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We investigate germanium-tin alloy (Ge1�xSnx) as a material for the design of tunneling field-effect

transistor (TFET) operating at low supply voltages. Compared with Ge, Ge1�xSnx has a smaller

band-gap. The reported band-gap of Ge0.89Sn0.11 is 0.477 eV, �28% smaller than that of Ge. More

importantly, Ge1�xSnx becomes a direct band-gap material when Sn composition x is higher than

0.11. By employing Ge1�xSnx in TFET, direct band-to-band tunneling (BTBT) is realized. Direct

BTBT generally has higher tunneling probability than indirect BTBT. The drive current of TFET is

boosted due to the direct BTBT and the reduced band-gap of Ge1�xSnx. Device simulations show

that the drive current and subthreshold swing S characteristics of Ge1�xSnx TFETs with x
ranging from 0 to 0.2 are improved by increasing the Sn composition x. For Ge0.8Sn0.2 TFET,

sub-60 mV/decade S is achieved at a high current level of �8 lA/lm. For x higher than 0.11,

Ge1�xSnx TFETs show higher on-state current ION compared to Ge TFET at a supply voltage of

0.3 V. Ge1�xSnx alloy is a potential candidate for high performance TFET composed of group IV

materials. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4805051]

I. INTRODUCTION

The tunneling field-effect transistor (TFET) is a promis-

ing device candidate to overcome the 60 mV/decade

subthreshold swing S limitation of the conventional metal-

oxide-semiconductor field-effect transistor (MOSFET). The

TFET exploits the phenomenon of gate modulated band-to-

band tunneling (BTBT) to achieve a steep S and a high

on-state current ION to off-state current IOFF ratio at a low

supply voltage VDD. TFETs with S below 60 mV/decade

have been demonstrated experimentally,1–6 but achieving ION

comparable with that of state-of-the-art high-performance

complementary metal-oxide semiconductor (CMOS) is chal-

lenging. There have been many research efforts directed at

improving ION of TFETs, and one effective approach

employs band-gap engineering. Materials with smaller band-

gaps, such as germanium (Ge), indium gallium arsenide

(InGaAs), and indium arsenide (InAs), have been used in the

tunneling regions of TFETs to boost ION.5–12 In addition,

direct BTBT is preferred for TFET operation, as tunneling

of electrons from valence band (EV) to conduction band at

C-point (EC,C) without a change in momentum gives rise to a

higher ION than indirect BTBT.13–15 Therefore, a direct

band-gap material is desired for use in TFET device design.

Thus, III-V materials are very suitable for realizing high ION

in TFETs.

It should be noted that the band structure of Ge can be

modified by introducing strain,16 and Ge becomes a direct

band-gap material under high tensile strain. In addition, it is

also possible to incorporate substitutional tin (Sn) in Ge to

form germanium-tin (Ge1�xSnx) alloy. By tuning the Sn

composition x, Ge1�xSnx can be a direct material with a

smaller band-gap than Ge.17–36 Moreover, as a group IV mate-

rial, Ge1�xSnx may be more process compatible or more easily

integrated with silicon-based CMOS technology as compared

to III-V compound semiconductors. These considerations

make Ge1�xSnx an attractive material for TFET device design.

In this work, the device physics of Ge1�xSnx n-channel

TFETs with x varying from 0 to 0.2 is investigated. Based on

electronic band structures calculated by non-local Empirical

Pseudopotential Method (EPM), the BTBT related material

parameters of Ge1�xSnx alloys are obtained. Two-dimensional

(2D) technology computer-aided design (TCAD) simulation

study on Ge1�xSnx TFET is also performed for the first time.

The objective is to examine the potential of high quality

Ge1�xSnx with high Sn composition, which may be realized in

the future, for application in TFETs. Both the direct BTBT

from EV to EC,C and the indirect BTBT from EV to conduction

band at L-point (EC,L) are calculated, which are denoted by

“direct C-C BTBT” and “indirect C-L BTBT,” respectively.

Simulation results show that by employing Ge1�xSnx in

TFETs, an enhancement in drive current and S, as compared

with Ge TFET, can be achieved.

II. EXTRACTION AND CALCULATION OF MATERIAL
PARAMETERS

The band structures of Ge1�xSnx alloys have been stud-

ied both theoretically17–23 and experimentally,24–36 and the

transistor fabrication has been demonstrated.37–40 The

reported Sn compositional dependence of band-gaps at C
and L-point, denoted as EG,C and EG,L, respectively, are

shown in Fig. 1(a). The crossover from indirect-to-direct

band-gap occurs at x¼ 0.06 – 0.11.33–36 In this work, the

crossover from indirect band-gap is assumed to be at

x¼ 0.11 according to Ref. 35. Based on the values of EG,L
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and EG,C from Ref. 35, the form factors used in non-local-

EPM41 were adjusted to reproduce the full band structures of

Ge1�xSnx. The accuracy of the EPM results depends on the

match with reported experimental data and the details of the

calibration or the EPM calculation can be found in Ref. 42.

Due to the introduction of Sn, EG,C and EG,L of Ge1�xSnx

decrease as Sn composition increases [see Fig. 1(a)]. By

varying x from 0 to 0.2, the band-gap reduction at C-point

(DEG,C) is more pronounced than that at L-point (DEG,L),

causing Ge1�xSnx alloy to become a direct band-gap material

when x is 0.11 or larger. This can be observed from a com-

parison between the full band structures of Ge and

Ge0.89Sn0.11, as shown in Fig. 1(b).

In order to perform a simulation of the electrical charac-

teristics of Ge1�xSnx TFETs, material parameters of

Ge1�xSnx such as density-of-states (DOS) effective masses

of electrons and holes, intrinsic carrier concentrations, and

tunneling reduced masses are needed. These parameters can

be calculated based on the effective masses extracted from

the full band E-k plots obtained by EPM.42

The electron effective masses (transverse effective mass

m�e;t and longitudinal effective mass m�e;l in L-valley, isotropic

effective mass m�e;C in C-valley) and hole effective masses

(heavy hole effective mass m�hh and light hole effective mass

m�lh) are extracted directly from the band edges using a para-

bolic line fit. The electron DOS effective masses at C-valley

and L-valley (m�DOS;C and m�DOS;L, respectively) are calculated

as m�DOS;C ¼ m�e;C and m�DOS;L ¼ 42=3ðm�e;tÞ
2=3ðm�e;lÞ

1=3
. The

values of m�DOS;C and m�DOS;L for Ge1-xSnx with x ranging

from 0 to 0.2 are presented in Fig. 2(a). m�DOS;C becomes

smaller with increasing Sn composition, while m�DOS;L shows

negligible dependence on Sn composition. For valence band,

Luttinger parameters c1, c2, and c3 are fitted from full band

E-k by EPM.42 The hole DOS effective mass m�DOS;h is

calculated based on spherically averaged heavy hole (m�HH)

and light hole (m�LH) effective masses as m�DOS;h ¼ ½ðm�HHÞ
3=2

þðm�LHÞ
3=2�2=3

, where m�HH=m0¼½c1ð1�ð6c3þ4c2Þ=5c1Þ��1

and m�LH=m0¼½c1ð1þð6c3þ4c2Þ=5c1Þ��1
.43

The intrinsic carrier concentration ni is given by

ni ¼ NC;L � e�
EC;L�Ei

kT þ NC;C � e�
EC;C�Ei

kT ¼ NV � e�
Ei�EV

kT ; (1)

where Ei is intrinsic Fermi level, NC;L ¼ 2ð2p � m�DOS;L

kT=h2Þ3=2
, NC;C¼2ð2p �m�DOS;CkT=h2Þ3=2

, NV¼2ð2p �m�DOS;h

kT=h2Þ3=2
, k is the Boltzmann constant, T is temperature in

degrees Kelvin, and h is the Planck’s constant. Therefore, ni

can be rewritten as

ni ¼ NV
1
2 NC;L � e�

EG;L
kT þ NC;C � e�

EG;C
kT

� �1
2

: (2)

The ratio of the electron concentration nL at the L-valley

to the electron concentration nC at the C-valley in Ge1�xSnx

alloy is, therefore,

nL

nC
¼ NC;L � e�

EG;L�Ei
kT

NC;C � e�
EG;C�Ei

kT

¼ NC;L

NC;C
� e�

EG;L�EG;C
kT : (3)

The values of ni and the ratio nL=nC at various Sn com-

positions are shown in Fig. 2. The increase of ni with x is

mainly due to the decrease of EG,L and EG,C with increasing

Sn composition. It should be noted that the electron popula-

tion at L-valley is a few orders of magnitude larger than that

at C-valley for 0� x� 0.2. The larger electron population at

L-valley is due to the larger DOS electron effective mass.

The electron occupation ratio nL=nC decreases as x increases,

which is consistent with Ref. 23.

The tunneling reduced mass m�r is an important material

parameter in the calculation of BTBT current. For Ge1�xSnx

TFET, both direct C-C and indirect C-L BTBT current com-

ponents need to be calculated. Direct tunneling reduced mass

m�r;C and indirect tunneling reduced mass m�r;L are obtained

using11,14,44

FIG. 1. (a) Composition dependence of Ge1�xSnx band-gap at C-valley

(EG,C) and L-valley (EG,L) for Ge1�xSnx alloy. Symbols are experimental

data and the lines are obtained from EPM calculations. For Ge1�xSnx alloys

with Sn composition x below 0.11, the conduction band minimum is at

L-point, and the alloy is an indirect band-gap material. For x higher than

0.11, Ge1�xSnx is a direct band-gap material since the conduction band mini-

mum is located at C-point. (b) Full band E-k dispersion for Ge and

Ge0.89Sn0.11. As Sn composition increases, Ge1�xSnx alloy transits from

indirect to direct band-gap at around x¼ 0.11. The differences in band-gaps

at C-point and L-point are highlighted as DEG,C and DEG,L.

FIG. 2. (a) The DOS electron effective mass in the L-valley (m�DOS;L) is

larger than the one in the C-valley (m�DOS;C) for Ge1�xSnx alloys with various

x. (b) The intrinsic carrier concentration and electron occupation ratio versus

Sn composition. For Ge1�xSnx with x> 0.11, although the conduction band

minimum at the C-valley is lower than the one at the L-valley, there are

more electrons in L-valley than C-valley.
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m�r;C ¼ ðm�e;C � m�lhÞ=ðm�e;C þ m�lhÞ; (4)

and

m�r;L ¼ ðm�e;t � m�lhÞ=ðm�e;t þ m�lhÞ; (5)

respectively. The dependence of m�r;C and m�r;L on Sn compo-

sition is shown in Fig. 3. m�r;C is smaller than m�r;L at the

same Sn composition. As discussed later, this contributes to

a larger probability of direct C-C BTBT as compared with

indirect C-L BTBT. It is also found that both m�r;C and m�r;L
decrease with increasing Sn composition.

Other material parameters, such as relative permittivity

and mass density, are calculated by linear interpolation

between the values of Ge and Sn. The electron affinity of

Ge1�xSnx is assumed to be 4.05 eV. The Ge1�xSnx material

parameters used in this work are summarized in Table I.

III. SIMULATION METHODOLOGY

The simulation of Ge1�xSnx TFETs was performed using

our in-house 2D-TCAD simulator which implements a

physics-based non-local BTBT algorithm.45 The algorithm

automatically identifies the tunneling paths using a 2D exten-

sion of Wentzel–Kramers–Brillouin method,46–48 and the

tunneling probability along each path is obtained by integra-

tion. The calculation of BTBT carrier generation rate is based

on the tunneling probability, and the electron concentration at

the starting nodes and the concentration of empty states at the

ending nodes of the tunneling paths. The generation rate is

then captured in the current continuity equation. The current

continuity and Poisson equations are self-consistently solved

using Newton’s iteration method. The algorithm is designed

to be robust, and the converged electrical results have been

shown to be mesh grid independent.45 In the TCAD device

simulation, both direct C-C BTBT and indirect C-L BTBT

were considered simultaneously.

The direct C-C BTBT generation rate (Gdir
BTBT) is

obtained by an integration in energy scale of the BTBT gen-

eration rate for all the tunneling paths. The generation rate

contributed by each tunneling path is calculated based on the

direct tunneling probability (Tdir
Tunnel) and carrier concentra-

tions at the starting and ending nodes of the tunneling path,45

Gdir
BTBT¼

ðEV;max

EC;Cmin

4pqm�DOS;CkT

h3

nCpV�n2
i

ðnCþniÞðpVþniÞ
W �Tdir

tunnel �dE;

(6)

Tdir
tunnel¼ eð�2�

Ð
jjjdrÞ;with j¼ 2p

h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�r;C½VðrÞ�E�

q
; (7)

where E is carrier energy, W is the width of tunnel path, pV

is the hole concentration at the starting node of tunneling at

E ¼ EV at source side, nC is the electron concentration at the

ending node at E ¼ EC;C in the channel region, j is the imag-

inary part of the electron wave vector in the forbidden band-

gap, and VðrÞ � E is the barrier height at position r. The inte-

gration in Eq. (6) is performed from the minimum EC,U

(EC,Umin) to the maximum EV (EV,max).

The indirect C-L BTBT is a phonon-assisted tunneling

process, which involves a change in carrier momentum from

C-point to L-point. The indirect BTBT process has to involve

phonon for momentum conservation, and the BTBT genera-

tion rate is reduced by an attenuating pre-factor.15 The

attenuating pre-factor aph is used to capture the reduction in

BTBT generation rate due to the phonon scattering effect. In

this work, we take the ratio of direct BTBT generation rate

to indirect BTBT generation rate from Kane’s model to

obtain aph,13,49

FIG. 3. Tunneling reduced masses for C-C BTBT (m�r;C) and C-L BTBT

(m�r;L) decrease as Sn composition increases.

TABLE I. Summary of material parameters used in TCAD simulation.

Band-gap (eV) Electron DOS mass (m0) Tunneling reduced mass (m0)

x EG,L EG,C

Relative

permittivity

Mass density

(kg/cm3) m�DOS;L m�DOS;C

Hole DOS

mass (m0) m�DOS;h m�r;C m�r;L

0.00 0.660 0.800 16.00 5.330 0.6 0.041 0.370 0.0224 0.0316

0.05 0.573 0.648 16.40 5.352 0.598 0.036 0.366 0.0191 0.0282

0.08 0.524 0.561 16.64 5.365 0.598 0.032 0.361 0.0172 0.0261

0.11 0.477 0.477 16.88 5.377 0.597 0.029 0.358 0.0152 0.0239

0.14 0.433 0.397 17.12 5.391 0.596 0.025 0.356 0.0132 0.0214

0.17 0.390 0.318 17.36 5.404 0.597 0.021 0.351 0.0111 0.0186

0.20 0.351 0.247 17.60 5.417 0.596 0.017 0.349 0.0091 0.0157
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aph ¼
ð1 þ 2NTAÞD2

TA

q � eTA

9½m�e;t � m�e;t � m�e;l � m�DOS;h
3�1=2ðqnÞ1=2

217=4p � h1=2ðm�r;LÞ
7=4ðEG;LÞ5=4;

(8)

where mass density q and acoustic phonon energy eTA are

calculated by linear interpolation between Ge and Sn, NTA is

phonon occupation number and expressed as 1=ðeeTA=kT � 1Þ,
DTA is constant deformation potential, and the value for Ge,

8� 10�9 eV/m, is used,14 q is the charge of an electron, and

n is average electric field over the length of the tunneling

path. Note that only transverse acoustic phonons are taken

into account since they contribute most in the phonon-

assisted BTBT due to their highest occupation number and

the smallest phonon energy.14,50

Therefore, the indirect G-L BTBT generation rate (Gind
BTBT)

is calculated using

Gind
BTBT ¼

ðEV;max

EC;Lmin

aph

4pqm�DOS;LkT

h3

nCpV � n2
i

ðnC þ niÞðpV þ niÞ
�W � Tind

tunnel � dE;

(9)

Tind
tunnel ¼ eð�2�

Ð
jjjdrÞ; with j¼ 2p

h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�r;L½VðrÞ �E�

q
; (10)

where Tind
tunnel is the indirect tunneling probability. The inte-

gration in Eq. (9) is performed from the minimum EC,L

(EC,Umin) to EV,max. In Ge, Gind
BTBT is around 2 orders of mag-

nitude lower than Gdir
BTBT for electric field in the order of a

few MV/cm, which agrees with previous simulation

work.14,51

Besides the non-local BTBT algorithm discussed above,

the device simulator also implements the Fermi-Dirac statis-

tics model, a doping-dependent mobility model,52,53 the high

field velocity saturation model,52 and the Auger54,55 and

Shockley-Read-Hall56 generation-recombination models. The

device structure and key parameters of the simulated double-

gate (DG) Ge1�xSnx (001) n-channel TFET are shown in Fig.

4(a). It should be noted that the quantum confinement is not

taken into account due to the constraints of our simulator. In

this work, a body thickness larger than the Bohr radius of Ge

was used, and quantum effects may be neglected.

It should be noted that the state-of-the-art Ge1�xSnx ma-

terial with high Sn concentration (e.g., x> 0.10) is not

defect-free at present. Further improvements in growth tech-

nology and material quality may be expected in the future.

The GeSn material in this work is assumed to be free of bulk

defects or traps. Thus, trap-assisted tunneling is not consid-

ered in the device simulation, and we are effectively examin-

ing the upper bound of the electrical performance of GeSn

TFETs. In the presence of traps, the off-state leakage current

and subthreshold swing would be substantially higher due to

trap-assisted tunneling.

IV. ANALYSIS AND DISCUSSION

Device simulation of Ge1�xSnx TFET with various Sn

compositions was performed using the device structure

shown in Fig. 4(a). Ge1�xSnx TFETs with Sn composition of

0.05 and 0.14 are studied, which represent the cases of using

indirect and direct EG materials, respectively. Figs. 4(b) and

4(c) show the band diagrams of Ge0.95Sn0.05 and Ge0.86Sn0.14

TFETs near the surface along X-axis at VGS¼VDS¼ 0.3 V.

For Ge0.95Sn0.05 TFET, EC,L is lower than EC,C, and the tun-

neling distance from EV at the source side to EC,L in the

channel dind is shorter than that from EV at the source side to

EC,C in the channel ddir. For Ge0.86Sn0.14 TFET, EC,C is

lower than EC,L, causing a smaller ddir than dind.

Figs. 5 and 6 show the spatial distribution of Gind
BTBT ,

Gdir
BTBT , and total generation BTBT rate Gtot

BTBT for Ge0.95Sn0.05

and Ge0.86Sn0.14 TFETs, respectively, at VGS¼VDS¼ 0.3 V.

For Ge0.95Sn0.05 TFET, the contour plots of Gind
BTBT and Gdir

BTBT

are shown in Figs. 5(a) and 5(b), respectively. By comparing

Figs. 5(a) and 5(b), we observe that the magnitude of Gdir
BTBT is

larger than Gind
BTBT due to the higher tunneling probability of

direct C-C BTBT. Gtot
BTBT is obtained by summing up the indi-

rect C-L and direct C-C BTBT components [Fig. 5(c)]. It is

found that Gdir
BTBT is the dominant component in Gtot

BTBT at the

given bias. Figs. 6(a) and 6(b) show the Gind
BTBT and Gdir

BTBT ,

respectively, for Ge0.86Sn0.14 TFET. Ge0.86Sn0.14 is direct

band-gap material with EC,C lower than EC,L. Gtot
BTBT is domi-

nated by C-C BTBT component for Ge0.86Sn0.14 TFET [Fig.

6(c)], which is the same as the case of Ge0.95Sn0.05 TFET.

Comparing Figs. 5(c) and 6(c), we can observe that under the

same bias condition, the magnitude of Gtot
BTBT for Ge0.86Sn0.14

TFET is larger than that for Ge0.95Sn0.05 TFET. This is mainly

due to the enhanced Gdir
BTBT caused by the smaller EG,C when x

is higher.

The simulated IDS-VGS curves for Ge0.95Sn0.05 and

Ge0.86Sn0.14 TFETs with direct C-C and indirect C-L

FIG. 4. (a) Schematic showing device structure of DG Ge1�xSnx TFET. (b)

Band diagram near surface along X-axis of Ge0.95Sn0.05 TFET at

VGS¼VDS¼ 0.3 V. Since EC,L is lower than EC,C, the tunneling distance

from EV at the source side to EC,L in the channel dind (denoted by gray

arrow) is shorter than that from EV at the source side to EC,C in the channel

ddir (denoted by black arrow). (c) Band diagram near surface along X-axis of

Ge0.86Sn0.14 TFET at VGS¼VDS¼ 0.3 V. Since EC,C is lower than EC,L, ddir

is shorter than dind.
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tunneling current components are plotted in Fig. 7. For

Ge0.95Sn0.05 TFET [Fig. 7(a)], the voltage Vind at which the

onset of indirect C-L BTBT occurs is lower than the voltage

Vdir at which the onset of direct C-C BTBT occurs. This is

due to the smaller value of EG,L as compared with EG,C.

Therefore, indirect BTBT current dominates the total current

for Vind<VGS<Vdir. For VGS>Vdir, both indirect and direct

BTBT take place, and the direct C-C BTBT dominates the

total current due to Gdir
BTBT being larger than Gind

BTBT . On the

other hand, for Ge0.86Sn0.14 TFET [Fig. 7(b)], EC,C is lower

than EC,L, Vdir is lower than Vind, and the direct BTBT domi-

nates the total tunneling current for VGS>Vdir. For Ge1�xSnx

TFETs with both direct and indirect EG, simulations indicate

that the direct C-C BTBT contributes more to the total drive

current once it occurs (VGS>Vdir) due to the larger value of

Gdir
BTBT in direct C-C BTBT compared with Gind

BTBT in indirect

C-L BTBT. This is due to the higher tunneling probability

for direct BTBT than indirect BTBT.

Fig. 8(a) shows the IDS-VGS characteristics of Ge1�xSnx

TFETs with x ranging from 0 to 0.2. The drive current of

Ge1�xSnx TFETs increases with Sn composition at a fixed

VGS. The VGS at which the drain current rises steeply reduces

with increasing Sn composition, and this is related to the

band-gap reduction. It is also observed that the leakage floor

of Ge1�xSnx TFETs increases with Sn composition. The

leakage floor is determined by the leakage current of reverse

biased p-i-n junction, which is higher for a smaller band-gap.

S obtained at each VGS is defined to be dVGS=dðlogIDSÞ
and may also be referred to as Point S. Point S versus IDS

curves for Ge1�xSnx TFETs with x ranging from 0 to 0.2 are

plotted in Fig. 8(b). By incorporation Sn into Ge, S of TFET

is improved significantly. The reduction of S values is more

obvious for Ge1�xSnx TFETs with direct band-gap (x¼ 0.11,

0.14, 0.17, and 0.2). More importantly, the maximum IDS

with sub-60 mV/decade S becomes higher as Sn composition

increases. The improvement of S characteristics for Ge1-xSnx

TFETs is due to the following reasons. First, as x is larger

than 0.11, Ge1-xSnx becomes a direct band-gap material, and

IDS is dominated by direct BTBT. Direct BTBT results in a

FIG. 5. Spatial distributions of (a) Gind
BTBT , (b) Gdir

BTBT , and (c) Gtot
BTBT for

Ge0.95Sn0.05 TFET at VGS¼VDS¼ 0.3 V. As the double-gate device is sym-

metrical about a mirror line at Y¼ 12.5 nm, only the upper half body

(0<Y< 12.5 nm) is shown.

FIG. 6. Spatial distributions of (a) Gind
BTBT , (b) Gdir

BTBT , and (c) Gtot
BTBT for

Ge0.86Sn0.14 TFET at VGS¼VDS¼ 0.3 V. As the double-gate device is sym-

metrical about a mirror line at Y¼ 12.5 nm, only the upper half body

(0<Y< 12.5 nm) is shown. The magnitude of Gtot
BTBT for Ge0.86Sn0.14 TFET

is larger than that for Ge0.95Sn0.05 TFET shown in Fig. 5(c).

FIG. 7. (a) Simulated IDS-VGS for Ge0.95Sn0.05 TFET. Vind is lower than Vdir

since EG,L is smaller than EG,C. As VGS is larger than Vind, BTBT from EV at

source side to EC,L occurs. However, at VGS>Vdir, BTBT from EV to EC,C

dominates the tunneling current. (b) Simulated IDS-VGS for Ge0.86Sn0.14

TFET. Vdir is lower than Vind since EG,C is smaller than EG,L. As VGS>Vdir,

BTBT occurs from EV at source side to EC,C and dominates the drive current

once VGS reaches Vdir.
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steeper S in comparison with indirect BTBT (Fig. 7).

Second, the reduction in band-gap of Ge1-xSnx causes

enhanced IDS as x increases, leading to the improvement of S
especially at high current level. For Ge0.8Sn0.2 TFET, sub-

60 mV/decade S is achieved at IDS of around 8 lA/lm.

Fig. 9 depicts IOFF versus ION characteristics for

Ge1�xSnx TFETs with x¼ 0.00, 0.05, 0.08, 0.11, and 0.17.

For a given IOFF, VOFF is the value of VGS when IDS equals

to IOFF, and ION is extracted at VGS – VOFF¼VDS¼ 0.3 V.

For a given IOFF, Ge1�xSnx TFETs demonstrate higher ION

and ION/IOFF compared to Ge, and the enhancement on ION

and ION/IOFF becomes larger with increasing x. For

IOFF¼ 1 nA/lm, ION of 0.09 mA/lm and ION/IOFF of �105

can be achieved in Ge0.89Sn0.11 TFET. In addition, ION of

Ge1�xSnx TFET shows less sensitivity to IOFF than that of

Ge TFET. This is attributed to the improved S characteristics

of Ge1�xSnx TFETs as compared to Ge device. It should be

noted that for IOFF¼ 2� 10�7 mA/lm, ION of Ge0.98Sn0.08

TFET is about 1 order of magnitude higher than that in Ge

TFET. Ref. 57 used a self-consistent non-equilibrium Green’s

Function Method–Poisson Equation transport simulator to

study the Ge0.925Sn0.075 TFET, and also observed �10 times

ION enhancement over Ge TFET at IOFF¼ 2� 10�7 mA/lm.

Moreover, it was found that relaxed Ge1�xSnx TFET with

x> 0.075 outperforms Ge TFET under 2.5 GPa biaxial tensile

stress (Ge becomes direct band-gap at this stress),57 indicating

that GeSn is more promising for TFET application than Ge.

V. CONCLUSION

We performed a simulation study of Ge1-xSnx n-channel

TFETs with Sn composition varying from 0 to 0.2. The ma-

terial parameters were extracted from full band structure by

EPM calculations, which were subsequently imported to

TCAD for device simulation. By increasing Sn composition,

ION of Ge1�xSnx TFETs is increased due to the higher direct

BTBT rate which relates to the reduction in EG,C. In addi-

tion, the maximum IDS with sub-60 mV/decade S becomes

higher with increasing Sn composition. For Ge0.8Sn0.2

TFET, sub-60 mV/decade S is achieved at IDS of �8 lA/lm.

For a given IOFF, ION of Ge1�xSnx TFETs with x higher

than 0.11 is higher than that of Ge TFET at a supply voltage

of 0.3 V.
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