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Germanium-tin n-channel tunneling field-effect transistor: Device physics

and simulation study
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We investigate germanium-tin alloy (Ge;_,Sn,) as a material for the design of tunneling field-effect
transistor (TFET) operating at low supply voltages. Compared with Ge, Ge;_,Sn, has a smaller
band-gap. The reported band-gap of GeggoSng 11 is 0.477 eV, ~28% smaller than that of Ge. More
importantly, Ge,_,Sn, becomes a direct band-gap material when Sn composition x is higher than
0.11. By employing Ge;_,Sn, 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 Ge;_,Sn,. Device simulations show
that the drive current and subthreshold swing S characteristics of Ge;_,Sn, TFETs with x
ranging from O to 0.2 are improved by increasing the Sn composition x. For GejgSng, TFET,
sub-60mV/decade S is achieved at a high current level of ~8 pA/um. For x higher than 0.11,
Ge;_,Sn, TFETs show higher on-state current /,y compared to Ge TFET at a supply voltage of
0.3V. Ge;_,Sn, alloy is a potential candidate for high performance TFET composed of group IV

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

. INTRODUCTION

The tunneling field-effect transistor (TFET) is a promis-
ing device candidate to overcome the 60mV/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 /oy to off-state current /,pp ratio at a low
supply voltage Vpp. TFETs with S below 60mV/decade
have been demonstrated experimentally,l_6 but achieving /oy
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 Ipy 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 Ioy.” "> In addition,
direct BTBT is preferred for TFET operation, as tunneling
of electrons from valence band (Ey) to conduction band at
I'-point (E¢ 1) without a change in momentum gives rise to a
higher I,y than indirect BTBT."*'> Therefore, a direct
band-gap material is desired for use in TFET device design.
Thus, III-V materials are very suitable for realizing high Iy
in TFETs.

It should be noted that the band structure of Ge can be
modified by introducing strain,'® 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 (Ge;_,Sn,) alloy. By tuning the Sn
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composition x, Ge;_,Sn, can be a direct material with a
smaller band-gap than Ge.'’° Moreover, as a group IV mate-
rial, Ge;_,Sn, may be more process compatible or more easily
integrated with silicon-based CMOS technology as compared
to II-V compound semiconductors. These considerations
make Ge;_,Sn, an attractive material for TFET device design.

In this work, the device physics of Ge;_,Sn, 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 Ge;_,Sn, alloys are obtained. Two-dimensional
(2D) technology computer-aided design (TCAD) simulation
study on Ge;_,Sn, TFET is also performed for the first time.
The objective is to examine the potential of high quality
Ge;_,Sn, with high Sn composition, which may be realized in
the future, for application in TFETs. Both the direct BTBT
from Ey to Ec r and the indirect BTBT from Ey, to conduction
band at L-point (Ec,) are calculated, which are denoted by
“direct I'-I"' BTBT” and “indirect I'-L BTBT,” respectively.
Simulation results show that by employing Ge;_,Sn, in
TFETs, an enhancement in drive current and S, as compared
with Ge TFET, can be achieved.

Il. EXTRACTION AND CALCULATION OF MATERIAL
PARAMETERS

The band structures of Ge;_,Sn, alloys have been stud-
ied both theoretically'’* and experimentally,”*>¢ and the
transistor fabrication has been demonstrated.’’ " The
reported Sn compositional dependence of band-gaps at I'
and L-point, denoted as Egr and Eg,, respectively, are
shown in Fig. 1(a). The crossover from indirect-to-direct
band-gap occurs at x=0.06—0.11.>*7° In this work, the
crossover from indirect band-gap is assumed to be at
x=0.11 according to Ref. 35. Based on the values of Eg

© 2013 AIP Publishing LLC
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FIG. 1. (a) Composition dependence of Ge;_,Sn, band-gap at I'-valley
(Egr) and L-valley (Eg,) for Ge,_,Sn, alloy. Symbols are experimental
data and the lines are obtained from EPM calculations. For Ge;_,Sn, 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, Ge;_,Sn, is a direct band-gap material since the conduction band mini-
mum is located at I'-point. (b) Full band E-k dispersion for Ge and
GepgoSng ;1. As Sn composition increases, Ge;_,Sn, alloy transits from
indirect to direct band-gap at around x =0.11. The differences in band-gaps
at I'-point and L-point are highlighted as AEs r and AEg .

and Eg r from Ref. 35, the form factors used in non-local-
EPM*! were adjusted to reproduce the full band structures of
Ge,_,Sn,. 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, Egr and Es, of Ge;_,Sn,
decrease as Sn composition increases [see Fig. 1(a)]. By
varying x from 0 to 0.2, the band-gap reduction at I'-point
(AEg ) is more pronounced than that at L-point (AEg,),
causing Ge;_,Sn, 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
Geg goSng 11, as shown in Fig. 1(b).

In order to perform a simulation of the electrical charac-
teristics of Ge;_,Sn, TFETs, material parameters of
Ge,_,Sn, 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.**

The electron effective masses (transverse effective mass
m;, , and longitudinal effective mass n1,, in L-valley, isotropic
effective mass m, - in I'-valley) and hole effective masses
(heavy hole effective mass m;, and light hole effective mass
my,) are extracted directly from the band edges using a para-
bolic line fit. The electron DOS effective masses at I'-valley
and L-valley (mp,q - and mip, g, respectively) are calculated
as mposp = m,r and mpoe; = 42/3(”1;;)2/3('":,/)]/3- The
values of mj, e and my,g, for GeSn, with x ranging
from 0 to 0.2 are presented in Fig. 2(a). mpps becomes
smaller with increasing Sn composition, while mEOS’L shows
negligible dependence on Sn composition. For valence band,
Luttinger parameters y,, y,, and y; are fitted from full band
E-k by EPM.* The hole DOS effective mass Mposp 18

FIG. 2. (a) The DOS electron effective mass in the L-valley (mj,,q,) is
larger than the one in the I'-valley (mp g ) for Ge, ,Sn, alloys with various
x. (b) The intrinsic carrier concentration and electron occupation ratio versus
Sn composition. For Ge;_,Sn, with x > 0.11, although the conduction band
minimum at the I'-valley is lower than the one at the L-valley, there are
more electrons in L-valley than I"-valley.

*

calculated based on spherically averaged heavy hole (mj,,))

. * . * _ * [-él-/l2
and light hole (1] ,,) effective masses as n1}, s, = [(m;)

x \3/212/3 - ’ -1
(i) PP, where miy fmo= [ (1= (673+47,)/57)]
and mjy, /mo= [y, (1+ (673 +47,)/571)]

The intrinsic carrier concentration #; is given by

Ecp—Ei

_ _Ecr-£ Ej~Ey
ng = NC.L .e kT +NC,F .e kT

:NV e (1)

where E; is intrinsic Fermi level, N¢; =227 - mj g,
KT /12>, Ner=2(2m-mjyps tkT /R, Ny =227 mly g
kT/hz)S/ 2k is the Boltzmann constant, T is temperature in
degrees Kelvin, and /4 is the Planck’s constant. Therefore, n;
can be rewritten as

1 _fer _Eerya
ni=NA(Nep - 4 Ner-e ) @)

The ratio of the electron concentration n;, at the L-valley
to the electron concentration nr at the I'-valley in Ge;_,Sn,
alloy is, therefore,

EGL—Ei
n, Ncp-e

Nci  _Eorer
— - e kT .

3

Egr-Ei
A Nep-e—r—  Ner

The values of n; and the ratio n;,/nr at various Sn com-
positions are shown in Fig. 2. The increase of n; with x is
mainly due to the decrease of E, and Eg  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 I'-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 7y /nr decreases as x increases,
which is consistent with Ref. 23.

The tunneling reduced mass m; is an important material
parameter in the calculation of BTBT current. For Ge,_,Sn,
TFET, both direct I'-I" and indirect I'-L BTBT current com-
ponents need to be calculated. Direct tunneling reduced mass
m; - and indirect tunneling reduced mass m,; are obtained

LlSiIlgl 1,14,44



194507-3 Yang et al.

0-04 T L} L} T T

0.03

0.02

Tunneling Reduced Mass (m,)

m, . forT -T BTBT

0.01 |

1 1 1
0.00 0.05 0.10 0.15 0.20

Sn Composition x

FIG. 3. Tunneling reduced masses for I'-I" BTBT (my ) and I'-L BTBT
(my ;) decrease as Sn composition increases.

my = (mgp x my,)/(mg -+ my,), )
and
m:f,L = (m:,r X m;‘h)/(mjr + m;kh)v (%)

respectively. The dependence of m) - and m); on Sn compo-
sition is shown in Fig. 3. m} - is smaller than m}, at the
same Sn composition. As discussed later, this contributes to
a larger probability of direct I'-I' BTBT as compared with
indirect I'-L BTBT. It is also found that both m; - and m
decrease with increasing Sn composition. 1
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
Ge;_,Sn, is assumed to be 4.05¢eV. The Ge,_,Sn, material
parameters used in this work are summarized in Table I.

lll. SIMULATION METHODOLOGY

The simulation of Ge,_,Sn, TFETs was performed using
our in-house 2D-TCAD simulator which implements a
physics-based non-local BTBT algorithm.*> The algorithm
automatically identifies the tunneling paths using a 2D exten-
sion of Wentzel-Kramers—Brillouin method,“(’_48 and the

TABLE I. Summary of material parameters used in TCAD simulation.
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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.*> In the TCAD device
simulation, both direct I'-I' BTBT and indirect I'-L BTBT
were considered simultaneously.

The direct I-I’ BTBT generation rate (G4r..) 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 (T¢" ) and carrier concentra-

Tunnel
tions at the starting and ending nodes of the tunneling path,*

; Evaa Argmipos tkT  nepy —n? A
Gdn' :J DOS, I CPV i W Td”. » dE,
BTBT Ecrmm /’13 (nC + ni) (Pv + ni) tunnel
(6)
ir - 2
Ttdulilmel = 6(72"'[‘ | K‘d’ )7 with K= In 2mltl" [V(l‘) - E]7 (7)

where E is carrier energy, W is the width of tunnel path, py
is the hole concentration at the starting node of tunneling at
E = Ey at source side, nc is the electron concentration at the
ending node at £ = E¢ r in the channel region, « is the imag-
inary part of the electron wave vector in the forbidden band-
gap, and V(r) — E is the barrier height at position r. The inte-
gration in Eq. (6) is performed from the minimum Ec
(Ec rmin) to the maximum Ey (Ey qy)-

The indirect I'-L BTBT is a phonon-assisted tunneling
process, which involves a change in carrier momentum from
I'-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.'> The
attenuating pre-factor a,, 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 ocph,13’49

Band-gap (eV)

Electron DOS mass (m)

Tunneling reduced mass (1)

Relative Mass density Hole DOS

X Ecr Ecr permittivity (kg/cm3) Mpos1, Mpos.r mass (mo) My, my my

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 5417 0.596 0.017 0.349 0.0091 0.0157
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where mass density p and acoustic phonon energy &r4 are
calculated by linear interpolation between Ge and Sn, Ny, is
phonon occupation number and expressed as 1/(e“A/T — 1),
Dz, is constant deformation potential, and the value for Ge,
8 x 1077 eV/m, is used,'* ¢ is the charge of an electron, and
¢ 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.'**°

Therefore, the indirect G-L BTBT generation rate (Giydy;)
is calculated using

G _ JEV""‘“ ” dngmpos (kKT nepy — n?
SEU PR h? (nc +ni)(py +ni)  (9)
xW.-Tir . dE,

tunnel

unnel — €

) . 2
T;nd (*2"[|’C|d’)’ with k= ITE 2mjf’L [V(r) - E]v (10)

where T;'L’l‘gnd is the indirect tunneling probability. The inte-
gration in Eq. (9) is performed from the minimum E.,
(Ec Tmin) to Ey ey In Ge, GZ‘TQ’BT is around 2 orders of mag-
nitude lower than G4, for electric field in the order of a
few MV/cm, which agrees with previous simulation
work.'+!

Besides the non-local BTBT algorithm discussed above,
the device simulator also implements the Fermi-Dirac statis-
tics model, a doping-dependent mobility model,”*> the high
field velocity saturation model,52 and the Auger54’55 and
Shockley-Read-Hall’® generation-recombination models. The
device structure and key parameters of the simulated double-
gate (DG) Ge;_,Sn, (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 Ge,_,Sn, 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 Ge;_,Sn, TFET with various Sn
compositions was performed using the device structure
shown in Fig. 4(a). Ge,_,Sn, TFETs with Sn composition of

J. Appl. Phys. 113, 194507 (2013)
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FIG. 4. (a) Schematic showing device structure of DG Ge; _,Sn, TFET. (b)
Band diagram near surface along X-axis of GegosSngos TFET at
Ves=Vps=0.3V. Since Ec; is lower than Ecr, the tunneling distance
from Ey at the source side to E-, in the channel d;,, (denoted by gray
arrow) is shorter than that from Ey at the source side to Ec - in the channel
d i (denoted by black arrow). (c) Band diagram near surface along X-axis of
Gep.geSng.14 TFET at Vg=Vps=0.3V. Since Ec - is lower than Ec ., dg;,
is shorter than d;,,;.

0.05 and 0.14 are studied, which represent the cases of using
indirect and direct E; materials, respectively. Figs. 4(b) and
4(c) show the band diagrams of Geg 95Sn¢.05 and Geg ggSng 14
TFETs near the surface along X-axis at Vgg=Vpg=0.3V.
For Geg 955n0,05s TFET, E is lower than E¢ -, and the tun-
neling distance from Ey at the source side to Ec, in the
channel d;,, is shorter than that from Ey, at the source side to
Ecr in the channel dg,. For GeggeSng 14 TFET, Ecr is
lower than E;, causing a smaller d;, than d,,,.

Figs. 5 and 6 show the spatial distribution of G,
Gdir ., and total generation BTBT rate Gt for Ge.osSno os
and GeggeSng 14 TFETS, respectively, at Vgg=Vps=0.3V.
For Ge95Sng,0s TFET, the contour plots of G, and Géir ..
are shown in Figs. 5(a) and 5(b), respectively. By comparing
Figs. 5(a) and 5(b), we observe that the magnitude of G4, is
larger than G, due to the higher tunneling probability of
direct I'-I' BTBT. G{f5; is obtained by summing up the indi-
rect I'-L and direct I'-I" BTBT components [Fig. 5(c)]. It is
found that G4 is the dominant component in Gi¢fp; at the
given bias. Figs. 6(a) and 6(b) show the Gi,. and Gir,.,
respectively, for GeggeSng 14 TFET. GeggeSng 14 is direct
band-gap material with E¢ - lower than Ec ;. Gifgy is domi-
nated by I'-I' BTBT component for Ge,gSng 14 TFET [Fig.
6(c)], which is the same as the case of Geyo9sSngos TFET.
Comparing Figs. 5(c) and 6(c), we can observe that under the
same bias condition, the magnitude of Gif.5; for Geg geSno, 14
TFET is larger than that for Geg 95Sng o5 TFET. This is mainly
due to the enhanced G4, caused by the smaller E - when x
is higher.

The simulated Ipg-Vgs curves for GegogsSnggs and
GepgeSng. 14 TFETs with direct I'-I" and indirect I'-L
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FIG. 5. Spatial distributions of (a) Gispr, (b) Girsr, and (c) Glghgy for
Geg.9sSngos TFET at Vgs=Vps=0.3 V. As the double-gate device is sym-
metrical about a mirror line at Y=12.5nm, only the upper half body
(0 <Y < 12.5nm) is shown.

tunneling current components are plotted in Fig. 7. For
Gego59ng o5 TFET [Fig. 7(a)], the voltage V;,; at which the
onset of indirect I'-L BTBT occurs is lower than the voltage
Vi at which the onset of direct I'-I" BTBT occurs. This is
due to the smaller value of Eg; as compared with Egr.
Therefore, indirect BTBT current dominates the total current
for V;,u < Vgs < Vi For Vgg >V, both indirect and direct
BTBT take place, and the direct I'-I' BTBT dominates the
total current due to G4r,, being larger than Gy, On the
other hand, for GeygsSng 14 TFET [Fig. 7(b)], Ecr is lower
than Ec;, V4, is lower than V;,,,, and the direct BTBT domi-
nates the total tunneling current for Vg > V.. For Ge,_,Sn,
TFETs with both direct and indirect Eg, simulations indicate
that the direct I'-I" BTBT contributes more to the total drive
current once it occurs (Vgs > Vy;,) due to the larger value of
Gdir o in direct [-I' BTBT compared with G4, in indirect
I'-L BTBT. This is due to the higher tunneling probability
for direct BTBT than indirect BTBT.

Fig. 8(a) shows the Ipg-Vss characteristics of Ge,_,Sn,
TFETs with x ranging from 0 to 0.2. The drive current of
Ge,_,Sn, TFETs increases with Sn composition at a fixed
Vis- The Vg 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 Ge;_,Sn, 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 Vg is defined to be dVgs/d(loglps)
and may also be referred to as Point S. Point S versus Ipg
curves for Ge;_,Sn, TFETs with x ranging from O to 0.2 are
plotted in Fig. 8(b). By incorporation Sn into Ge, S of TFET

J. Appl. Phys. 113, 194507 (2013)
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FIG. 6. Spatial distributions of (a) Gy, (b) Giir... and (c) Gy for
Gep.geSng.14 TFET at Ve =Vps=0.3V. As the double-gate device is sym-
metrical about a mirror line at ¥=12.5nm, only the upper half body
(0 <Y < 12.5nm) is shown. The magnitude of Giff5; for Geg g6Sno 14 TFET
is larger than that for Geg 9sSng os TFET shown in Fig. 5(c).

is improved significantly. The reduction of S values is more
obvious for Ge;_,Sn, TFETs with direct band-gap (x=0.11,
0.14, 0.17, and 0.2). More importantly, the maximum /pg
with sub-60 mV/decade S becomes higher as Sn composition
increases. The improvement of S characteristics for Ge_,Sn,
TFETs is due to the following reasons. First, as x is larger
than 0.11, Ge_,Sn, becomes a direct band-gap material, and
Ips 1s dominated by direct BTBT. Direct BTBT results in a

T T T T
9 Indirect " - L BTBT of

IndirectT" - L BTBT

10 F _ DirectT-T BTBT ! 10k pirectr - BTBT !
10" |- = = Total 4 10" = = = Total
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=
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10° 10°F ¥ 1
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Ve V) Vs V)
(@) (b)

FIG. 7. (a) Simulated Ig-V g for Geg osSng o5 TFET. V;,, is lower than V;,.
since Eg ; is smaller than Eg . As Vg is larger than V;,,, BTBT from Ey at
source side to E-; occurs. However, at Vs>V, BITBT from Ey to Ec 1
dominates the tunneling current. (b) Simulated /ps-Vgs for GeggeSng 14
TFET. V;, is lower than V;,, since Eg - is smaller than Eg ;. As Vs > Vi,
BTBT occurs from Ey at source side to E¢ - and dominates the drive current
once Vg reaches Vi;,.
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GegSnp,» TFET, sub-60 mV/decade S is achieved at a high current level of
~8 pA/pum.

steeper S in comparison with indirect BTBT (Fig. 7).
Second, the reduction in band-gap of Ge; ,Sn, causes
enhanced /g as x increases, leading to the improvement of S
especially at high current level. For GeygSng, TFET, sub-
60mV/decade S is achieved at /g of around 8 puA/um.

Fig. 9 depicts Ippr versus Iy characteristics for
Ge;_,Sn, TFETs with x=0.00, 0.05, 0.08, 0.11, and 0.17.
For a given Iprr, Vorr is the value of Vg when Ipg equals
to Iprr, and Ipy is extracted at Vg — Vorr=Vps=0.3 V.
For a given Ipgr, Ge,_,Sn, TFETs demonstrate higher Iy
and Ipn/lorr compared to Ge, and the enhancement on /oy
and Ipn/lopr becomes larger with increasing x. For
Iopr=1nA/um, Iy of 0.09mA/um and Ion/lopr of ~10°
can be achieved in GeygoSng; TFET. In addition, /oy of
Ge,_,Sn, TFET shows less sensitivity to /ogr than that of
Ge TFET. This is attributed to the improved S characteristics
of Ge,_,Sn, TFETs as compared to Ge device. It should be
noted that for Iopr=2 % 107" mA/um, Ioy of GegogSng os

J. Appl. Phys. 113, 194507 (2013)
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FIG. 9. Ippr versus Ipy of Ge;_,Sn, TFETs with x=0.00, 0.05, 0.08, 0.11,
and 0.17 at a supply voltage of 0.3 V. For a given Iprr, Vogr is the value of
Vs when Ipg equals to the Ippr, Ioy is extracted at Vgg —
Vorr=Vps=0.3V. Iopp is varied from 10 to 10> mA/um. For a fixed
lorr, Ion of Gey_Sn, TFET is higher than that of Ge TFET.

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 Gegg,5Sng 075 TFET, and also observed ~10 times
1oy enhancement over Ge TFET at Ippr=2 X 1077 mA/um.
Moreover, it was found that relaxed Ge;_,Sn, TFET with
x> 0.075 outperforms Ge TFET under 2.5 GPa biaxial tensile
stress (Ge becomes direct band-gap at this stress),”” indicating
that GeSn is more promising for TFET application than Ge.

V. CONCLUSION

We performed a simulation study of Ge;_,Sn, 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 Gey_,Sn, TFETS is increased due to the higher direct
BTBT rate which relates to the reduction in Eg . In addi-
tion, the maximum /pg with sub-60 mV/decade S becomes
higher with increasing Sn composition. For GegSng,
TFET, sub-60 mV/decade S is achieved at Ipg of ~8 uA/um.
For a given Ippp, Ioy of Ge,_,Sn, TFETs with x higher
than 0.11 is higher than that of Ge TFET at a supply voltage
of 0.3 V.

ACKNOWLEDGMENTS

Research grant from the National Research Foundation
(NRF) (Award number NRF-RF2008-09), Singapore is
acknowledged.

7. Appenzeller, Y.-M. Lin, J. Knoch, and Ph. Avouris, Phys. Rev. Lett. 93,
196805 (2004).

K. Jeon, W.-Y. Loh, P. Patel, C. Y. Kang, J. Oh, A. Bowonder, C. Park, C.
S. Park, C. Smith, P. Majhi, H.-H. Tseng, R. Jammy, T.-J. K. Liu, and C.
Hu, in 2010 Symposium on VLSI Technology (VLSIT), 15-17 June 2010
(IEEE, 2010), pp. 121-122.

3D. Leonelli, A. Vandooren, R. Rooyackers, A. S. Verhulst, S. D. Gendt,
M. M. Heyns, and G. Groeseneken, Jpn. J. Appl. Phys. 49, 04DC10
(2010).


http://dx.doi.org/10.1103/PhysRevLett.93.196805
http://dx.doi.org/10.1109/VLSIT.2010.5556195
http://dx.doi.org/10.1143/JJAP.49.04DC10

194507-7 Yang et al.

“R. Gandhi, Z. Chen, N. Singh, K. Banerjee, and S. Lee, IEEE Electron
Device Lett. 32, 1504 (2011).

SF. Mayer, C. Le Royer, J.-F. Damlencourt, K. Romanjek, F. Andrieu, C.
Tabone, B. Previtali, and S. Deleonibus, in IEEE International Electron
Devices Meeting, 15—17 December 2008 (IEEE, 2008), pp. 1-5.

oT. Krishnamohan, D. Kim, S. Raghunathan, and K. C. Saraswat, in I[EEE
International Electron Devices Meeting, 15-17 December 2008 (IEEE,
2008), pp 1-3.

7S, Mookerjea, D. Mohata, R. Krishnan, J. Singh, A. Vallett, A. Ali, T.
Mayer, V. Narayanan, D. Schlom, A. Liu, and S. Datta, in [EEE
International Electron Devices Meeting, 7-9 December 2009 (IEEE,
2008), pp. 1-3.

8G. Han, P. Guo, Y. Yang, C. Zhan, Q. Zhou, and Y.-C. Yeo, Appl. Phys.
Lett. 98, 153502 (2011).
°D. K. Mohata, R. Bijesh, S. Mujumdar, C. Eaton, R. Engel-Herbert, T.
Mayer, V. Narayanan, J. M. Fastenau, D. Loubychev, A. K. Liu, and S. Datta,
in IEEE International Electron Devices Meeting, 5-7 December 2011 (IEEE,
2011), pp. 33.5.1-33.54.

19G. Dewey, B. Chu-Kung, J. Boardman, J. M. Fastenau, J. Kavalieros, R.
Kotlyar, W. K. Liu, D. Lubyshev, M. Metz, N. Mukherjee, P. Oakey, R.
Pillarisetty, M. Radosavljevic, H. W. Then, and R. Chau, in /EEE
International Electron Devices Meeting, 5-7 December 2011 (IEEE,
2011), pp. 33.6.1-33.6.4.

A, S. Verhulst, W. G. Vandenberghe, K. Maex, and G. Groeseneken,
J. Appl. Phys. 104, 064514 (2008).

2R, Conzatti, M. G. Pala, D. Esseni, E. Bano, and L. Selmi, in /[EEE
International Electron Devices Meeting, 5-7 December 2011 (IEEE,
2011), pp. 5.2.1-5.2.4.

3E. 0. Kane, J. Appl. Phys. 32, 83 (1961).

YK -H. Kao, A. S. Verhulst, W. G. Vandenberghe, B. Sorée, G.
Groeseneken, and K. De Meyer, IEEE Trans. Electron Devices 59, 292
(2012).

15S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd ed.
(Wiley-Interscience, New Jersey, 2007), Chap. 8, p. 427.

M. E. Kurdi, G. Fishman, S. Sauvage, and P. Boucaus, J. Appl. Phys. 107,
013710 (2010).

'7D. W. Jenkins and J. D. Dow, Phys. Rev. B 36, 7994 (1987).

18g, Bouhafs, F. Benkabou, M. Ferhat, B. Khelifa, J. P. Dufour, and H.
Aourag, Infrared Phys. Technol. 36, 967 (1995).

'9Y. Chibane, B. Bouhafs, and M. Ferhat, Phys. Status Solidi B 240, 116
(2003).

20W.-J. Yin, X.-G. Gong, and S.-H. Wei, Phys. Rev. B 78, 161203 (2008).

21y Chibane and M. Ferhat, J. Appl. Phys. 107, 053512 (2010).

22K. A. Mider, A. Baldereschi, and H. von Kinel, Solid State Commun. 69,
1123 (1989).

2Y.-H. Zhu, Q. Xu, W.-J. Fan, and J.-W. Wang, J. Appl. Phys. 107, 073108
(2010).

2*p. R. Pukite, A. Harwit, and S. S. Iyer, Appl. Phys. Lett. 54, 2142
(1989).

237, Piao, R. Beresford, T. Licata, I. Wang, and H. Homma, J. Vac. Sci.
Technol. B 8, 221 (1990).

26y, Gurdal, P. Desjardins, J. R. A. Carsson, H. Taylor, H. H. Radamson, J.
E. Sundgren, and J. E. Greene, J. Appl. Phys. 83, 162 (1998).

27S. Su, W. Wang, B. Cheng, G. Zhang, W. Hu, C. Xue, Y. Zuo, and Q.
Wang, J. Cryst. Growth 317, 43 (2011).

J. Appl. Phys. 113, 194507 (2013)

28G. He and H. A. Atwater, Appl. Phys. Lett. 68, 664 (1996).

2%y, Shimura, N. Tsutsui, O. Nakatsuka, A. Sakai, and S. Zaima, Thin Solid
Films 518, S2 (2010).

30M. R. Bauer and J. Tolle, Solid State Commun. 127, 355 (2003).

*IC. S. Cook, S. Zollner, M. R. Bauer, P. Aella, J. Kouvetakis, and J.
Menéndez, Thin Solid Films 455, 217 (2004).

2B, Vincent, F. Gencarelli, H. Bender, C. Merckling, B. Douhard, D. H.
Petersen, O. Hansen, H. H. Henrichsen, J. Meersschaut, W. Vandervorst,
M. Heyns, R. Loo, and M. Caymax, Appl. Phys. Lett. 99, 152103 (2011).

*3G. He and H. A. Atwater, Phys. Rev. Lett. 79, 1937 (1997).

3H. P. L. de Guevara, A. G. Rodriguez, H. Navarro-Contreras, and M. A.
Vidal, Appl. Phys. Lett. 84, 4532 (2004).

V. R. D’Costa, C. S. Cook, A. G. Birdwell, C. L. Littler, M. Canonico, S.
Zollner, J. Kouvetakis, and J. Menéndez, Phys. Rev. B 73, 125207 (2006).
3R, Chen, H. Lin, Y. Huo, C. Hitzman, T. I. Kamins, and J. S. Harris, Appl.

Phys. Lett. 99, 181125 (2011).

¥G. Han, S. Su, C. Zhan, Q. Zhou, Y. Yang, L. Wang, P. Guo, W. Wang, C.
P. Wong, Z. X. Shen, B. Cheng, and Y.-C. Yeo, in IEEE International
Electron Devices Meeting (IEDM ), 5-7 December 2011 (IEEE, 2011), pp.
16.7.1-16.7.3.

38, Gupta, R. Chen, B. Magyari-Kope, H. Lin, B. Yang, A. Nainani, Y.
Nishi, J. S. Harris, and K. C. Saraswat, in /[EEE International Electron
Devices Meeting (IEDM), 5-7 December 2011 (IEEE, 2011), pp.
16.6.1-16.6.4.

¥G. Han, S. Su, L. Wang, W. Wang, X. Gong, Y. Yang, Ivana, P. Guo, C.
Guo, G. Zhang, J. Pan, Z. Zhang, C. Xue, B. Cheng, and Y.-C. Yeo, in
2012 Symposium on VLSI Technology (VLSIT), 12-14 June 2012 (IEEE,
2012), pp. 97-98.

40S. Gupta, B. Vincent, D. Lin, M. Gunji, A. Firrincieli, F. Gencarelli, B.
Magyari-Kope, B. Yang, B. Douhard, J. Delmotte, A. Franquet, M.
Caymax, J. Dekoster, Y. Nishi, and K. C. Saraswat, in 2012 Symposium on
VLSI Technology (VLSIT), 12-14 June 2012 (IEEE, 2012), pp. 95-96.

“IM. L. Cohen and T. K. Bergstresser, Phys. Rev. 141, 789 (1966).

“2K. L. Low, Y. Yang, G. Han, W.-J. Fan, and Y.-C. Yeo, J. Appl. Phys.
112, 103715 (2012).

“3A. Baldereschi and N. O. Lipari, Phys. Rev. B 8, 2697 (1973).

“E. 0. Kane, J. Phys. Chem. Solids 12, 181 (1960).

e Shen, L.-T. Yang, G. Samudra, and Y.-C. Yeo, Solid-State Electron.
57,23 (2011).

461 Brillouin, C. R. Acad. Sci. 183, 24 (1926).

47G. Wentzel, Z. Phys. 38, 518 (1926).

“8H. A. Kramers, Z. Phys. 39, 828 (1926).

Sentaurus Device User Guide (Synopsys, Inc., Mountain View, CA,
2011), Version F-2011.09.

SOA. G. Chynoweth, R. A. Logan, and D. E. Thomas, Phys. Rev. 125, 877
(1962).

M. Luisier and G. Klimeck, J. Appl. Phys. 107, 084507 (2010).

32D. M. Caughey and R. E. Thomas, Proc. IEEE 55, 2192 (1967).

333, Selberherr, Microelectron. Reliab. 24, 225, (1984).

AL, Huldt, N. G. Nilsson, and K. G. Svantesson, Appl. Phys. Lett. 35, 776
(1979).

35R. Hicker and A. Hangleiter, J. Appl. Phys. 75, 7570 (1994).

36W. Shockley and W. T. Read, Jr., Phys. Rev. 87, 835 (1952).

57R. Kotlyar, U. E. Avci, S. Cea, R. Rios, T. D. Linton, K. J. Kuhn, and I. A.
Young, Appl. Phys. Lett. 102, 113106 (2013).


http://dx.doi.org/10.1109/LED.2011.2165331
http://dx.doi.org/10.1109/LED.2011.2165331
http://dx.doi.org/10.1109/IEDM.2008.4796641
http://dx.doi.org/10.1109/IEDM.2008.4796641
http://dx.doi.org/10.1109/IEDM.2008.4796839
http://dx.doi.org/10.1109/IEDM.2008.4796839
http://dx.doi.org/10.1109/IEDM.2009.5424355
http://dx.doi.org/10.1109/IEDM.2009.5424355
http://dx.doi.org/10.1063/1.3579242
http://dx.doi.org/10.1063/1.3579242
http://dx.doi.org/10.1109/IEDM.2011.6131665
http://dx.doi.org/10.1109/IEDM.2011.6131666
http://dx.doi.org/10.1109/IEDM.2011.6131666
http://dx.doi.org/10.1063/1.2981088
http://dx.doi.org/10.1109/IEDM.2011.6131492
http://dx.doi.org/10.1109/IEDM.2011.6131492
http://dx.doi.org/10.1063/1.1735965
http://dx.doi.org/10.1109/TED.2011.2175228
http://dx.doi.org/10.1063/1.3279307
http://dx.doi.org/10.1103/PhysRevB.36.7994
http://dx.doi.org/10.1016/1350-4495(95)00039-2
http://dx.doi.org/10.1002/pssb.200301857
http://dx.doi.org/10.1103/PhysRevB.78.161203
http://dx.doi.org/10.1063/1.3326162
http://dx.doi.org/10.1016/0038-1098(89)91046-6
http://dx.doi.org/10.1063/1.3329424
http://dx.doi.org/10.1063/1.101152
http://dx.doi.org/10.1116/1.584814
http://dx.doi.org/10.1116/1.584814
http://dx.doi.org/10.1063/1.366690
http://dx.doi.org/10.1016/j.jcrysgro.2011.01.015
http://dx.doi.org/10.1063/1.116502
http://dx.doi.org/10.1016/j.tsf.2009.10.044
http://dx.doi.org/10.1016/j.tsf.2009.10.044
http://dx.doi.org/10.1016/S0038-1098(03)00446-0
http://dx.doi.org/10.1016/j.tsf.2003.11.277 
http://dx.doi.org/10.1063/1.3645620
http://dx.doi.org/10.1103/PhysRevLett.79.1937
http://dx.doi.org/10.1063/1.1758772
http://dx.doi.org/10.1103/PhysRevB.73.125207
http://dx.doi.org/10.1063/1.3658632
http://dx.doi.org/10.1063/1.3658632
http://dx.doi.org/10.1109/IEDM.2011.6131569
http://dx.doi.org/10.1109/IEDM.2011.6131569
http://dx.doi.org/10.1109/IEDM.2011.6131568
http://dx.doi.org/10.1109/IEDM.2011.6131568
http://dx.doi.org/10.1109/VLSIT.2012.6242479
http://dx.doi.org/10.1109/VLSIT.2012.6242478
http://dx.doi.org/10.1109/VLSIT.2012.6242478
http://dx.doi.org/10.1103/PhysRev.141.789
http://dx.doi.org/10.1063/1.4767381
http://dx.doi.org/10.1103/PhysRevB.8.2697
http://dx.doi.org/10.1016/0022-3697(60)90035-4
http://dx.doi.org/10.1016/j.sse.2010.10.005
http://dx.doi.org/10.1007/BF01397171
http://dx.doi.org/10.1007/BF01451751 
http://dx.doi.org/10.1103/PhysRev.125.877
http://dx.doi.org/10.1063/1.3386521
http://dx.doi.org/10.1109/PROC.1967.6123
http://dx.doi.org/10.1016/0026-2714(84)90450-5 
http://dx.doi.org/10.1063/1.90974
http://dx.doi.org/10.1063/1.356634
http://dx.doi.org/10.1103/PhysRev.87.835
http://dx.doi.org/10.1063/1.4798283

Journal of Applied Physicsis copyrighted by the American Institute of Physics (AlP). Redistribution of journal
material is subject to the AIP online journal license and/or AIP copyright. For more information, see

http://ojps.aip.org/japoljapcr/jsp



