobility limited by phonon scattering [102].

B.3.3 The Density Dependence

In contrast to the surface roughness scattering, both phonon and alloy scattering are
dominant in the intermediate-field regime since the Ecfr dependence of pph and pa (Equa-
tions (B-9)) is weaker than that of the psg (Equation (B-6)). If the substrates of the n-
MOSFETs were lightly-doped, such as the UID Ge(Sn) substrates used in this work
(Chapter 2.2.1), Naep would be much smaller than Ninv/2 since a substantial Niny 1s ex-
pected in the intermediate-field regime (Equation (B-7)). Therefore, both ppn and pa are
also expected to exhibit an Niny ** dependence [31, 89], i.e.,

B Nigy 3T, (B-13)

in the intermediate-field regime.

B.4 Coulomb Scattering
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B.4.1 The Physical Mechanism

The presence of charged impurities induce a potential energy variation at the cen-
troid of the electron wavefunction in the inversion channel [102]. According to Fermi’s
Golden Rule, potential energy variation give rise to a perturbation to carrier transport
[102]. Therefore, charged impurities are sources of electron scattering. The Coulomb-
limiting mobility pc is expressed as

fe % Niy, “T7, (B-14)
where a is reported to be 0.5 ~ 2 [31, 74, 75], and vy is reported to be —1 ~ 1 [31, 74]. The
variation in both o and vy is a result of a competition between the intensity of Coulomb

scattering and the strength of screening effect [31, 74].

B.4.2 The Temperature Dependence

Due to the anisotropy (dependent on q) of the Coulomb perturbing potential, the
Coulomb scattering rate Wk(q) derived from Fermi’s Golden Rule merely gives the sin-

gle-particle lifetime tin [102]

[t (0] " f Wi(@)dq, (B-15)

which differs from the transport lifetime te,n [102]

-1
[rern )] ¢ | WiCyw(lil laDdq (B-16)
by an angular weighting factor [102]

lq|?
2|k|?

w(|k|,|q]) =1 —cos8 = (B-17)

where the electron wavevectors before and after scattering are denoted as k and k> =k +
q, respectively (Fig. B-3). Note that the angular weighting has little effect on acoustic

phonon or alloy scattering since their perturbing potentials are nearly isotropic
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final state

N

initial state

Fig. B-3 A schematic showing the geometrical relationships between the wavevector before scattering (k)
and after scattering (k> = k + q). The magnitude of k and k’ are identical since Coulomb scattering is an

elastic (energy-conserving) scattering process [102].

(independent of q) [102, 105].

The purpose of w(|k|, |q|) (Equation (B-17)) is to account for the “efficacy” of Cou-
lomb scattering since large-angle (large-0) scattering has a larger impact on current con-
duction (Fig. B-3), and consequently, electron mobility [102]. Given that pc is propor-
tional to the energy-averaged tu,n (Equation (B-4)) and 1 is inversely correlated to the
scattering angle 0 (Equations (B-16) and (B-17)), a large 0 at the average energy is indic-
ative of a stronger scattering (smaller 1i.n), and consequently, a lower pic. As temperature
decreases, due to a suppressed Fermi tail, both the average energy E(k) and average
wavevector |k| of the electron decreases, which leads to an increase in 9 at the average
wavevector |k| (Equation (B-17)) and, consequently, a reduction in pc. Therefore, pc ex-
hibits a positive temperature dependence (positive y) (Equation (B-14)) since electrons
become increasingly more susceptible to Coulomb scattering at lower temperatures due
to a loss of kinetic energy.

The weaker (less positive y) and the negative temperature dependence (negative )
(Equation (B-14)) of uc is explained by the screening effect. For Coulomb scattering,
Wk(q) is expressed as [102]

Wilg) 1V (1qDI28(eCk + q) — £(K), (B-18)
where the d-function is the density of state, and V(|q|) is the Fourier transform of the
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Coulomb perturbing potential. Considering a case where a charged impurity (e"), either a
substrate impurity or an interface trap charge, is located at a distance d away from the

2DEG in the inversion channel (Fig. B-4). V(|q|) can then be expressed as [102]
e 2 e _lqld

—_— (B-19)
265 1q| + qrr

V(ql) =

where qtr, the Thomas-Fermi screening wavevector, accounts for the screening of the
impurity potential by the redistribution of free carriers (2DEQG) in the inversion channel.
A larger qrr is indicative of a stronger 2DEG screening since a larger qrr leads to a smaller
V(lq]) (Equation (B-19)) and, consequently, a weaker Coulomb scattering (Equation
(B-18)).

The 2DEG screening strength is related to the 2DEG polarizability ITtr through the

relationship [102]

drr = Ze_eSHTF' (B-20)
where IItr is given by [102]
My ‘f;?D (B-21)
By expressing the 2DEG density as [66]
N2p = Y2p :’f(E, Ep)dE, (B-22)

where gop and f(E, Er) are the 2D density-of-states and Fermi-Dirac distribution function,

respectively, Equation (B-21) can be recast into

2DEG

et
4

Fig. B-4 A schematic showing the geometrical relationships between the charged impurity (e*) and 2DEG.
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e} a E,E
Mrr = gap fE f(TFF)dE

| (B-23)

_ G (7 B

=% ), S B0 =SB ERIAE.

This indicates that I1tr is proportional to the area under the joint Fermi-Dirac distribution
f(E, Er)[1 — f(E, EF)]/kT above the first subband energy E; (Fig. B-5). Therefore, the “po-
larizable” electrons, i.e., the electrons that contribute to 2DEG screening, are those ther-
mally activated near the Fermi level Er (Fig. B-5). As temperature decreases, the Fermi-
tail is suppressed, which results in an increase in Er if the electron density is held constant.
Consequently, I1tr increases, and the number of “polarizable” electrons increases as well

(Fig. B-5). This is confirmed by performing a direct integration on Equation (B-23):

_ 92p
1 + e(Ei—EpR)/KT’

Myp (B-24)

At room temperature, Er is far below E;, and thus Ilrr is close to 0 (Equation (B-24)).
However, at low temperatures, Er is above Ei, and thus IIrr approaches g»p (Equation
(B-24)). The increase in IItr with decreasing temperature (Fig. B-5) and the asymptotic

behavior of Ilrr at low temperatures (saturates to gop) are corroborated by a numerical

E 920(E)

Fig. B-5 A schematic showing the relationship between the polarizability Iltr and the joint Fermi-Dirac

distribution f(E, Er)[(1 — f(E, Er))J/kT at a fixed electron density at room temperature and low temperature.
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calculation (Fig. B-6 (a)).

As a result, the screening effect gets stronger as temperature decreases (Equation
(B-20)), which counteracts the enhancement of Coulomb scattering at lower temperatures.
As temperature decreases, the faster the screening effect enhances compared to the inten-
sifying Coulomb scattering, the milder (smaller y) the reduction in pc would be (Equation
(B-14)). If the screening effect were very effective compared to Coulomb scattering,
which usually occurs at very low temperatures [31, 74], increases in pc with decreasing
temperature (negative y) could even be observed (Equation (B-14)). It is worth mention-
ing that due to the asymptotic behavior of I1tr at low temperatures, y is expected to exhibit

a similar asymptotic behavior in the low-temperature limit.

B.4.3 The Density Dependence

A more detailed investigation reveals that the 2DEG polarizability IIrr (Equation

(B-24)) is dependent on the scattering wavevector |q| through the relationship [88]

g 2kp\° 12
2D F
Mre(lgh =77 e(Ei—Ep>/kT{1 — l1 — (_Iql ) l } (B-25)
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Fig. B-6 Relative screening parameter (polarizability IIrr) vs. (a) temperature at various 2DEG densities

[88] and (b) the scattering wavevector |q| at various temperatures [106].
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where kr, the Fermi-wavevector, is proportional to the square of 2DEG density [107]:
kp o« (2mn,p) /2. (B-26)

In this case, the screening effect is effective only up to 2kr since Iltr(|q|) decreases dra-
matically as |q| increases above 2kr (Fig. B-6 (b)). As nap increases, 2kr increases, which
broadens the effective screening range. Therefore, the screening effect becomes stronger
as nyp increases (Fig. B-6 (a)), which leads to an increase in pc with density. This explains
the positive density dependence of pic (positive o) (Equation (B-14)). As temperature de-
creases, IItr(|q|) increases at every |q| < 2kr (Fig. B-6), indicating an enhancement in
screening strength at lower temperatures, irrespective of nap (Fig. B-6 (a)). This leads to
a more drastic increase in pc with density as temperature decreases and, consequently,
explains the higher density dependence (larger a) of pc as the temperature decreases

(Equation (B-14)).
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