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Abstract— In this work, we have studied the effect of material 
parameters (indium (In) composition and doping), geometrical 
parameters (channel length L, fin width W, aspect ratio AR), and 
quantum confinement (QC) on the performance and operability of 
a -Ge/InxGa1-xAs hybrid CMOS system. In this system, the In 
compositional InxGa1-xAs and tensile strained Ge (-Ge) grown on 
the InxGa1-xAs layer, were used as n- and p-channel FinFETs, 
respectively. The In composition in InxGa1-xAs layer (lattice 
matched with graded InxAl1-xAs buffer) determines the amount of 
tensile strain in Ge. This hybrid system utilizes the benefits of 
metamorphic (InxGa1-xAs/InxAl1-xAs) as well as pseudomorphic (-
Ge/InxGa1-xAs) heteroepitaxy to create high performance tunable 
complementary devices, suitable for 0.5 V CMOS operation. The 
device metrics such as, threshold voltage, on-current (ION), off-
current (IOFF), subthreshold-swing (SS), and drain induced barrier 
lowering (DIBL), and their dependence on material and 
geometrical parameters were evaluated using self-consistent 
analytical solvers scaled down to the N5 node. At these scaled 
dimensions, this hybrid system demonstrated ultra-low leakage 
current and SS for the n-FinFET and p-FinFET of 10 pA/µm, 27 
nA/µm, 85 mV/dec and 95 mV/dec, respectively. With the effect of 
QC, we identify a transition fin width (WT) associated with scaling 
of alternate channel FinFETs, at which the performance is 
optimum and below WT, the benefits of scaling are diminished.  
Moreover, this hybrid system has a potential to find applications 
in optoelectronic and RF systems as well as high-performance 
computing.  

 
Index Terms— Tensile strained Germanium, InGaAs, FinFET, 
Quantum Confinement, low power, CMOS, 5 nm. 

I.  INTRODUCTION 

HE progression of Moore’s law over the past decades has 
been possible through iterative optimization of Si 

MOSFETs through transistor scaling and implementation of 
new device architectures. Benefits of aggressive scaling are 
outweighed by the issues such as, leakage associated with 
quantum-mechanical tunneling through the gate oxide, and 
short channel effects (SCE) such as degradation of drain 
induced barrier lowering (DIBL) and subthreshold swing (SS). 
Beyond this, further scaling has been possible using the 3D 
FinFET architecture. Along with the reduction of device 
footprint, this architecture provides an excellent electrostatic 
control over the fully-depleted channel. As further scaling 
approaches atomic dimensions, one must carefully look for 
high-mobility, low-bandgap material-based solutions along 

with high- gate dielectrics [1]-[3] to provide low-power and 
high-speed operation. If feasible, one should avoid the layer 
transfer and bonding for cost-performance benefits. The 
advantages of utilizing a hybrid system for the creation of high-
performance complementary devices, which can be 
experimentally realizable with minimal alteration of device 
design, should be explored. One such hybrid system is the 
metamorphic InxGa1-xAs/InxAl1-xAs for n-channel FinFET and 
pseudomorphic tensile strained -Ge/InxGa1-xAs for p-channel 
FinFET, suitable for low-power operation. In addition, this 
hybrid system has potential applications in CMOS circuits [4-
6], optoelectronics [7], and RF systems [8]. Fig. 1(a) shows the 
starting epitaxial stack, which uses InxAl1-xAs/GaAs 
metamorphic buffer followed by Ge/InxGa1-xAs pseudomorphic 
growth. The -Ge p-FinFET and the InxGa1-xAs n-FinFET can 
be fabricated side-by-side using this epitaxial stack to form high 
performance CMOS circuits. Recently, we have evaluated the 
merits of this -Ge/InxGa1-xAs CMOS architecture, utilizing 𝜀-
Ge for p-FinFET and InxGa1-xAs for n-FinFET, in the vicinity 
of experimentally proven feature sizes. This system offered an 
excellent device and circuit performance as well as application 
specific tunability [9]. A rigorous study of device metrics such 
as, VTH, ION, IOFF, SS, and DIBL and their dependence on 
material parameters (i.e., indium composition, doping) and 
geometrical parameters (i.e., channel length L, fin width W, and 
fin aspect ratio AR) using self-consistent analytical solvers, 
which capture realistic physics of nanoscale devices, is required 
to characterize architectures scaled down to the N5 node [10]. 

To ascertain the performance benefits of this hybrid CMOS 
system for low-power applications at ultra-scaled feature sizes, 
here, we investigate the CMOS operability constraints and 
merits of monolithically co-integrated InxGa1-xAs as n-FinFET 
(Fig 1b) and  𝜀-Ge as p-FinFET (Fig 1c), which can be 
fabricated using the heteroepitaxial stack shown in Fig. 1(a). 
The cumulative effects of In composition and doping (NCH) as 
well as geometrical parameters on the device performance were 
evaluated at forward looking feature sizes down to the N5 node. 
The results were displayed through contours as a means to 
effectively visualize the relative trends of the metrics for a large 
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Fig. 1. (a) The co-integrated stack and, schematic representation of proposed 
hybrid CMOS using monolithically co-integrated (b) InxGa1-xAs n-FinFET and 
(c) 𝜀-Ge p-FinFET. (d) ID-VG characteristics demonstrating matched response. 
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number of parameter combinations, while also providing an 
estimate of the variability due to changes in process, material 
and design. The short channel ID-VG characteristics with 
channel length of 30 nm and an In composition of 20 % is 
shown in Fig. 1(d), demonstrating the performance of the 𝜀-Ge 
as p-FinFET (green) and InxGa1-xAs as n-FinFET (red) at VDS 
= 0.5 V (solid lines) and VDS = 0.05V (dashed lines). 
Furthermore, in nanoscale multi-gate devices, the quantum 
confinement (QC) of inversion charge results in an additional 
capacitance in series with the oxide capacitance due to the 
charge centroid. This effect manifests in FETs as an increase in 
VTH creating a challenge for device operability and scaling. The 
increase in VTH results in a drop in IOFF and a corresponding 
increase in ION/IOFF ratio, while reducing SS and DIBL due to 
improved electrostatic control owing to QC. This performance 
consideration is valid only down to a specific width, beyond 
which the device transitions back to charge dominated regime. 
Here, we quantify this transition width (WT) in the context of 
CMOS operability to be < 6 nm for InxGa1-xAs n-FinFET and ~ 
20 nm for 𝜀-Ge p-FinFET and illustrate the corresponding 
transition in design considerations for ultra-scaled CMOS 
devices. 

II.  GROWTH, SIMULATION METHODOLOGY AND DEVICE 

PARAMETERS 

The device simulations were performed using Synopsys 
Sentaurus TCAD [11] considering a 3D numerical solver while 
accounting for the classical transport and QC effects within the 
fin structure. The 𝜀-Ge p-FinFET model is calibrated with the 
experimental results [12], and the n-FinFET is calibrated using 
a lattice matched In0.53Ga0.47As/In0.52Al0.48As heterostructure, 
where TaSiOx is used as a high- dielectric [13]. Further details 
of the model calibration with experimental data for the InxGa1-

xAs n-FinFET and the 𝜀-Ge p-FinFET, as well as the strain 
calculation in the 𝜀-Ge fin are discussed elsewhere [9].  

A transistor is said to be operable for CMOS applications 
when the charges in the channel can be modulated considerably 
within the operating voltage range (here, VGS = VDS = 0.5 V). 
This implies that the transistor is normally-off and the VTH lies 
within the supply voltage range, and the ION/IOFF ratio is > 1000 
[14]. The device performance can be characterized by SS and 
DIBL, which indicate the leakage and the VTH change due to 
the effect of drain bias, respectively. The SS and DIBL should 
be as small as possible, where the SS can be as low as ~ 60 
mV/dec at 300 K and DIBL can approach ~ 0 mV/V. This 
hybrid material system can be grown on Si or GaAs substrate 

using a graded III-V buffer. The heteroepitaxial growth of 𝜀-Ge 
on InxGa1-xAs/InxAl1−xAs using a solid source molecular beam 
epitaxy can mitigate the lattice mismatch induced defects and 
dislocations, thus providing a virtually defect-free active layer 
[6]. The top-most layer of the InxGa1-xAs on graded InxAl1-xAs 
buffer acts as the channel for the n-FinFET and has no thickness 
constraints, thus providing a large flexibility in the fin height H 
and AR for the n-FinFET. The epitaxial Ge layer grown on 
InxGa1-xAs active layer will experience a tensile strain 
corresponding to In composition. This 𝜀-Ge layer can be grown 
defect-free only up to the critical thickness, limiting the fin 
height and aspect ratio of the 𝜀-Ge p-FinFET, and in general the 
critical thickness reduces with increase in tensile strain [15]. 

III.  MATERIAL PROPERTIES: ALLOYING & DOPING 

The choice of In composition and NCH directly affects the 
material properties, and thus application specific selection of 
these parameters can lead to a significant impact on the 
designed CMOS circuit/system. In addition, channel length 
scaling introduces SCE (i.e., VTH roll-off, increase in SS and 
DIBL), which further affect the optimum region of operation in 
terms of In composition and NCH. The cumulative effect of NCH 
and In composition on the device performance and operability 
is magnified at shorter channels and is shown in Fig. 2-3 
(InxGa1-xAs n-FinFET) and Fig. 4-5 (𝜀-Ge p-FinFET) for a 
fixed AR (H/W) = 1. The NCH in the range of 1x1015 cm-3 to 
1x1019 cm-3 for the InxGa1-xAs n-FinFET is selected considering 
two important restrictions on the doping in epitaxially grown 
InxGa1-xAs: (i) higher NCH (> 1x1017 cm-3) is experimentally 
easier to incorporate [16] and provides increased immunity to 
SCE and an improved ION/IOFF ratio, but will also result in 

 
Fig. 2. Effect of NCH and In composition on VTH for InxGa1-xAs n-FinFET at 
channel lengths of 100 nm, 60 nm, 40 nm, and 30 nm. 

 
Fig. 3. Effect of NCH and In composition on the (a) ION/IOFF ratio, (b) SS and (c) DIBL for InxGa1-xAs n-FinFET at L = 100 nm, 60 nm, 40 nm, 30 nm. 
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increased impurity scattering induced mobility degradation 
along with dopant variability effects; (ii) lower NCH (~ 1x1015 

cm-3) results in an operation tending to normally-on behavior as 
seen through the negative VTH in Fig. 2. 

A wide range of In compositions have been reported in 
InxGa1-xAs layers grown heteroepitaxially on III-V substrates 
[6][17]. Epitaxial growth of 𝜀-Ge on InxGa1-xAs having In 
composition greater than 53 % will result in > 3.3 % tensile 
strain in Ge, severely degrading the critical thickness of 𝜀-Ge 
thus limiting the fin height of the p-FinFET [15]. At such high 
tensile strain, the Ge bandgap reduces to 0.1 eV, making the 𝜀-
Ge layer unsuitable for use as a p-channel FET. Furthermore, 
𝜀-Ge/InxGa1-xAs band-alignment transitions from type-I to 
type-II or III for higher In compositions, resulting in a broken 
gap alignment, leading to leakage [6]. Tensile strain enhances 
the Ge p-FinFET performance in the form of bandgap lowering 
(and consequent reduction in VTH of a p-channel transistor) and 
increasing hole mobility. The In composition in the InxGa1-xAs 
layer underlying the Ge layer (see Fig. 1a) determines the 
amount of tensile strain in Ge, and a lower In composition 
results in a lower lattice mismatch between Ge and InxGa1-xAs, 
resulting in a lower tensile strain. At In compositions below 10 
% (the tensile strain is ~ 0.3 %), the enhancement of the material 
properties of Ge is insignificant. At such low tensile strain 
amount, no appreciable reduction in VTH can be observed due 
to negligible change in the bandgap. Tensile strain also 
improves hole mobility in Ge due to the upward movement of 
the light-hole (LH) band. As the In composition increases, the 
LH band moves upward and starts to dominate over the heavy-
hole (HH) band. Due to the higher density of states (DOS) of 
the HH band, to see a significant improvement in net hole 
mobility gain, the LH band has to move up considerably which 
is possible at higher In compositions. In addition, the choice of 
In composition directly affects the performance of the InxGa1-

xAs n-FinFET and at very low In compositions, the bandgap of 
InxGa1-xAs is very large (~ 1.4 eV at x ~ 1%), which results in 
a high VTH for the n-FinFET, resulting in inoperability at 0.5 V 
CMOS. Furthermore, the electron mobility of InxGa1-xAs 
increases with In compositions, and an appreciable increase can 
be observed in the In composition range of 0.10 < x < 0.55. 
Considering these factors, 0.10 ≤ x ≤ 0.53 is chosen as the 
optimum range for this study to ensure CMOS operability at 0.5 
V supply as well as experimental realizability of such hybrid 
system. To ensure operability (normally-off and ION/IOFF ratio > 
1000), the low bandgap 𝜀-Ge p-FinFET is more sensitive to NCH 

variation and requires a higher doping, and thus the range 
2x1018 cm-3 to 1x1019 cm-3 [17] was selected for this study, as 
discussed below. 

A.  Effect of alloying and doping on InxGa1-xAs n-FinFET  

The In composition affects the InxGa1-xAs channel resulting 
in spectrum of tunable material properties to utilize for the n-
FinFET. A higher In composition results in a lower bandgap in 
InxGa1-xAs as well as higher electron mobility. The lower 
bandgap results in a reduced VTH while the higher electron 
mobility enhances the ION; whereas, a higher NCH increases the 
VTH. Thus, the In composition and NCH act as competing 
mechanisms affecting the device performance in opposite ways. 
Fig. 2 shows the variation of VTH with In composition and NCH 
for L = 100 nm, 60 nm, 40 nm, and 30 nm. For operation of the 
n-FinFET at the desired supply voltage of 0.5 V, it is essential 
that the VTH be well within this range, thus the region shown in 
red (low In, high NCH) and in blue (high In, low NCH) render the 
device inoperable due to high VTH and low VTH, respectively. 
The InxGa1-xAs n-FinFET shows an excellent ION/IOFF ratio for 
a wide range of In compositions and NCH, as shown in Fig. 3(a), 
indicating suitability for ultra-low power applications. At high 
In of 53 %, the bandgap of InxGa1-xAs decreases significantly, 
resulting in much higher IOFF. Due to the increase in electron 
mobility with increasing In composition in InxGa1-xAs, the ION 
increases, but the increase in IOFF is much more severe, resulting 
in an overall degradation in ION/IOFF ratio. There exists a trade-
off between the leakage and the drive strength for the InxGa1-

xAs n-FinFET. For In = 10 % with L = 40 nm, IOFF is ~ 8 pA/µm 
and becomes ~ 20 nA/µm at In = 40 %, indicating a 2500× 
increase in IOFF. On the other hand, the ION is ~2 µA/µm at In = 
10 % and becomes 135 µA/µm at In =40 %, indicating a 67.5× 
increase in ION. Although the device can now drive larger loads 
faster due to high ION, the IOFF has increased drastically resulting 
in a decrease in ION/IOFF ratio as seen in Fig. 3(a).  

Approaching shorter gate lengths is expected to exacerbate 
SCE as the L is varied from 100 nm to 30 nm. Fig. 3(b) and (c) 
show the SS and DIBL as a function of In and NCH, respectively. 
The long channel devices remain immune to SCE and this can 
be seen by the blue-contours in Fig. 3(b) and (c) indicating low 
values of SS and DIBL. Furthermore, it is seen that the 
performance of short channel devices is more sensitive to 
variations in In composition and doping compared to long 
channel devices. With increasing In composition, the IOFF 
increases significantly, resulting in higher leakage and a hence 
a degraded SS as seen in Fig. 3(b). The shift in the contours 
toward the top-left corner in Fig. 3, indicates that a higher NCH 
is required to mitigate the SCE, thus improving DIBL and 
ION/IOFF ratio at a channel length of 30 nm. Additionally, in 
device configurations having high In and low NCH (see, bottom-
right corners in Fig. 3), the SCE dominate the device 
performance, as seen through the degradation of SS and DIBL. 
Further length scaling is possible through reduction of W and 
corresponding improvement in electrostatic control. Based on 
the results shown in Fig. 2 and 3, the optimum NCH of 5x1017 
cm-3 is used for further analysis. At this NCH, the InxGa1-xAs n-
FinFET shows excellent CMOS operation and performance at 
0.5 V. 

 
Fig. 4. Effect of In composition and NCH on the VTH of 𝜀-Ge p-FinFET at 
channel lengths of 100 nm, 60 nm, 40 nm, and 30 nm. 
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B.  Effect of alloying and doping on 𝜀-Ge p-FinFET  

The In composition in InxGa1-xAs indirectly creates a 
spectrum of properties through the tensile strain in Ge (bandgap 
and hole mobility). The hole mobility increases and the 
bandgap decreases with increase in tensile strain in Ge [9], 
resulting in an increase in ION and IOFF. Also, the absolute 
leakage in 𝜀-Ge is expected to be higher than InxGa1-xAs as the 
bandgap is lower in Ge, resulting in a lower ION/IOFF ratio. Fig. 
4 and 5 show the interplay between the competing variables, In 
composition and NCH, and their effect on device performance. 
A relatively low NCH has the advantage of reduced impurity 
scattering but results in low VTH, as shown in Fig. 4 and reduced 
ION/IOFF ratio, as shown in Fig. 5(a). With increasing In 
composition, the bandgap of Ge reduces, resulting in lower 
ION/IOFF ratio. Thus, warranting a careful optimization of the Ge 
p-FinFET channel doping and In composition in order to obtain 
the desired operability and performance. Devices with channel 
length of 30 nm and 40 nm require a higher NCH to mitigate the 
degradation of DIBL, SS, and ION/IOFF ratio due to length 
scaling. The SS, DIBL, and ION/IOFF ratio at lower NCH degrade 
more rapidly with increasing In composition due to increased 
SCE, as seen through the SS and DIBL variation in Fig. 5(c) 
and (d), respectively. The SS indicates the switching Due to the 
low bandgap nature of Ge, along with a realistic interface trap 
density, to maintain normally-off operation with a good ION/IOFF 
ratio for p-FinFET, high NCH as well as a large work function 
metal are needed. The TiN gate metal work-function of 4.5 eV 
was selected here to provide a higher ION/IOFF ratio and VTH and 
reduce the requirement of high NCH (exotic gate metals can 
relax this dependency further). For optimum p-FinFET design, 
the device performance i.e., VTH < 0, ION/IOFF ratio > 1000 as 
well as low SS and DIBL should be achieved while keeping 
NCH as low as possible (here, NCH of 6x1018 cm-3 is chosen). 
Moreover, a high NCH can mask the benefits obtained due to QC 
such as VTH and ION/IOFF ratio improvement as discussed below. 

IV.  IMPACT OF FIN SCALING: QUANTUM CONFINEMENT  

Device geometrical parameters of the n- and p- FinFETs have 
a considerable effect on their operability as CMOS devices. 
Here, we have analyzed the effects of channel geometrical 
parameters for experimentally validated choices of fin length 
and width [12]-[14],[17],[18] and extended the predictions to 
scaled dimensions up to 6 nm, which corresponds to the N5 
node [19]. From Fig. 2-5 a significant shift in contours can be 

observed in ION/IOFF ratio, SS and DIBL while transitioning 
from L = 60 nm to 40 nm, indicating a transition point (~ 50 
nm) to short channel regime. This transition point is in 
agreement with experimentally demonstrated InxGa1-xAs n-
FinFETs with L = 50 nm [18]. The effect of fin width scaling 
and AR on the performance of long channel (100 nm) and short 
channel (30 nm) devices is shown in Fig. 6(a-d) for the InxGa1-

xAs n-FinFET and Fig. 6(e-h) for the 𝜀-Ge p-FinFET, while 
keeping the In composition and tensile strain in Ge fixed at 20 
% and 1.3 %, respectively. The effect of QC on the performance 
is clearly different between the two devices, and its dependence 
on NCH is seen in Fig. 6(i) and (j) for -Ge p-FinFET. 

A.  Effect of fin width and AR on the InxGa1-xAs n-FinFET  

The VTH of long channel (100 nm) InxGa1-xAs n-FinFET is 
high, and nearly invariant to fin width and aspect ratio as seen 
in Fig. 6(a). Note that there exists a small increase in VTH (< 10 
mV over 40 nm of width scaling) due to QC of inversion 
charges, but is not visible in the contour. Fig. 6(b) shows that 
the lower-left corner which corresponds to a narrow fin 
provides a much higher ION/IOFF ratio than wider fins in the 
upper-right corner. This ~ 10× improvement in ION/IOFF ratio is 
attributed to the small increase in VTH. Consequently, the 100 
nm device shows little variation of SS (~ 80 mV/dec) and DIBL 
(~ 30 mV/V) with fin width and aspect ratio, as shown in Fig. 
6(c) and (d), respectively, as these metrics have approached 
their lowest possible values in this simulation framework. For 
short channel device (30 nm), the VTH increase is evident for 
narrow W owing to the QC effect [20], which results in gradual 
increase in ION/IOFF ratio (Fig. 6(b)) as well as gradual decrease 
in SS and DIBL (Fig. (c) and (d)). The benefit of QC can be 
seen through the gradual improvement of the InxGa1-xAs n-
FinFET performance with W scaling. The relative impact of QC 
on the device performance is amplified in the 30 nm device 
compared to the 100 nm device owing to increased SCE. Thus, 
the InxGa1-xAs n-FinFET provides optimum low-power CMOS 
performance for the 100 nm and 30 nm channels for fin width 
down to 6 nm, indicating suitability for the ultra-scaled N5 
node. Higher aspect ratio (i.e., taller fin) is seen to provide a 
boost in ION thus providing a better drive strength, but the 
increase in IOFF (due to a small decrease in VTH) results in a 
nearly constant ION/IOFF ratio. The electrostatic control over the 
fin shaped channel is determined by the ability of the two 
vertical (each side of the fin) and one horizontal (top of the fin) 
gates. A good electrostatic control implies that these gates are 

 
Fig. 5. Effect of In composition and NCH on the (a) ION/IOFF ratio, (b) SS and (c) DIBL of 𝜀-Ge p-FinFET at L = 100 nm, 60 nm, 40 nm and 30 nm. 
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able to invert the channel with a minimal applied gate bias. Each 
gate is able to deplete and consequently invert a portion of the 
channel. A large number of charges in the fin are depleted 
provided the fin is narrow, and making the fin taller (i.e., 
increasing AR) is not expected to improve the electrostatic 
control in the form of SS, DIBL and ION/IOFF ratio as the fraction 
of depleted charges remains the same (~ 1). This trend is clearly 
visible in Fig. 6(b), (c) and (d), implying that the aspect ratio 
does not affect the SS, DIBL and ION/IOFF ratio in a significant 
way for the InxGa1-xAs n-FinFET. 

B.  Effect of fin width and AR on -Ge p-FinFET  

The 𝜀-Ge p-FinFET experiences multiple physical 
mechanisms such as (i) strain induced bandgap lowering, (ii) 
strain induced hole mobility enhancement, (iii) QC due to 
narrow width, (iv) high charge density, and (v) dopant induced 
bandgap narrowing. These affect the performance significantly 
resulting in complex contours seen in Fig. 6(e-h) compared to 
InxGa1-xAs n-FinFET. An interesting transition in the ION/IOFF 
ratio, SS and DIBL occurs in the 𝜀-Ge p-FinFET with reduction 
in fin width due to two competing phenomena: QC and charge 
reduction, as discussed below (Fig. 6(e-h)). 

C.  Quantum confinement in narrow fins and performance at 
the N5 node 

In FinFETs, there are two fin width dependent phenomena, as 
indicated above, which compete to modulate the channel 
charges. QC of inversion charges in the fin causes a shift in the 
inversion charge peak away from the oxide-channel interface 
resulting in reduced interface scattering for real devices. This 
results in an additional capacitance in series with the oxide 
capacitance, resulting in a higher VTH as well as an 
improvement in SS, DIBL and ION/IOFF ratio [21][22]. The shift 
in VTH due to QC, increases with decrease in effective mass and 

channel thickness [21][23]. Thus, the effect of QC is more 
dominant in InxGa1-xAs than in Ge, due to much lower effective 
mass [24]. These trends can be clearly seen in Fig. 6(a-d) for 
the InxGa1-xAs n-FinFET as its performance is solely 
determined by the dominant QC effect. The other mechanism 
affected by fin width scaling is the reduction in volume charges. 
Due to this mechanism, it is expected that the VTH reduces in 
both the devices (n- and p-channel FinFET), indicating a better 
electrostatic control (improved SS and DIBL). Corresponding 
to the VTH reduction, the IOFF increases, thus reducing the 
ION/IOFF ratio. The relative impact of this mechanism is 
governed by the charge density which is determined by NCH. 
Thus, this mechanism will have an effect on the electrostatic 
control and leakage of the FinFET for moderate-to-high NCH. 
The dependence of VTH on W can be visualized using an 
approximate relation given by,  
 

𝑉 ு ൌ 𝑉 ு௜ ൅
௤ே಴ಹ ௪೏ 

஼೚ೣ
൅  ∆𝜑ொெሺ𝑊ሻ          (1) 

 
where, ∆𝜑ொெሺ𝑊ሻ is derived using Schrödinger-Poisson 
equations [23] assuming an undoped channel, and 𝑤ௗ is the 
depletion width (for scaled fins 𝑤ௗ ≅ 𝑊). For highly doped 
channels, the second term (charge effect) dominates resulting in 
a steady fall in VTH with decreasing fin width for a fixed aspect 
ratio. The third term (QC effect) is independent of doping and 
has an exponential rise with decreasing W [23]. Thus, for 
intrinsic/undoped/low-doped fins (here, InxGa1-xAs n-FinFET), 
the third term corresponding to the QC effect dominates 
resulting in gradual performance improvement governed by QC 
(Fig. 6(a-d)), down to W = 6 nm where the VTH becomes higher 
than 0.5 V. For devices which utilize materials having low 
bandgap (here, ε-Ge p-FinFET), a significant NCH or an exotic 
gate metal work function are two ways to ensure a normally-off 

Fig. 6. Effect of W (6 nm to 40 nm) and AR (0.5 to 5) on the operability and performance of (a-d) InxGa1-xAs n-FinFET and (e-h) 𝜀-Ge p-FinFET for long and 
short channel devices. (i) The transition from QC to charge dominated regime is seen through the variation of VTH (solid) and ION/IOFF ratio (dash-dash) for 𝜀-Ge 
p-FinFET with W for undoped and doped channels for ultra-scaled channel length. (j) The predicted performance at the N5 node for In composition of 20 % and 
corresponding tensile strain of 1.3 % in Ge. (k) Transition between QC and charge dominated regimes for scaled FinFETs having doped fins. 
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operation with a decent ION/IOFF ratio, each of them having their 
own trade-offs. Due to the high NCH, neither of the two terms 
from Eq. 1 can be ignored. As these two terms compete, VTH 

will have different gradients depending on which term 
dominates at the particular value of W. For the value of NCH = 
6x1018 cm-3 selected here for the ε-Ge p-FinFET, the QC term 
is able to slow down the decrease of VTH with W due to charge 
reduction, but not completely offset it. Thus, a nearly 
monotonous decrease in VTH is observed in Fig. 6(e). On further 

inspection, ቚ
ௗሺ௏೅ಹሻ

ௗௐ
ቚ which indicates the rate of VTH decrease, 

slows down owing to the QC term. Furthermore, QC results in 
better electrostatic control resulting in reduced IOFF [22]. This 
results in a gradual rise in ION/IOFF ratio down to a specific width 
as seen in Fig. 6(b).  

We predict that there exists a specific fin width associated 
with the transition between the charge dominated device 
operation and the QC dominated regime. Here, this transition 
width (WT) is defined as the maximum fin width at which all 
metrics (ION/IOFF ratio, SS and DIBL) approach a peak. Below 
WT, the device is governed by the charge term (rapid decrease 
in VTH) as well as punch through associated with reduced 
separation between the depletion regions under each gate, thus 
the ION/IOFF ratio drops with further scaling. The SS and DIBL 
also reduce gradually due to the QC effect [22] down to the WT. 
Below WT, the effect of QC is masked by the large charge 
density. Initially, the punch through degrades the SS and DIBL 
[22], upon further scaling the charge volume reduction 
dominates, improving SS and DIBL (Fig. 6(e) and (f)). This 
indicates that for low bandgap channel based FinFETs utilizing 
high NCH, there exists a small window of scaled fin widths (~ 
10 nm), where the SS and DIBL improve in-spite of punch 
through effect, and the ION/IOFF ratio continues to degrade. 
Furthermore, due to the significant charge density as well as QC 
resulting in shifts in relative strengths of the two effects, there 
exists a strong dependency on the aspect ratio compared to the 
InxGa1-xAs n-FinFET. This can be seen as peaks in ION/IOFF 
ratio, SS and DIBL for the ε-Ge p-FinFET (Fig. 6 (f-h)). Thus, 
a proper choice of aspect ratio as well as W is crucial for CMOS 
operability and performance of the ε-Ge p-FinFET. These peaks 
occur due to the two competing mechanisms discussed above. 
Ignoring the peaks (no effect of QC), the SS and DIBL can be 
improved up to their physical limits provided the fin width is 
scaled well below ~ 6 nm, which adds more process complexity. 
In doing so, serious degradation in VTH and ION/IOFF ratio 
renders the device inoperable. Hence, with width scaling in a 
charge dominated device, there exists a tradeoff between device 
operability (VTH and ION/IOFF ratio) and device performance (SS 
and DIBL). For an AR=1, the material parameters (tensile strain 
and NCH) of the 𝜀-Ge p-FinFET demonstrated here are such that 
WT occurs in the vicinity of ~ 20 nm (Fig. 6(f-h)), whereas the 
InxGa1-xAs n-FinFET has WT well below 6 nm (Fig. 6(b-d)). 
This implies that the InxGa1-xAs n-FinFET can benefit from 
scaling down to ~ 6 nm, up to the fin width where VTH goes 
beyond 0.5 V. For devices which can perform well in terms of 
all the metrics with intrinsic/undoped channels (here, InxGa1-

xAs n-FinFET), the WT can approach to sub-nm dimensions. 
Such an architecture can benefit from scaling for almost all 
realistic feature sizes (down to WT) as the QC is able to offset 
the charge reduction effect.  

The QC effect is offset by the significant charge density, 
resulting in a reversal of the trend between VTH, ION/IOFF ratio, 
SS and DIBL. This inverted trend between the electrostatic 
control and the ION/IOFF ratio over a short window is opposite to 
that of QC effect. The trend is further evident as shown Fig. 6 
(i), where the effect of channel doping and QC is visible. The 
device with high doping (6x1018 cm-3) operates in the charge 
dominated regime (solid blue) and the QC is not able to offset 
the VTH reduction with W (see Eq. 1). The device with undoped 
channel (solid green) shows a steady rise in VTH with 
decreasing fin width owing to QC and the WT approaches sub-
nm range. In spite of the disadvantages, in this scenario, a high 
doping may be selected to get an ION/IOFF ratio > 1000 and 
normally-off operation. It is desirable to have WT equal or less 
than the minimum feature size realizable during 
photolithography, in order to completely utilize the benefits of 
scaling. This transition width depends on the volume of charges 
to be inverted within the channel as well as the QC gate 
capacitance associated with each gate, and the relative strengths 
of these two phenomena. Only a representative understanding 
of their contributions can be judged from Eq. 1. A detailed 
numerical analysis of the 3D geometry (i.e., AR, W) based on 
quantum-corrected and experimentally calibrated models as 
shown in Fig. 6 estimates this intricate dependency. Similar to 
the InxGa1-xAs n-FinFET, the VTH of Ge p-FinFET (as shown in 
Fig. 6e) is nearly independent of the AR but the electrostatic 
control (SS, DIBL and ION/IOFF ratio) depends on the relative 
magnitudes of the two competing phenomena (i.e., QC and 
charge reduction). At the transition point ~ 20 nm in Fig. 6(f-
h), the peak values of SS, DIBL and ION/IOFF ratio will occur, 
but the absolute value of the peak will be AR dependent as the 
two competing mechanisms are strong functions of device 
geometry. Thus, WT can prove to be a critical parameter for 
future investigations in novel high mobility and low effective 
mass materials as channel for multi-gate devices. Furthermore, 
this system shows excellent CMOS operability and 
performance at the scaled N5 node, as shown in Fig. 6 (j). In 
addition, Fig. 6 (k) shows the transition in design consideration 
between QC and charge dominated regimes for scaled 𝜀-
Ge/InxGa1-xAs FinFETs while highlighting the performance 
tradeoffs. 

V.  CONCLUSION 

The performance trends of a monolithically co-integrated 
hybrid CMOS system, where 𝜀-Ge for p-FinFET and 
underlying InxGa1-xAs layer for n-FinFET, were investigated in 
the context of dimension scaling, material parameters and the 
effect of QC. This hybrid system utilizes the benefits of 
experimentally realistic metamorphic (InxGa1-xAs/InxAl1-xAs) 
and pseudomorphic (-Ge/InxGa1-xAs) heteroepitaxy to create 
high performance complementary devices, suitable for 0.5 V 
CMOS operation. The In composition in InxGa1-xAs layer 
determines the tensile strain and device performance in Ge p-
FinFET. The device metrics (VTH, ION, IOFF, SS, and DIBL) have 
a strong interdependent relationship with material and 
geometrical parameters. Based on these findings, we define a 
unique transition fin width (WT) associated with QC, at which 
the performance is optimum and below WT, the advantages of 
fin scaling are diminished. The 𝜀-Ge p-FinFET and InxGa1-xAs 
n-FinFET exhibited this WT in the vicinity of 20 nm and well 



 7

below 6 nm, respectively. The design considerations for devices 
operating on either side of WT vary drastically. This transition 
width can enable better assessment of scaling performance of 
future material and device solutions for feature sizes 
approaching sub-nanometer range. Furthermore, this system 
showed excellent performance at the N5 node indicating 
suitability for applications such as low-power logic, RF and 
optoelectronics while being experimentally feasible.  
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