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Abstract— Novel strain-engineered staggered gap
Ge/InyGaj_,As heterojunction tunnel FETs (H-TFETs) are
proposed and theoretically evaluated. Modulation of the indium
alloy composition at the source—channel heterointerface resulted
in 18.6x and 16.9x enhancement in IoN for n- and p-channel
Ge/InyGaj_,As H-TFETs, respectively, as compared with
strained Ge homojunction TFETs (pT-Ge/i-Ge/nT-Ge). The
n-type H-TFETs (pT-Gefi-InyGaj_,As/nT-InyGaj_,As) exhi-
bited superior leakage suppression due to a larger tunneling
barrier at the channel-drain interface. Moreover, the p-type
H-TFETs (nt-In,Gaj_,As/i-Ge/pT-Ge) demonstrated a sig-
nificant enhancement in Ion due to an unequal shift in the
conduction band edge as a result of doping-induced bandgap
narrowing. The simulated tensile-strained Ge/InyGaj_,As
H-TFETs show a great promise for ultralow-power switches
with high ON-state and low OFF-state current, providing a new
path for low-power complimentary TFET logic.

Index Terms— Ge/InGaAs heterojunctions, InGaAs, strained
Ge, tunnel FETs (TFETs).

I. INTRODUCTION

HE aggressive scaling of silicon (Si)-based nanoscale

transistor technology has led to an unprecedented
performance enhancement, while facing several technical
challenges to reduce the active power dissipation and OFF-state
leakage current. Tunnel FETs (TFETSs), operating in the
band-to-band tunneling (BTBT) mechanism, are being inves-
tigated as a potential candidate to obtain steep subthreshold
swing (SS) characteristics, and thereby greatly reducing
the static power consumption through low supply voltage
device operation. Recently, narrow bandgap materials, such as
group III-V [1], [2] and germanium (Ge) [3]-[5], have been
comprehensively studied for high-performance TFET
applications. Heterojunction TFETs (H-TFETs) fabricated
from Ge on GaAs [6] and relaxed Ge on Ings53Gag47As [7]
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have also been demonstrated. Of particular interest for
the future H-TFET architectures, biaxial tensile-strained
Ge (e-Ge) epitaxially grown on III-V template [8] provides
a method for achieving high ON-state current (/ox) through
the conversion of Ge from an indirect-to-direct bandgap
semiconductor, and thus resulting in an enhanced tunneling
probability.

Recently, we have demonstrated the integration of device
quality e-Ge on In,Gaj_,As virtual substrates by sepa-
rate solid source molecular beam epitaxy chambers for
III-V and Ge, connected through an ultrahigh vacuum transfer
chamber [8]. In this paper, we have investigated the role
of strain and indium (In) alloy composition on the device
performance of Ge homojunction (homo-TFETs, p*-Ge/
i-Ge/nT-Ge) and Ge/In,Ga;_,As H-TFETs in I'-I' BTBT
(strain > 1.5%). Using computer-aided design software
(TCAD Sentaurus), we demonstrate a significant strain-
dependent enhancement in /oy current for both n- and p-type
Ge H-TFETSs. Moreover, we show that a combination of strain
and strain template In composition in In,Gaj_,As result in
the highest reduction of effective tunnel barrier height (Ep,;)
for Ge-based H-TFET architectures, allowing for an increased
tunneling probability, which further enhances in Ioy current
and a decrease in SS.

II. DEVICE STRUCTURES AND PHYSICAL MODELS
A. Band Alignment and Quantum Confinement

Staggered gap band alignment is the core of
e-Ge/ln,Ga;_,As H-TFETs. The effect of the quantization
and the heterojunction band alignment was included in our
model. For ¢-Ge/In,Gaj_,As heterointerface, we employed
30 x 30 k - p model [9] to the energy band structure of
in-plane biaxial tensile-strained Ge (001). Fig. 1 shows the
calculated conduction and valence band shifts with in-plane
biaxial tensile-strained Ge (001). With increased tensile strain,
the lowest conduction energy in L- and I'-valley crossed
over at ~1.5% strain, which is an excellent agreement with
the previous reported value [10]. However, high tensile
strain (>1.5%) will provide not only the smaller bandgap but
also the direct bandgap in nature. The advantage for direct
bandgap Ge was to enhance the tunneling probability
by eliminating the phonon from the tunneling processes.
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Fig. 1. Calculated conduction and valence band shifts with in-plane biaxial
tensile-strained applied to Ge (001). The bandgap of Ge converts from
indirect-to-direct bandgap with 1.5% biaxial tensile strain.
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Fig. 2. Calculated direct bandgaps (black lines) and electron

affinity (red lines) for Ge (squares) and InGaAs (triangles).

On the other hand, In,Gaj_,As material is a direct bandgap
material system for any composition of In. As a result, this
heterojunction system can provide I'-I' BTBT from e-Ge
to In,Gaj_,As, which was originally L-I' BTBT process
in the Ge homojunction system. In this paper, we have
considered the highly tensile-strained systems (>1.5%)
in our model. We have also used the bandgap relation
E; = 1.456 — 1.5x + 0.4x2 as a function of gallium alloy
composition in InGaAs, and the electron affinity was estimated
using Vegard’s 1aw, y1n Ga;_,As = X ¥mas+(1—X) - xGaas [11].
Fig. 2 shows the calculated direct bandgaps of Ge and
InGaAs, and electron affinity for both materials as a function
of strain.

To simulate improved channel control, a long-channel,
double-gated TFET configuration was utilized in conjunction
with a low effective oxide thickness. Both conduction
and valence band edge shifted due to the quantum
confinement effect in this structure. The influence of
quantum confinement effects, shown in Fig. 3(a) using
Nextnano3, on device performance, was considered [12]. This
Nextnano3 simulator solves Schrodinger—Poisson equation
in 1-D with SiO;/Ge/SiO; structure for 1.5% strain, and a
device band diagram along a 1-D cut perpendicular to gate
electrode is shown in Fig. 3(a) (inset). The new ground state
energies created by quantization effect are located below
and above the original band edges (shown in orange line and
pink line), where AE, and AE, are the conduction and the
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Fig. 3. (a) Band diagram of SiO7/Ge/SiO; (1/10/1 nm) for quantum
confinement simulation. (b) Valance band shift, AE;, and conduction shift,
AE. as a function of strain in Ge and InGaAs channel.

valence band shift, respectively. These energy shifts due to
quantization effect further changed the effective bandgap,
electron affinity, and band alignments. For strained Ge, the
effective mass also changed with different amounts of strain.
Moreover, with increasing strain, AE. and AE, are also
increased further [shown in Fig. 3(b)] due to the decrease in
out-of-plane [001] electron effective mass (., op). The change
in out-of-plane [001] effective mass as a function of strain
amount used in simulation was extracted from [13] and also
listed in Table I.

Utilizing two main mechanisms (i.e., quantization and
strain effect) for band alignment calculation, the schematics
of p-type and n-type strain-engineered Ge/In,Gaj_,As
H-TFETs studied in this paper are shown in Fig. 4(a) and (b),
respectively. The bandgap narrowing (BGN) effect was
also considered in source/drain regions of these tunnel
FET structures. Therefore, the final values of electron affinity
as well as bandgaps of Ge and InGaAs used in this paper are
also listed in Table I. Fig. 4 shows the simulated band diagrams
of the strain-engineered Ge/In,Gaj_;As H-TFETs studied
in this paper including a p-type n™-In,Ga;_,As/i-Ge/p*-Ge
H-TFET [Fig. 4(a)] and an n-type p*-Ge/i-In,Ga;_,As/n*-
In,Gaj;_,As H-TFET [Fig. 4(b)]. The selection in channel
material for each device efficiently leverages the increased
carrier mobilities of both materials (i-In,Gaj_xAs for n-type
and i-Ge for p-type structures). One can find from Fig. 4, the
band diagrams exhibited a staggered (or type-II) band
alignment, and thereby assisting in reduction of Ej and
increase in tunneling probability. Moreover, the presence of
high-strain (>1.5%) within the ¢-Ge layer is expected to
convert the Ge to a direct-gap semiconductor [13],
further enhancing the I'-I" tunneling probability from
e-Ge to In,Gaj_,As.
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TABLE I
SIMULATION PARAMETERS

Parameter Description Value Used Parameter Description Value Used
Gate Length (L,) 40 [nm] Channel Length (L.) 40 [nm]
Body Thickness (ty) 10 [nm] EOT 1 [nm]
Doping, Nyouree=Narain 1x10" [cm-3] Source/Drain Length (Ly,Lp) 30 [nm]
Alinsas 0.0476 [eV] ClinGars 0.0032 [eV]
A 8.15 [eV] Ce 2.03 [eV]
Germanium Strain (%) m; gir (M) Agir (cm?s™) Bgir (MV/cm)
1.5 0.025 1.67¢20 5.25
2.0 0.024 1.69¢20 4.85
2.5 0.024 1.72e20 4.49
3.0 0.023 1.73e20 4.14
Germanium Strain (%) meip (M) mqp (mMo) my e, (M)
1.5 0.043 0.033 0.037
2.0 0.042 0.027 0.037
2.5 0.041 0.022 0.035
3.0 0.040 0.017 0.035
Germanium Strain (%), Electron affinity (eV) Bandgap (eV)
Indium Composition (%) (Ge, InGaAs) (Ge, InGaAs)
1.5,22 4.05,4.25 0.56, 1.15
2.0,29 4.11,4.31 0.46, 1.06
2.5,36 4.16,4.37 0.36, 0.97
3.0,43 421,443 0.27,0.89

1. Pre-factors for the Jain-Roulston band gap narrowing model for n-type InyGa,As [15].
2. Pre-factors for the Jain-Roulston band gap narrowing model for I'-valley Ge [16].

3. Effective mass value, Ay, and Bg;, are extracted from [13].
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Fig. 4. Structural models and simulated schematic band diagrams used in

the numerical device simulation of (a) p-type and (b) n-type heterojunction
(e-Ge/lnyGaj—, As) TFETs.

B. Model and Parameters

For tensile-strained direct bandgap Ge, the direct BTBT
model determining the generation rate per unit volume is

expressed by [14]
Bair
1
7 ) ey

where F (volt/centimeter) is the electric field and P = 2 is
for the direct BTBT transition. Prefactors Agir and Bgi, are
calculated from [13]. In the case of BGN, Jain—Roulston model

G = Agir(F)F exp (—
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Fig. 5. Strain-induced reduction of the effective tunneling barrier height
for (a) n-type and (b) p-type homojunction (¢-Ge) and heterojunction
(e-Ge/InyGaj_, As) TFETs.

was used and expressed as [15], [16]

1/3 1/4
AEBGN,InGaAs = AInGaAs (ﬁ) + CInGaAs (1_8) (2)

N /4 N2
AE =A — — 3
BGN,Ge Ge(ls) +Cce(18) (3)

where A and C are the prefactors.
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TFETs.

In this paper, we have considered double-gated
TFET structures with ultrathin body to gain the ability
of gate control. The channel length (L.) was equal to the gate
length (L) of the device, and the channel was entirely covered
by the gate. Symmetrically doped source and drain regions
were utilized at first in our device simulation that helped us
to understand the unipolar or ambipolar behavior of a TFET
device structure. Synopsys’ Sentaurus TCAD software [17]
was used to simulate the double-gated p-i-n TFET structures
using a Fermi—Dirac statistics model, a drift-diffusion carrier
transport model, a doping-dependent mobility model [18],
Auger and Shockley—Read—Hall generation/recombination
models, a doping-dependent bandgap-narrow model, the
strained density of state mass [19], and the dynamic nonlocal
path BTBT model at 300 K. Table I summarizes all model
parameters used in the TFET device simulation.

III. RESULT AND DISCUSSION
A. Effective Barrier Heights

The most important design parameter for a TFET device is
the effective tunnel barrier height that controls the tunneling
probability and hence the Ion of the device. Thus, the
effective barrier height (Ep,) can be expressed by:
D Epy = (xmGaas + AEBGN,InGaas) — (xGe + E,, Ge) for
n-type and 2) Ep,, = (XmGaas) — (xGe + E; Ge + AEBGN, Ge)
for p-type, shown in Fig. 4, respectively. Fig. 5 shows
Epy as a function of increasing biaxial tensile strain for
n-type and p-type TFETs. Both ¢-Ge-based TFET architec-
tures benefited from strain-induced lowering of Ej,, however,
H-TFETs experienced further reduction in Ej . due to a larger

0.50 10° 10* 10° 10% 10" 10°

-120

Subthreshold Slope (mV/dec)

Current Density (WA/um)

intrinsic band discontinuity at the &-Ge/In,Gaj_,As heteroin-
terface [8]. This band discontinuity can be explained as a
result of increasing In composition into the In,Gaj_, As layers
translating into: 1) increased Ge strain; 2) a lowering of
both &-Ge and In,Ga;_,As bandgaps; and 3) a corresponding
increase in the electron affinity of both materials. As a result,
H-TFETs show superior modulation of Ej,, through strain
engineering. Moreover, the p-type H-TFETs further benefited
from doping-induced BGN in the n-In,Gaj_,As source. The
unequal shift of the band edges in heavily doped In,Ga;j_,As
corresponds to a reduction in Ep,; in the p-type H-TFETS that
is absent in n-type structures due to the intrinsic nature of the
In,Gaj_,As at the source—channel heterojunction.

B. I-V Characteristics

Fig. 6(a) and (b) shows the simulated Ips—Vgs char-
acteristics as a function of overdrive voltage, Vgs—Vorr,
for the n-type and p-type homo- and H-TFETs under 2%
biaxial strain, respectively. The OFF-state leakage current is
matched at 200 pA/um for all devices at Vogr voltage. Both
n- and p-type H-TFETs demonstrated superior Ioy over
similarly strained homo-TFETs. The substantial enhance-
ment in loy was attributed due to the smaller Ej,, at the
source—channel heterointerface in both H-TFETs. Further
enhancement can also be expected for the n-type H-TFETSs due
to the improved electron mobility in the i-In,Ga;_y As channel
as compared with the strained i-Ge channel. Ej . was found
to be 0.55 eV for both homo-TFETSs under 2% strain, whereas
n- and p-type H-TFETs exhibited Ej,, of 0.32 and 0.18 eV,
respectively, resulting in an enhanced tunneling probability.
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Fig. 7. Drain current as a function of gate voltage with two different drain
doping concentrations.

Also shown in Fig. 6(c) and (d) are the SS characteristics for
n- and p-type homo- and H-TFETs, respectively. The SS of
both structures was below 60 mV/decade, which is the
limitation of the conventional MOSFET devices. Moreover,
the SS depends on the device structure and the channel
passivation. Furthermore, the p-type H-TFETs exhibited
enhanced SS reduction due to the lower Ej ., compared with
n-type H-TFETs.

C. Ambipolar Behavior

The n-type H-TFETs exhibited significantly reduced
OFF-state current (Iorr) in comparison with both homo-TFETs
and p-type H-TFETs. This reduction in Iorz is due
to the increased drain—channel tunneling barrier at the
i-In,Gaj_,As/n™-In,Ga|_,As interface in the n-type TFETSs
(higher bandgap for In,Gaj_,As), and thereby suppressing
the ambipolar behavior of the symmetrically doped devices.
Conversely, the i-Ge/pT-Ge channel-drain interface in the
p-type H-TFETs mirrors the &-Ge homo-TFET structure,
and thus indicating that the dominate leakage mechanism
in the p-type H-TFETs results from the ambipolar behavior
of the device during the OFF-state. Moreover, though strain
modulation reduces the ¢-Ge bandgap and reduces Ep
between the source and channel, it can be clearly seen from
Fig. 6(a) and (b) that the lowering of Ej, for e-Ge-based
homo-TFETs drastically reduced Ion/Iorr ratio due to the
ambipolar characteristic, as discussed above.

Asymmetrically doped source and drain were commonly
used for the suppression of ambipolar current in a
TFET structure [20]. Lowered-doping concentration of drain
enlarged the tunnel barrier width and reduced electric field
at channel-drain heterointerface. The tunneling probability
decreased exponentially with increasing tunnel barrier width.
The Ion depends on the BTBT current at the source—drain
heterointerface, so it was less important to change in
drain-doping concentration. Fig. 7 shows the drain
current with two different drain-doping concentrations
(10" and 10'® cm™3) with 2% strain in a p-type H-TFET.
One can find that the [Iorr reduced as the doping
concentration decreased, and meanwhile, the I,y still remains
the same, which is agreement with the mechanism described
here.

D. Performance Evaluation With Different Strains

Fig. 8 shows Ipy as a function of increasing biaxial tensile
strain for the n-type and p-type TFETs. Both homojunction

1.5 2.0 25 3.0 3.5

® Ge EHomo-TF:ET lon

200

800F i S e

ON-State Current, oy (MA/UM)

400 S Sl

1.0 1.5 2.0 25 3.0 3.5

In-Plane Biaxial Tensile Strain (%)

Fig. 8. Strain-induced enhancement of ON-state current for n-type and p-type
homojunction (¢-Ge) and heterojunction (e-Ge/InyGaj_,As) TFETs.

TABLE 11
BENCHMARKING
Lo Ton
Type Vs, Vas SS
Reference (Source/Channel) V) (A (AL (mV/dec)
m) m)
Simulations
Luisier, et al.
’ n-type 245E _
IEDE\;ﬁOO‘) GaSb/InAs 0.5,0.5 5 752 10.6
Sharma, et al. n-tybe
EDL,2014 GaSt/AS 05,05 3E3 235 ~30
[22]
Liu, et al.
4 n-type 6.20E
ACS AMI, 0.5,0.5 378 ~11
2015 [23] GaAsSb/InGaAs -5
This work P‘typgeh(lg/a;“/ & 05,05 1'031E 692 10
A _
. n-type e-Ge 1.33E
This work (3%)/InGaAs 0.5,0.5 % 186 10
Experiments
Zhou, et al. p-type
IEDM, 2012 0.5,0.5 3E-2 180 200
[24] GaSb/InAs
Zhu, et al. GaAs35Sbg ¢s/Ing 1.21E
JAP2012 [25] ,GiagsAs 20,05 73 201 254
Bijesh, et al.
IEDM, OahsonShuclio o505 2 176 >500
2013[26] (D801 AS

and heterojunction ¢-Ge-based TFET architectures benefited
from enhanced strain, however, H-TFETs have a significant
reduction of effective barrier by staggered gap alignment.
Consequently, the n-type H-TFETs showed a stronger depen-
dence of Ioy on strain, as shown in Fig. 8, revealing an
18.6x increase in Ioy for the n-type H-TFETs at
3% tensile strain, whereas similarly strained p-type H-TFETs
observed a 16.9x increase in Ioy. Furthermore, the simulated
n- and p-type Ge/InGaAs H-TFETs have been bench-
marked with reported experimental results for alternative high
Ion TFET device structures, as shown in Table II. One can find
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from Table II that the reported Ge/InGaAs H-TFETs exhibit
superior SS and high Iy at low operating voltages (0.5 V).

IV. CONCLUSION

In summary, we have evaluated the band structure, the SS
characteristics, the modulation of the effective tunneling
barrier height, and the electrical performance of
e-Ge/ln,Gaj_yAs n- and p-type H-TFETs for the first
time using numerical device simulation. The n-type H-TFETs
demonstrated a substantial reduction in leakage current
due to the higher tunneling barrier at the channel-drain
interface. Both n- and p-type H-TFETSs exhibited a significant
enhancement in /Ioy (18.6x and 16.9x, respectively,
at 3% strain) and which was attributed to both increased
in strain and band discontinuities at the &-Ge/In,Gaj_,As
source—channel heterointerface. Furthermore, the p-type
H-TFETs also benefited from a reduced conduction band
offset as a result of doping-induced BGN, and thereby further
reducing Ep,. In addition, point and average SS was reduced
for both H-TFETs as compared with &-Ge homo-TFETs.
Therefore, the Ge-based H-TFETs show a great promise
for low-power complementary TFET logic due to their
ability to leverage improved channel carrier mobilities and a
tunable Ej, . Furthermore, recently demonstrated composition
modulation and strain engineering in Ge/In,Gaj_,As [8]
provides a step toward achieving high drive current and low
leakage Ge/InGaAs TFET devices presented here.
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