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ABSTRACT This article presents a systematic study on the analog and radio-frequency (RF) performance of
type-1I staggered heterostructure p-channel tunnel field-effect transistors (pTFETs) with Ge (Germanium)
channel and different compound semiconductor source. In order to study the figure-of-merits (FOMs) of
analog and RF performances, various Ge-channel pTFETs are designed with Ge, GaAsP, SiGe, and InAlAs
sources. The numerical simulation data show an improvement in the FOMs of analog performance such
as drain current (/j), transconductance (g,), transconductance-generation-factor (g,,/I45), and intrinsic
gain (g,,R,) of the devices with compound semiconductor source compared to Ge-source pTFET devices.
Similarly, an improvement in the RF FOMs such as gate-to-source (Cg,) and gate-to-drain (Cgy) capac-
itances, maximum frequency of oscillation (fyax), and cutoff frequency (fr) is observed for the devices
with GaAsP, SiGe, and InAlAs source compared to Ge-source pTFETs. The simulation results also
show that the common-source amplifiers, designed with Ge-heterostructure pTFETS, exhibit a significant
enhancement in gain and Gain-Bandwidth product of the circuit.

INDEX TERMS Tunnel field-effect transistors, p-type germanium body, RF/analog performance, NQS

effect, device simulation.

I. INTRODUCTION

As the CMOS technology scales down to its ultimate
scaling limit of metal-oxide-semiconductor field-effect tran-
sistor (MOSFET) miniaturization, the power dissipation
and chip area have become critical issues [1], [2]. Thus,
in the current and next generation technology nodes, the
energy efficient devices with low power, high speed, and
high on chip packing density are of great demands [3].
Besides power dissipation, the scaled MOSFET devices
are, also, constrained by the theoretical limit of subthresh-
old swing (SS) of 60 mV/decade of current at room
temperature [4]. This limitation of SS in the conventional
MOSFETs causes a significant increase in the off-state leak-
age current (I,) and power dissipation [2]. In order to,
surmount the limitations of MOSFETs in the next gener-
ation technology node, the tunnel field-effect transistors,

referred to as the “TFETs,” show a great potential to
replace the conventional MOSFETs due to their carrier
injection mechanism by inter-band or band-to-band tunnel-
ing (BTBT) in contrast to the thermal injection of carriers in
MOSFETs [1], [5]. The inter band tunneling provides a large
tunneling barrier for the current carriers in the off-state of
the device and lowers the value of SS bellow 60 mV/decade
at 300K [5], [6]. As a result, the value of I,4 is significantly
lower than that of the MOSFETSs with identical dimensions
resulting in lower power dissipation. However, in the on-
state, the BTBT at the source-channel junction provides on
current (I,,) and higher I,,/l, ratio as required for IC chip
design. In spite of the above described advantages of TFETs,
the silicon (Si) TFETSs suffer from low /,, and therefore, low
operational speed due to their high effective mass and large
bandgap [7]. Hence, the materials with small bandgap (E,)
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are needed to obtain high I,,, [5], [8]. Thus, recently, ger-
manium (Ge) has drawn a lot of attentions to design p-type
TFETs (pTFETs) to achieve higher I, due to its lower val-
ues of bandgap and effective mass and higher value of hole
mobility compared to Si [9]-[13].

Again, in addition to Ge body, the value of [,, can be
further improved by source-channel tunnel-junction engi-
neering. The reported data show that /,, of TFETs depends
highly on the doping levels and abruptness as well as on the
effective bandgap at the source-body tunnel-junction [14].
As the effective band gap decreases, the tunneling barrier
decreases, hence tunneling rate increases, which ameliorate
the on current [15]. This low tunneling barrier source-body
tunnel-junction TFETS can be achieved by using type-II stag-
gered heterojunction [14]. Experimental data show that the
staggered heterostructure TFET devices improve tunneling
probability at the source-body junction [16]-[18]. Though
different heterostructure Ge-TFETs and tunneling mecha-
nisms have been reported to improve the performance of
these devices [8], [12], however, to the best of authors’
knowledge, the study on the analog/RF performance includ-
ing non-quasi-static (NQS) effect of the heterostructure
Ge-TFETs has not been reported. Therefore, in this work,
different staggered heterojunction pTFETs are designed with
GaAsP, SiGe, and InAlAs source and Ge-body and drain to
evaluate the analog/RF performance of these devices [19].

The objective of this article is to evaluate the analog/RF
performance of staggered heterostructure Ge-pTFET devices
and compare that with the Ge source and body, hereafter,
referred to as the “all Ge-pTFET” devices. In order to achieve
this objective, first of all, we have designed different device
structures with Ge-body and Ge, Sij_xGex, Inj_xAlcAs,
and GaAsxPi_x sources. Then we describe the simulation
methodology to generate the static and dynamic characteris-
tics of the devices to extract the relevant device parameters.
The parameters used to evaluate the analog performance
of the devices include drain current (/;), transconductance
(gm), transconductance-generation-factor (g,/I4s), output-
resistance (R,), and intrinsic gain (g,R,). And, the param-
eters extracted to evaluate the RF performance of the same
devices include intrinsic gate-to-source (C,s) and gate-to-
drain (Cgzy) capacitances, gate-to-drain intrinsic resistance
(Rgq), transport delay (t,,), maximum frequency of oscilla-
tion (fyzax), and cutoff frequency (f7). Next, the optimization
technique of the mole-fraction of the selected source mate-
rials is discussed. Finally, the figure-of-merits (FOMs)
for the analog/RF performances of the Ge-body pTFETSs
with Sij_xGeyx, Inj_xAlxAs, and GaAsyP{_x sources are
compared with that of the all Ge-pTFETs.

1l. DEVICE ARCHITECTURE

Fig. 1 shows two-dimensional cross-section of an ideal sym-
metric double gate (DG) pTFET device structure used in this
study. The structure includes two gates each with effective
gate oxide thickness (EOT), #,., channel length, Lgg., n-type
Ge-body with thickness o4y, p+ Ge drain, and n+ source. In
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FIGURE 1. Two-dimensional cross section of an ideal double gate pTFET
device structure. In the figure, t5,4, is the thickness of the n+ source,
n-type Ge body, p+ Ge drain, and oy is the gate oxide thickness. Different
devices are designed using Ge, Sij_xGex, Iny_yAlxAs, and GaAsxP;_x
source materials.

TABLE 1. Values for technology parameters.

Parameters Values
N* Source Doping, N, 1x10% cm
N Body Doping, N 1 x10" cm™
P* Drain Doping, N, 5x10"% cm™
EOT (¢,1) 1.2 nm
Gate Metal Work Function 4.7 eV
Gate Length, Lgye 50 nm
Body Thickness, oy 25 nm

this study, different p-type TFETs with Ge-body and Ge p+
drain are designed with different compound semiconductors
(GaAsP, SiGe, and InAlAs) as n+ sources. The technol-
ogy parameters used in device design are listed in Table 1.
Typically, TFETs have equal source and drain concentra-
tion, however, in this study p+ drain doping concentration
(5 x 10'® cm™3) is kept lower than the n+ source doping
concentration (102° cm™3) to combat the reverse tunneling
of electrons at drain/body junction for positive gate bias
(ambipolar conduction) [20]. During numerical simulation,
very low body doping concentration of 1 x 10'® cm™3 is
used to inhibit random dopant fluctuations. We have assumed
ideal TFET device structures with abrupt source-body and
drain-body junctions.

The technology parameters shown in Table 1 are used
to generate heterostructure Ge-pTFETs with different source
materials for numerical device simulation using common-
gate configuration. The devices are then appropriately biased
to investigate the improvement in [,, compared to all
Ge-pTFETs. Then the RF performances of these heterostruc-
ture TFETs are, also, analyzed to assess the feasibility
of heterostructure Ge-pTFETs in RF applications [20]. The
voltages applied to the gate and drain electrodes with ref-
erence to the source are Vg and V,, respectively. The
simulation methodology is described in Section III.

11l. SIMULATION METHODOLOGY

In this study, the Sentaurus technology computer-aided
design (CAD) tool is used for simulation of the devices
described in Section II [21]. In the simulation process,

1203



ELECTRON DEVICES SOCIETY

GHOSH et al.: HETEROSTRUCTURE Ge BODY pTFETs FOR ANALOG/RF APPLICATIONS

the drift-diffusion carrier transport model along with dop-
ing dependent Masetti mobility model is used to include
the effect of impurity scattering. The tunneling current is
determined by Kane’s non-local BTBT model [22]. The
drain current I, obtained by volume integration of the
band-to-band generation rate (Gypy) is given as [23]

Iys = 11/ GppdV (D

The expression for Gpy as a function of energy band
gap (Eg) and maximum applied electric field (E) at the
source/body tunnelling junction is given by [23]

|E|2 E3/2
Gy = A——exp| —B—4— )

VE; E]

In Eq. (2), A and B are the parameters that can be optimized
to account for the effective mass of a material. We also, have
used Shockley Read Hall (SRH) generation-recombination
model to compute the active carrier life time and high-field
model to account for velocity saturation of carriers. The
grid spacing of the simulation structure for numerical device
simulation is optimized considering the trade-off between
the accuracy of simulation results and convergence [24].
Since GaAsP, SiGe, and InAlAs have considerable lattice
mismatch with Ge-body TFETs, the strain induced defor-
mation potential model MLDA is used to consider the strain
induced effect due to lattice mismatch at the tunnelling junc-
tion. Furthermore, the MLDA, also, models the structural
confinement [2], [5] at the semiconductor-oxide interface
and surface quantization effects. All simulation is performed
at ambient temperature, 7 = 300 K.

For Ge-TFETs device simulation, the default physical
constants implemented in Sentaurus device CAD tools are
inadequate to achieve accurate simulation data. Therefore,
some of the most critical physical parameters are used
from the experimentally verified reported data [25], [26] as
presented in Table 2.

Using the above described models and physical constants,
the device simulation is performed to generate current-
voltage (/—V) and capacitance-voltage (C—V) characteristics
of Ge-pTFETs with different source materials under differ-
ent biasing conditions. From the simulation data, the analog
FOMs are extracted at gate voltage (V) varying from O to
— 1.1 V at a constant drain voltage, Vs = —0.8 V. And, RF
FOMs are extracted at Vgg = —1.1 V and V4o = —0.8 V. In
this article, the value of threshold voltage (Vi) is extracted
from the Iy — Vg plots at Vg = —0.8 V and Iy of
10_7(A/um); the value of I,, is extracted at the biasing
condition, Vg = —1.1 V and Vg = —0.8 V; and Iy is
extracted at Vog =0 and Vg = —0.8 V.

Before generating /—V and C—V characteristics, the mole
fraction of each compound semiconductor source material is
optimized to achieve best I,,/l,; ratio and average SS of
Ge-pTFET devices as described in Section IV.
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TABLE 2. Values of simulation model parameters [25], [26].

P Values
ara Definitions Units
meters electrons holes
talmin 0 0 s
talmax SRH Doping- and 4x107° 4x107° s
Neer gempzrat?re' 10% 101 em’
Y cpencen 0.85 0.85
T Parameters 15 15
¢ (Scharfetter) - -
Teoetr 2.55 2.55 -
By 0 0 eV
Wimint 60 60 cm?/Vs
Minin 0 0 cm’/Vs
0 Mobility due to 20 40 cm?/Vs
Pe Impu_rlty Scattering 107 ]96.23 x10 em®
(Doping
Cr Dependence) 8x10'° 2x10"7 cm?
Cs 3.43x10% 10% cm?
A 0.55 0.55
B 2.0 2.0
High lateral field
mobility 5 5
Vaato (HighField 6x10 6x10 cm/s
Dependence)
Mobility cm’ V!
Hmax due to Phonon 3900 1900 s
Scattering
exponent  (Constant 2.5 22
Mobility)
B 1.993x10° cm/s
513v7-
c 4.875x10° em' V
s
No 1 cm?
A 0.0317
k High Transversal 1 -
Field dependant " cm?/ V.
4 Mobility 1.705%10 s
A (Enormal 15
ol Dependence) 0 em?
NI 1 cm?
v 1 -
2 -l
n 2.0546x10° ¥ s‘?}“
Lerit 10°¢ cm

IV. OPTIMIZATION OF MIOE FRACTION

In order to set an optimized value of mole fraction, x for Ge,
Al, and As of the Sij_xGey, In;_xAlfAs, and GaAsyP;_«
source materials, the simulated values of SS and /,,/I, ratio
are plotted for respective Ge-pTFET as a function of the mole
fraction as shown in Fig. 2. It is observed from Fig. 2(a) that
for Si;_xGex source, as mole fraction increases, the value
of SS increases whereas, I,n/I,f ratio decreases. To achieve
a lower value of SS and a higher value of I,,/I,f ratio,
the mole fraction is fixed at the optimized value of 0.2. For
In;_xAlxAs source, both SS and /,,/I, ratio change rapidly
with mole fraction as shown in Fig. 2(b). Therefore, a mod-
erate value of x = 0.4 is set for Al mole fraction to achieve
the highest possible value of I,,/I,; ratio for the lowest
possible value of SS. For GaAsxP;_x source material, on
the other hand, both SS and /,,/I,4 ratio decreases with the
increase in the value of mole fraction as shown in Fig. 2(c).
Thus, there is a trade-off between SS and I,,/I,f ratio in
selecting a suitable value of x for GaAsyP|_x source. In this
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FIGURE 2. Optimization of mole fraction: mole fraction versus SS and
lon/l 44 ratio for different source materials (a) Sij_xGex, (b) Inj_xAlxAs,
and (c) GaAsxPy_x.
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FIGURE 3. Variation of /4 in logarithmic scale (right y-axis) and in linear
scale (left y-axis) as a function of gate voltage Vgs for 50 nm Ge-body
PTFET with Ge, GaAsP, SiGe, and InAlAs as source material at V45 = —0.8 V.

study, x = 0.2 is set to achieve the highest possible value of
Lon/lof ratio for devices with GaAsyP; x source material.

V. RESULTS AND DISCUSSIONS
A. ANALOG PERFORMANCE
In order to assess the analog performance of the Ge-
PTFETs with Sij_xGey, Inj_xAlxAs, and GaAs,P_, source
materials, the simulated Ij; — Vg data for each device
and the corresponding extracted device parameters, Iz, gm,
gm/las, Ry, and g, R, are compared to all Ge-pTFET device.
Fig. 3 shows the simulated Iz; — Vg characteristics of Ge-
pTFETs with different source materials. It is observed from
Fig. 3 that the heterostructure devices outperform all Ge-
pTFETs with improved I,,. This is because at the same
biasing condition, the tunneling barrier for GaAsP, SiGe,
and InAlAs source devices is lower compared to the all Ge-
PTFETs as observed from the energy band diagrams of the
corresponding devices shown in inset of Fig. 4 obtained at
Vgs = —1.1 V and V4 = —0.8 V. Due to the lower tunnel-
ing barrier of the heterostructure devices compared to all Ge
devices, the electrons from the channel valence band tunnel
into the available states of the source conduction band, thus,
creating holes in the body and a sequential increase in I,,
for GaAsP, SiGe, and InAlAs source devices in accordance
to the tunnelling barrier compared to the Ge source devices.
Fig. 5 shows the variation of g,, and g,/I4s for different
Ge-pTFET devices as a function of gate overdrive voltage
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V4s = —0.8 V. The inset shows the sequential increase in tunneling barrier
for InAlAs < SiGe < GaAsP < Ge source devices.
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FIGURE 5. Variation of gm and gm /I4¢ as a function of gate overdrive
voltage Vgr for 50 nm Ge-body pTFET with Ge, GaAsP, SiGe, and InAlAs as
source materials at Vg = —0.8 V.

Ver(= Vgg— V). It is observed from Fig. 5 that the values of
gmof the heterostructure Ge-pTFETSs are higher than that of
the all Ge-pTFETs. As discussed earlier (inset of Fig. 4), the
heterostructure Ge devices have lower tunneling barrier than
the corresponding homojunction device. As a result, more
electrons tunnel through the source-body junction causing an
increase in the carrier transport through the channel for the
GaAsP, SiGe, and InAlAs source Ge-pTFETs compared to
the conventional all Ge-pTFETs thus, affecting the current
drivability. Consequently, a significant improvement in the
value of g, is observed with decreasing energy barrier of
the tunnel junction of the heterostructure devices (inset of
Fig. 4) over the entire range of Vgr as shown in Fig. 5.

It is, also, observed from Fig. 5 that the values of g,,/I4s
of the heterostructure Ge-pTFETs are higher than the all Ge-
PTFET for low values of |Vg| (|Ver| < 0.3 V). However,
at the higher values of |Vgr| > 0.3 V, the heterostructure
devices, do not show any significant improvement in the
value of g,/Iz over all Ge-pTFETs. These g;,/lss — Vor
characteristics at higher values of |Vgr| is insignificant for
analog performance since the amplification of the analog cir-
cuits is considered to show the best result in the subthreshold
region operation of the devices.
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FIGURE 6. Ry versus Vgs plots for 50 nm Ge-body pTFETs with Ge, GaAsP,
SiGe, and InAlAs sources at Vg4 = —0.8 V. Inset shows the variation of Ro
as a function of Vg7.

Fig. 6 shows the variation in R, as a function of both
Vgs and Vir. As observed in inset of Fig. 4, the tunneling
barrier is the lowest for InAlAs and highest for Ge sources
and varies in the sequence InAlAs < SiGe < GaAsP <
Ge source materials for Ge-pTFETs. Since, the devices
with lower tunneling barrier at the source/body junction
correspond to higher band narrowing, therefore, the band
narrowing also increases in the order of InAlAs > SiGe >
GaAsP > Ge source devices. As band narrowing enhances,
the lateral electric field due to the applied drain bias influ-
ences the tunneling junction more effectively. As a result,
the conductivity (ggs) of the channel increases and satura-
tion behavior degrades proportionately as InAlAs > SiGe
> GaAsP > Ge source devices. Therefore, R, being the
inverse of g4, increases as InAlAs < SiGe < GaAsP < Ge
source devices due to the degraded output current saturation
as shown in Fig. 6. In order to illustrate the variation in R,
at Vgy > Vi, condition with more clarity, the R, versus Vgr
is also given in the inset of Fig. 6.

The variation of g,R, with respect to Vg, for different
source materials is shown in Fig. 7. It is observed from
Fig. 7 that the InAlAs source device has highest value of
gmR, in spite of having lowest value of R, among all the
devices as shown in Fig. 6. This is due to the fact that
for InAlAs source device, g, is very high compared to the
other devices as shown in Fig. 5 and this high value of g,
dominates over low value of R, resulting in highest g, R,
for InAlAs source device as shown in Fig. 7. The inset in
Fig. 6 shows that the SiGe, and GaAsP source devices have
lower value of R, for the entire range of variation in Vgr.
However, for the lower values of Vgr, the higher value of
gm compensates quietly over R, thus, offering higher intrin-
sic gain compared to all Ge-pTFET. Thus, g,,R, increases
gradually in the sequence of Ge < GaAsP < SiGe < InAlAs
as shown in Fig. 7.

B. RF PERFORMANCE

The devices used for analog study are also used for the
RF performance analysis. The RF study includes a detailed
investigation of the set of NQS parameters {Cg;, Cgq,
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Drain

(b) &

FIGURE 8. (a) Equivalent circuit of a pTFET device for the extraction of RF
and NQS parameters: (b) Circuit schematic of intrinsic components;
small-signal equivalent circuit. In the figure, Cgso and C,4, are the bias
independent extrinsic capacitances at the source and drain end of the
device, respectively and Rs and R4 are the source and drain resistances
respectively; Cgs and Cgq are the bias dependent intrinsic capacitances at
the source and drain end of the device, R4 is the bias dependent intrinsic
drain resistance, 1m is the transport delay, and L is the inductance in
order to consider the effect of the 7, in the source-drain admittance.

Rgq, T} along with the set of frequency FOMs (fr, fyax)-
In order to obtain the target NQS parameters and frequency
FOMs, the values of Y-parameters are extracted for the small
signal equivalent circuit shown in Fig. 8 using the following
expressions [27]

Im((Y
Coa = — m(w”) 3)
Cys = Im(¥11) :)-Im(le) @
Re(Y12)
Rog = ———2 5
_— _L<M+ng> ©)
8m w

Before analyzing the intrinsic Y-parameters, the extrinsic
gate to source/drain capacitances (Cggo and Cgy,) and extrin-
sic source/drain resistances (Ry and R;) are de-embedded.
The bias independent extrinsic capacitances Cggo and Cgy,
at the drain and source end, respectively consist of inner
fringing, outer fringing, and overlap capacitances. As RF
analysis is performed in the super-threshold condition, the
inner fringing capacitance becomes zero. In addition, since
in this study, we have considered abrupt source/drain body
junction, the overlap capacitance can be neglected. Hence,
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—x direction outside scale and drain is on the +x direction beyond the
scale.

only the outer fringing capacitance is of significance in
extrinsic capacitances which is derived from the expression
Cor = 2e0x/mIn[1 + 1, /1, ] Where g, is the permittivity of
oxide layer, t, is the gate thicknesses and 7, is the gate
oxide layer thicknesses [5]. The parameters R; and R; of
each device are extracted at Vg = 0 V using the following
expressions [28]

Re(Y11) + Re(Y21)

R¢ = 7

> 7 Im(ry) + Im(Yap) P @
Re(Ya1)

-2 8

T T im(ra)? ®)

Using the above described extrinsic parameters the
Y-parameters are de-embedded following the reported pro-
cedure of [29].

Fig. 9 shows the intrinsic capacitances, Cyy and Cgq ver-
sus frequency plots for Ge-pTFETs with different source
materials. It is observed from Fig. 9 that the value of Cy
and Cgyy are independent of frequency within the range
1 < f < 100 GHz [29]; however, the values are differ-
ent for different source materials. This is because the hole
density is different for Ge-pTFETs with different source
materials for the same biasing condition (Vgs = —1.1 V
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FIGURE 11. Intrinsic transport parameters for 50 nm Ge-body pTFETs with
different source materials at V4 = —0.8 V and frequency 11.8 GHz: (a) m
and (b) Rga-

and Vg, = —0.8 V) due to different tunneling barriers (inset
of Fig. 4). Since InAlAs source device has lowest tunneling
barrier, therefore, has the highest tunneling at the source-
channel tunnel junction and consequently, shows the highest
hole density in the channel as shown in Fig. 10. Thus,
InAlAs-pTFETs device shows highest values of Cgs and Cgy
as shown in Fig. 9. Thereafter, the capacitance decreases
sequentially as SiGe > GaAsP > Ge in proportion to tun-
neling barrier of the corresponding Ge-pTFET devices. The
observed higher value of Cgq than Cg in Fig. 9 is due to the
pinch-off of the inversion region at the source-end; pulling
the inversion region away from the source [30].

It is observed from Fig. 10 that the hole density increases
from low to high value for the source materials Ge, GaAsP,
SiGe, and InAlAs of the Ge-pTFET devices. This enhance-
ment in the hole density results in enhanced scattering. Thus,
due to the direct dependency of carrier mobility on scattering
mechanisms, carrier mobility also degraded in heterostruc-
ture devices. This causes degradation in the transport delay
given by [4]

2
T o Lg

uVer ©)
From equation (9), it is observed that 7, increases with the
decrease in the carrier mobility. Thus, 7, increases from
low to high value with the source materials as Ge, GaAsP,
SiGe, and InAlAs of the Ge-pTFET devices as observed
in Fig. 11(a) due to degradation in the carrier mobility
by enhanced carrier-carrier scattering in the heterostructure
devices. The value of T, affects gate to drain resistance, Ry
of TFET devices.

It is well known that 7, determines the response time
of the channel charge to the input signal and is modelled
by RgiCeq. And, Rgq is the virtual resistance of the chan-
nel caused by the charge coupling between the gate and
drain terminals [27] and is responsible for the delay in
carrier response. As can be seen from Fig. 11(a) that 7,
increases from low to high values for the Ge, GaAsP, SiGe,
and InAlAs source devices. Since resistance of a device
increases with the increase in the carrier delay, as a result,
Rgq increases sequentially for Ge-pTFETs with source mate-
rials in the order of Ge, GaAsP, SiGe, and InAlAs as shown
in Fig. 11(b).The parameters 7, and Ry; are found to be
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FIGURE 12. Variation of f; with drain current for 50 nm Ge-pTFETs with
Ge, GaAsP, SiGe, and InAlAs source materials at Vg = —0.8 V. Inset shows
the variation in maximum value of f; for 50 nm Ge-pTFETs with Ge, GaAsP,
SiGe, and InAlAs as source materials.

200
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FIGURE 13. Variation in maximum value of fy;4x for 50 nm Ge-pTFETs
with Ge, GaAsP, SiGe, and InAlAs as source materials.

independent of frequency [29], however, dependent on the
source materials as shown in Fig. 11.

The use of different heterostructure source materials in
Ge-body pTFETs prominently improves RF performances
in terms of cut-off frequency (fr) and maximum frequency
of oscillation (fyzax). fr being the frequency at unity current
gain, is expressed as [31], [32]

_ _8m
fr= 2 Cygq

(10)

The fyax, which is the frequency at unity power gain, is
given by [32]

8m
2 Cgs\/4(Rs +Ri+ Rg) (gds + nggd/Cgs)

From expression (10), we find that f7 is determined by
the ratio of g, and Cge(= Cgs + Cgg). It is observed from
Fig. 5 and Fig. 9 that the change in Cg, for various source
materials in Ge-pTFET is not so significant for all values
of Vg whereas g, increases rapidly from all Ge devices to
GaAsP, SiGe, and InAlAs source devices. Thus, the change

(1)

fuax =
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FIGURE 14. Variation in the voltage gain (in dB) with frequency for 50 nm
Ge-pTFETs with Ge, GaAsP, SiGe, and InAlAs as source materials. Inset
shows the variation in maximum value of GBW (Gain-Bandwidth Product)
for 50 nm Ge-pTFETs with Ge, GaAsP, SiGe, and InAlAs source materials.

in g, is predominant over the minor change in Cge. Hence,
it is obvious that, fr will increase from all Ge devices to
GaAsP, SiGe, and InAlAs source devices being dominated
by gm as shown in Fig. 12.The fyax is directly dependent
on fr and thus follows the nature of improvement in fr as
shown in Fig. 13.

C. CIRCUIT PERFORMANCE
The circuit performances of Ge-pTFET devices with Ge,
GaAsP, SiGe, and InAlAs sources are analyzed using com-
mon source (CS) amplifier. The voltage gain of an amplifier
is defined by [33]

V()ut

Vin

Ay =

_ (sCep — gm)Rp
RsRpCipCass® + [Rs(1 + gmRp)Cep + RsCas + RpCepls + 1
(12)

Fig. 14 shows the frequency response of the common
source amplifier with 50 nm channel length for all Ge-pTFET
and GaAsP, SiGe, and InAlAs source Ge-body pTFETs of
the same dimension. According to equation (12), in the low
frequency range when w is negligible, the voltage gain is
given by —g,,Rp where Rp is the parallel combination of
load resistance Ry and device output resistance R, As the
changes in both g, and R, with different source materials are
significant enough, they both affect the gain performance.
So it can be derived that the changes in gain with various
source materials will follow the sequence of changes in the
product term of g, and R, that is, g,,R,. In consequence,
it is clear from Fig. 14 that at constant value of Ry for
each circuit, the gain is minimum for all Ge-pTFETs and
maximum for that of InAlAs source Ge-pTFETSs similar to
gmR, as shown in Fig. 7.

VI. CONCLUSION
This article presents a comparative analysis of analog and
RF FOMs of the Ge-body pTFETs with different compound
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semiconductors as source materials and the conventional all
Ge-pTFETs. For the presented device structures, the het-
erostructure pTFET devices with InAlAs, SiGe, and GaAsP
as source materials are found to offer remarkable analog
and RF performances in terms of Iy, gm, gmRo, intrinsic
capacitances, fr, fuax, and GBW product compared to all
Ge-pTFETs. However, the device parameters R,, intrinsic
resistance, and transport delay due to NQS effect tend to
degrade for heterostructure Ge-pTFETs compared to all Ge-
pTFETs. Thus, a proper optimization technique is required
to achieve the best performance of the heterostructure Ge-
pTFETs. This study clearly shows that the performance
of Ge-body pTFETs with different compound semiconduc-
tor as source materials, are comparatively superior to all
Ge-pTFET devices. Thus, the staggered heterostructure Ge-
PTFET devices can be optimized as suitable alternatives for
application specific analog/RF domain.
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