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In this article, we propose a novel optoelectronic band-to-band tunnel field effect transistor with a
Si photo-gate, for multi-spectral sensing of near-infrared light in the wavelength range of
0.7 lm–1 lm. Based on the line tunneling approach, a drain current model has been developed to
illustrate the device operating principle. The model incorporates the effect of photo-generation in
the photo-gate in terms of the resulting photo-voltage. Good agreement with device simulation
results indicates overall correctness of the developed model. The spectral response of the device
has been studied in terms of its input and output characteristics, and the spectral sensitivity has
been defined in terms of the change in current, in response to the change in the illumination wavelength. The proposed device can resolute closely spaced spectral lines (100 nm) in the wavelength
range of 0.7 lm–1 lm, due to the combined effects of steep average sub-threshold swing of
19 mV/dec, over five current decades, and current modulation due to change in the tunnel path
length, induced by the gating effect of the photo-generated carriers. Peak spectral sensitivity at an
illumination intensity of 0.5 W/cm2 is found to be 5.88  103, 2.14  103, and 3.56  102 corresponding to decrease in illumination wavelength from (1 lm to 0.9 lm), (0.9 lm to 0.8 lm), and
(0.8 lm to 0.7 lm), respectively. The influence of different device parameters, on the spectral
sensing performance of the device, is thoroughly investigated by TCAD simulations and through
the developed model. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961426]
I. INTRODUCTION

Near infrared sensing and imaging finds multitude applications in defense, home-land security, and life sciences.1,2
Near-infrared light in the wavelength range of 700 nm to
1.4 lm is particularly useful for molecular detection due to
greater tissue penetrability and lesser photo-damage to biomolecules in this energy range.3 Such detection requires the
photo-detector to provide spectral differentiation among a
discrete set of well separated wavelengths (100 nm) at low
intensity of illumination (e.g., <1 W/cm2).4 Metal-oxidesemiconductor field effect transistors (MOSFETs) have been
studied theoretically and experimentally for various optically
controlled applications.5,6 Potential of these devices for their
use as photo-detectors is extended by the advantages, such
devices provide in terms of integrated circuit compatibility,
low voltage operation, and superior noise performance in
comparison to avalanche photodiodes. When the condition
of separation of absorbing and conducting regions is
achieved in such devices, by suitable choice of gate and
channel materials, modulation in current is caused by the
gating effect of the photo-generated carriers in the gate.7 For
sensing closely spaced spectral lines, at low intensity of illumination, the FET sensors are required to exhibit current
modulation in response to the change in the gating effect
induced by change in illumination wavelength. The subthreshold regime constitutes the optimal sensing domain for
any FET based sensor. The sub-threshold swing (SS) of any
FET is a critical parameter, which provides an indication of
a)
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the efficiency of the gating effect, and thus it controls the
sensitivity of the device. Conventional FETs are unable to
exhibit multi-spectral sensitivity in the sub-threshold regime
because the minimum achievable SS for such devices is fundamentally limited to 60 mV/dec at room temperature.8 In
contrast, tunnel FETs (TFETs) can achieve sub-Boltzmann
switching due to carrier injection through the band-to-band
tunneling (BTBT) mechanism.9,10 Such attributes make
TFETs promising candidate not only for low standby power
(LSTP) applications11 but also for bio-sensing12 and light
sensing applications.13,14
This work focuses on the design and modeling of a
novel photosensitive band-to-band TFET, for multi-spectral
sensing of near-infrared light, in the wavelength (k) range of
700 nm–1 lm. A relevant transport model, based on the line
tunneling viewpoint of TFET device operation,15 has been
developed to explain its operating principle. The accuracy of
the model is tested by comparing the results obtained from
the model with those obtained from 2-D numerical simulations using a commercial TCAD simulator S-Device.16 The
spectral response of the device has been studied in terms of
its input and output characteristics. To provide the design
direction of the proposed device, the influence of different
device parameters, on the spectral sensing performance of
the device, is discussed and studied in detail by TCAD simulations and through the developed model.
II. DEVICE STRUCTURE AND OPERATING PRINCIPLE

Fig. 1(a) shows the schematic of the proposed device
structure. The device considered in this work is a Si/Ge
120, 084510-1
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FIG. 1. (a) Schematic of the proposed device structure. Carrier transitions from the valence band of the p-Ge region to the conduction band of the i-Ge region
along the gate electric field are indicated by black arrows. Red arrows indicate diagonal tunneling. (b) ON state (VGS ¼ VDS ¼ 1 V) energy band diagram
obtained at the illuminated condition (I0 ¼ 0.5 W/cm2, k ¼ 0.7lm) along the cutline A0 A, illustrating the separation of electron(hole) quasi Fermi energy levels,
Efn (Efp) in the gate region due to photo-generation in that region. (c) Corresponding energy band diagram obtained at the dark condition. Efn and Efp coincide
in the gate region at the dark condition. (d) Comparative ON state energy band diagram, along the cutline OA, obtained at dark and illuminated conditions.
Minimum tunnel path length at the illuminated condition, Lmin (k ¼ 0.7 lm), is indicated. (e) Corresponding energy band profile along the current transport
direction, i.e., along the cutline AO and OB. Tin and LOV are chosen to be 5 nm and 0 nm.

hetero-structure n-type TFET. It comprises a side-trench
n-type Si photon absorbing gate, an intrinsic Si (i-Si) channel
region, a n-type Si drain region, and a Ge source having a
retrograde doping profile, obtained by the incorporation of
an intrinsic Ge region. The device is specifically a band-toband tunnel FET, involving carrier transition from the
valence band of the p-type region of the Ge source (p-Ge) to
the conduction band of the intrinsic region of the Ge source
(i-Ge) and to the conduction band of the i-Si channel region.
The high-k gate-oxide thickness has been supposed to be tOX
nm, and the buried-oxide (BOX) thickness is chosen to be
TBOX lm. The thickness of the i-Si channel region, i-Ge
region, and n-type Si drain region is each assumed to be Tin
nm. The thickness of the p-Ge region has been taken to be TS
nm. The gate-to-source overlap length, gate-to-channel overlap length, length of i-Si channel region, and length of the
drain region have been supposed to be LG nm, LOV nm, LCH
nm, and LD nm, respectively. The doping concentration in
the source, drain, and gate are supposed to be NA cm3, ND
cm3, and NG cm3, respectively. The illumination window
of the photo-gate spans from (WG þ tOX þ TG) < x < TG,
and the gate region is assumed to be (WG þ TG) lm wide.
The structural parameters used in this work are summarized
in Table I. At the illuminated condition, under normal incidence on the illumination window, excess electron-hole pairs
(EHPs) are generated in the gate region. Photogeneration in
the gate region occurs due to absorption of incident photons
having energies in excess of the band-gap energy of Si.
Movement of the photo-generated carriers within the gate
region is governed by the combined effects of the applied
gate bias (VGS) and band bending in the gate. When VGS is

positive, photo-generated electrons move towards the gate
electrode, while the excess holes accumulate near the gate/
gate-oxide interface. Such charge separation perturbs the
equilibrium condition in the gate. Consequently, the electron
quasi-Fermi energy (Efn) and the hole quasi-Fermi energy
(Efp) get separated in the gate region leading to the development of net photo-voltage (VOP) across it. Such separation of
Efn and Efp in the gate region is illustrated in the ON state
(VGS ¼ VDS ¼ 1 V) energy band diagram shown in Fig. 1(b),
obtained along the cut-line A0 A, through the center of the
gate-to-source overlap region, at the illuminated condition
(k ¼ 0.7 lm). However, Efn and Efp coincide at the dark
TABLE I. Device structural parameters used in simulation and modeling.
Parameters
Length of illumination window of the gate (WG)
Length of the gate region (WG þ TG)
Gate-to-source overlap length (LG)
Channel length (LCH)
Length of the drain region (LD)
Gate-to-channel overlap length (LOV)
Gate-oxide thickness (tOX)
Dielectric constant of gate-oxide
Buried oxide (BOX) thickness (TBOX)
Thickness of the i-Ge region, channel region,
and drain region (Tin)
Thickness of the p-Ge region of the source (TS)
Acceptor doping concentration in the p-Ge region (NA cm3)
Donor doping concentration in the drain region (ND cm3)
Donor doping concentration in the gate region (NG cm3)

Value
1.0 lm
1.01 lm
50 nm
50 nm
50 nm
0 nm–20 nm
4 nm
22
1.0 lm
5 nm–10 nm
25 nm
5  1018
5  1018
1  1018
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condition, as shown in Fig. 1(c), confirming that the equilibrium condition prevails in the gate region at the dark condition. The photo-voltage acts as an additional gate bias which
lowers the onset gate voltage or the turn ON voltage
(VONSET) required for the alignment of filled valence band
density of states (DOS) in the p-Ge region with the empty
conduction band DOS in the i-Ge region and i-Si channel
region. Consequently, BTBT current increases. Comparative
ON state energy band plots, obtained along the cut-line OA,
through the center of the gate-to-source overlap region, at
illuminated (k ¼ 0.7 lm) and dark conditions are shown in
Fig. 1(d). The overlap between the conduction band and
valence band DOS is observed only at the illuminated condition (k ¼ 0.7 lm), and the relevant minimum tunnel path
length, Lmin (k ¼ 0.7 lm), is indicated in Fig. 1(d). The corresponding band diagram along the current transport direction,
i.e., along AOB, is shown in Fig. 1(e). The illumination window is chosen such that photo-generation primarily occurs in
the gate region. Therefore, its contribution to the OFF state
leakage current (IOFF) is negligible, and IOFF is determined
by the reverse biased source-to-drain diode leakage current.
The low band gap of Ge used in the source leads to higher
ON state current (ION) due to high BTBT offered by Ge. The
total BTBT current can be divided into two components: (1)
The BTBT current component due to carrier transition from
the valence band of the p-Ge region to the conduction band
of the i-Ge region. The tunneling direction in this case is perpendicular to the gate-oxide/i-Ge interface. This type of
tunneling is called the “gate-normal tunneling”17 or more
generally “line tunneling.”15 (2) The BTBT current component due to carrier transition from the valence band of the
p-Ge region to the conduction band of the i-Si channel
region. The tunneling direction in this case is not perpendicular to the gate-oxide/i-Ge interface. This type of tunneling
is called the diagonal tunneling.17 To achieve high spectral
sensitivity, low SS is required. Steep switching slopes can be
achieved by designing the structure such that the line tunneling component dominates over the diagonal tunneling
component in the subthreshold regime of device operation.
line
) and diagoThe turn ON voltage for line tunneling (VONSET
diagonal
nal tunneling (VONSET ) components of BTBT current in
such a structure is different. The line tunneling component of
BTBT current is controlled by the gate-to-source overlap
length, while the gate-to-channel overlap length controls the
diagonal tunneling component of BTBT current. Therefore,
LG and LOV are suitably chosen to target steep SS and reasonably high ION. The retrograde doping profile used in the
source minimizes the process induced variation18 and field
induced quantum confinement (FIQC) effects.19 The source
line
. Therefore, NA and
doping level and Tin determine VONSET
Tin must be chosen to maximize line tunneling and minimize
SS for sub-volt operation at the illuminated condition. The
p-Ge region is chosen to be adequately thick to support line
tunneling. The drain doping concentration has been chosen
to minimize BTBT at the channel/drain junction which
increases the undesirable ambipolar conduction current prior
to the onset of tunneling. Moderate doping has been used in
the gate region to ensure high VOP and high minority carrier
life-time that leads to improvement in spectral sensitivity.

J. Appl. Phys. 120, 084510 (2016)

The i-Si channel region is left undoped to reduce mobility
degradation from Columbic scattering by ionized impurities
and to eliminate the impact of dopant fluctuation on the
device performance.
III. MODEL FORMULATION

The drain current model presented in this work is
centered on the line tunneling view point of the TFET device
operation.15 Fig. 2 shows the energy band diagram schematic, illustrating the electrostatics and key parameters used
in the model derivation. The key steps of the model are summarized as follows: (1) Expression for VOP is developed in
terms of the electron quasi-Fermi potential (/n ) and the hole
quasi-Fermi potential (/p ) in the gate region, assuming the
Shockley-Read-Hall (SRH) recombination mechanism to be
the dominant recombination process for the photo-generated
EHPs in the gate region. (2) 1-D Poisson’s equation is solved
in the gate region, i-Ge region and p-Ge region, along the
cut-line A0 A (x-direction) to estimate the surface potential
(WS) at the gate-oxide/i-Ge interface in terms of terminal
voltages and VOP. Uniform band bending is assumed at the
gate-oxide/i-Ge interface throughout the gate-to-source overlap region. (3) Assuming carrier transition from the valence
band of the p-Ge region to the conduction band of the i-Ge
region, analytical expression for the minimum tunnel path
length (Lmin) is obtained in terms of WS. Carrier transitions
from the valence band of the p-Ge region to the conduction
band of the i-Si channel region are not considered. (4)
Analytical expression for the overlap in position between
filled valence band DOS in the p-Ge region with the empty
conduction band DOS in the i-Ge region, XOV (WS), is subsequently derived in terms of WS. Such overlap is indicated by
the shaded region in the model band diagram schematic
shown in Fig. 2. (5) Kane’s model20 is used to calculate
the BTBT generation rate (GBTBT). This model requires the
average field over a tunneling path to estimate the BTBT
rate. However, there can be several tunneling paths contained in the overlap region of different lengths, each having
different average electric field. Drain current is predominantly determined by the BTBT generation along the shortest
tunnel path. Therefore, average electric field across the shortest tunneling path (navg) is estimated to calculate GBTBT.

FIG. 2. Energy band diagram schematic for illustrating the electrostatics and
key parameters used in the derivation.
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(6) Assumption of uniform WS, throughout the gate-to-source
overlap region, implies uniformity of VONSET across that
region. In actuality, segments of the gate-to-source overlap
region near to the i-Ge/i-Si channel metallurgical junction
turn ON at lower VGS, compared to the segments that are
away from the junction. For correct estimation of the BTBT
current at the onset of tunneling, an empirical bias dependent
source doping concentration (NS) is introduced. (7) Quantities
such as Lmin(WS), navg, and GBTBT are recomputed using
NS. Finally, the BTBT current is calculated from the recomputed BTBT rate by assuming it to be the main generation
mechanism.
A. Expression for Photo-voltage (VOP)

Photo-generation in the gate region modifies electron
and hole concentrations in that region. The quasiequilibrium electron and hole concentrations in the gate
region are, respectively, given by: (n* ¼ n0 þ DN(k)) and
(p* ¼ p0 þ DN(k)), where n0 and p0 are the equilibrium electron and hole concentrations in the gate region at the dark
condition and DN(k) is the concentration of the EHPs generated in the gate region at an illumination wavelength (k).
Assuming SRH recombination to be the key recombination
mechanism for the EHPs in the gate region, expression for
DN(k) can be written in the steady state as21
DN ðkÞ ¼ I0 aðkÞs

k
ð1  R1 Þð1  R2 Þ;
hc

(1)

where I0 is the illumination intensity, a(k) is the absorption
coefficient per unit length of the gate region at the energy of

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
QG ¼ 2qeSi NG

incident photons, h is the Planck’s constant, c is the velocity
of light, and s is the carrier life time. The reflection coefficient at the air-gate interface (R1) and gate-BOX interface
(R2) are calculated as.21 At illuminated conditions, the product of n* and p* can be written in terms of /n and /p in the
gate region as


/p  /n
n p ¼ n2i exp
;
(2)
UT
where ni is the intrinsic carrier concentration of the gate
material and UT is the thermal potential. The photon induced
shift in the gate voltage is approximately given by (/p  /n ).
Thus, VOP can be written as
"


#
 2
2/FG
DN
DN
1 þ exp 
þ
VOP ¼ UT ln 1 þ
;
ni
NG
UT
(3)
where /FG is the gate Fermi potential at equilibrium. It may
be noted that under low level injection approximation, this
formula predicts the correct slope of VOP versus illumination
intensity, viz., UT.22
B. Surface Potential Computation

Assuming uniform doping in the gate region, solution to
1-D Poisson’s equation in that region along the cutline A0 A,
through the center of the gate-to-source overlap region,
yields the total gate charge (QG) in terms of the electrostatic
potential (WP) at the gate/gate-oxide interface.

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 


 



wP
/FG
wP
 1 þ exp
 w P  UT ;
UT exp
wP þ UT exp 
UT
UT
UT

(4)

where eSi is the permittivity of Si and q is the electronic charge. Assuming uniform doping in the p-Ge region with an abrupt
interface between i-Ge and p-Ge regions, the total semiconductor charge (QS) can be found in terms of WS by solving 1-D
Poisson’s equation along the cut-line A0 A in the i-Ge region and p-Ge region, following a similar methodology reported
in Ref. 23
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ



ﬃ
pﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
wS  2/F  /Fn
1 ;
QS ¼  2qeGe NA wS  2 b wB  UT þ UT exp
UT
where eGe is the permittivity of Ge, WB is the electrostatic
potential at the i-Ge region and the p-Ge region interface, /F
is the Fermi potential in the p-Ge region of the source, and
/Fn is the electron quasi-Fermi potential in the source region
relative to /F . The drain bias (VDS) influences QS by increasing /Fn relative to /F . In this model, /Fn is assumed to be
equal to VDS up to the source depletion region edge. Such
assumption is valid only in the tunneling limited regime of
device operation, where the current levels are low. In Eq.
5(a), WB and WS are related as23

wB ¼ UT þ ð

(5a)

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃ 2
wS  UT þ b  bÞ ;

(5b)

qNA 2
where b ¼ 2e
Tin . Using Eq. 5(b) in Eq. 5(a), expression for
Ge
the source depletion charge (QB) can be obtained as:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
QB ¼  2qeGe NA wB  UT . The potential balance equation, incorporating the effect of photo-generation in the gate
region, can be written as

VGS  VFB þ VOP ¼ wS þ wP 

QS
;
COX

(6a)
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where VFB is the flat-band voltage and COX ¼ eOX/tOX is the
gate-oxide capacitance per unit area, where eOX is the permittivity of gate-oxide. The gate insulator has been assumed to
be free from any charges. Under such assumption, total gate
charge must balance the net semiconductor charge. Thus, the
charge balance equation can be written as
QG þ QS ¼ 0:

(6b)

The potential and charge balance equations can be solved
numerically to obtain WS in terms of terminal voltages and
VOP.
C. Drain Current Computation

Estimation of minimum tunnel path length requires the
potential profile in the i-Ge region and the p-Ge region. The
potential variation in the i-Ge region along the x-direction,
W1(x), has been assumed to be linear because this region is
undoped. The potential variation in the p-Ge region along the
x-direction, W2(x), has been assumed to be parabolic. Such
assumption is fairly valid when the inversion charge density
is small. These assumptions are necessary to obtain an analytical expression for Lmin (WS). The potential variation W1(x)
S
x þ wS and
and W2(x) can be written as: w1 ðxÞ ¼ wBTw
qinﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2
X w Þx
2
Ge
w2 ðxÞ ¼ wB XDDððw SÞT
, where XD ðwS Þ ¼ 2e
qNA wS þ Tin is
in
S

the total depletion width in the source region. Analytical
expression for Lmin(WS) can be found by equating x-coordinates of points of equal energy in the valence band of the
p-Ge region and the conduction band of the i-Ge region.15
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
wS Egef f
Lmin ðwS Þ ¼ XD ðwS Þ  ðXD ðwS Þ  Tin Þ
; (7)

wB qwB

where Egeff is the effective band-gap of Ge extracted from
simulated band profile incorporating band-gap narrowing
effects. Expression for the maximum tunnel path length
(Lmax) can be obtained by substituting Egeff for WS in Eq. (7).
The overlap (in position) between the filled valence band
DOS in the p-Ge region with the empty conduction band
DOS in the i-Ge region can be estimated from W1(x) as:
w E
XOV ðwS Þ ¼ wS wgef f Tin . BTBT generation due to such overlap
S
B
can be estimated using Kane’s model.20 In the uniform electric field limit, the model can be written in a manner similar
to the non-local BTBT model used in the simulation tool.16
GBTBT



navg
¼A
F0

D


B
exp 
ðfpS  fnS Þ;
navg


where NOFF and c are empirical fitting parameters. Under
depletion approximation, the electric field varies linearly
with position (x) in the p-Ge region and it maintains a constant value of nS in the i-Ge region (0  x  Tin ). Thus, nloc
can be written in terms of nS as: nloc ðwS Þ ¼ nS ðwS Þf1
L ðwS Þ
 Xmin
g, where nS can be computed from QB using Gauss’s
D ðw Þ
S

(8)

where A and B are material dependent constants of the
model, F0 ¼ 1 V/cm, and the parameter D distinguishes
between the direct (D ¼ 2) and the indirect (D ¼ 2.5) tunneling process, and fpS and fnS are the Fermi distribution functions in the source region corresponding to /F and /Fn ,
respectively. It may be noted that the inclusion of the term
(fpS  fnS) ensures zero generation at the equilibrium condition. Average electric field along the shortest tunnel path has
E
been estimated as: navg ¼ qLmingefðwf Þ. The electrostatic model
S

developed thus far assumes invariance of WS along the
y-direction (parallel to the gate-oxide/i-Ge interface). Such
assumption implies that the entire source region has a single
turn ON voltage. Fig. 3 plots the simulated electron BTBT
generation rate profile in the gate-to-source overlap region,
obtained along a cut-line parallel to the gate-oxide/i-Ge
interface at a distance of 0.5 nm from it. Plots are obtained at
the illuminated condition (k ¼ 0.7 lm) with VDS fixed at 1 V
for different VGS values. It can be observed that, at relatively
low VGS, electron BTBT generation is confined near the
i-Ge/i-Si channel metallurgical junction. As VGS is gradually
increased, portions of the source region, away from the i-Ge/
i-Si channel metallurgical junction, gradually turn ON and
contribute to the BTBT current. For relatively large values
of VGS, BTBT generation is observed in the entire gateto-source overlap region (along the y-direction). Thus, the
turn ON voltage for the segments of the source region near
to the i-Ge/i-Si channel metallurgical junction is lower compared to the segments that are away from the junction. The
spatial variation in the turn ON voltage should be considered
for correct estimation of BTBT current at the onset of tunneling. However, such consideration requires correct estimation
of WS along the y-direction in the gate-to-source overlap
region and corresponding computation of GBTBT(y). In order
to obtain a closed form expression of drain current (IDS),
some simplifications are necessary. To address this issue, the
source doping concentration has been considered to be a bias
dependent quantity. In this regard, we introduce an empirical
bias dependent source doping concentration, chosen as a linear function of the ratio of the electric field (nloc) at the initial
point (x ¼ Lmin) of the shortest tunneling path, and the surface electric field (nS) at the i-Ge/gate-oxide interface


nloc ðwS Þ
NA ;
(9)
NS ðwS Þ ¼ NOFF þ c
nS ðwS Þ

FIG. 3. Simulated electron BTBT generation rate profile in the gate-tosource overlap region, obtained along a cut-line parallel to the gate-oxide/
i-Ge interface at a distance of 1 nm from it. Plots are obtained at the illuminated condition (k ¼ 0.7 lm) with VDS fixed at 1 V for different VGS values.
Tin and LOV are chosen to be 5 nm and 0 nm.
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law. The source depletion region edge is the starting point of
the tunneling path at the onset of vertical tunneling. Thus, at
the onset of line tunneling, nloc ¼ 0 and NS is determined by
NOFF. With increase in WS, Lmin(WS) decreases and the
depletion width increases. Consequently, NS(WS) gradually
increases with WS. The modified shortest tunnel path length
(Lnew
min ), computed by substituting NS (WS) for NA in Eq. (7) is
thus larger in comparison to corresponding Lmin, for WS values close to Egeff. Consequently, the average field (nnew
AVG ) and
the BTBT generation rate (Gnew
),
along
the
modified
shortBTBT
,
are
lower
in
comparison
to the
est tunnel path of length Lnew
min
corresponding navg and GBTBT along the shortest tunnel path
of length Lmin. As WS increases, Lnew
min gradually approaches
Lmin. Thus, NOFF and c can be chosen appropriately to estimate the BTBT current at the onset of vertical tunneling and
to match ION. Finally, drain current is calculated, assuming
constant generation in the energy overlap region, as
ð LG ð XOV
new
IDS ¼ qW
Gnew
(10)
BTBT dxdy  qWLG XOV GBTBT ;
0
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ONSET
as: SSAVG ¼ log VITTV
, where VT and VONSET are the
10 log10 IONSET
gate voltages corresponding to current levels of IT ¼ 0.1 lA/
lm and IONSET ¼ 1 pA/lm, respectively. Spectral sensing performance of the device has been evaluated in terms of its
spectral sensitivity (Sn) which is defined as the increase in IDS
corresponding to decrease in illumination wavelength from
k2 to k1, normalized by IDS values corresponding to illumination wavelength, k2

Sn ¼

IDS ðk1 Þ
 1:
IDS ðk2 Þ

(11)

Non-ideal effects such as defect assisted tunneling are not
been considered. Such effects cause deterioration to SS in the
low current range. In this work, key parameters such as
SSAVG and Sn are computed considering relatively high
IONSET of 1 pA/lm. Thus, at such current levels, effects of
these non-idealities are less significant,30 due to the dominance of BTBT current.

0

where W is the width of the device along the z-direction.
IV. RESULTS AND DISCUSSIONS

Device performance has been studied by 2-D numerical
simulations using a commercial TCAD simulator S-Device.16
A dynamic non-local path BTBT model, capable of incorporating different tunneling directions and paths with slope of
energy bands, has been used to emulate the BTBT behavior.
For Si, the BTBT parameters provided in the simulation tool
are used. These parameters are extracted from the experimental data of a p-n tunnel diode.24 Experimentally calibrated
BTBT parameters for Ge, reported in Ref. 25, have been used
to obtain the simulation results. Fermi-Dirac statistics, bandgap narrowing model, and concentration and field dependent
mobility models along with the Shockley-Read-Hall (SRH)
recombination model are considered. Optical generation is
computed using the ray tracer method through the effective
band-gap dependent quantum yield model. Optical constants
for Si are obtained from Ref. 26. Redistribution of carriers
near the gate-oxide is included using the modified localdensity approximation (MLDA) model. Such a model does
not take into account the FIQC effects.19 In the proposed
device, the introduction of the i-Ge region and nondegenerate source doping greatly minifies the detrimental
effects of FIQC, and thus, such effects can be neglected to
the first order. Simulation results are obtained, assuming a
doping smearing of 1.5 nm/dec at the p-Ge/i-Ge junction
and the channel/drain junction. Such assumptions are reasonable, as with recently reported techniques such as Excimer
Laser Annealing (ELA),27 Plasma doping (PLAD),28 and
dopant profile-steepening implant (DPSI),29 it is possible to
achieve almost abrupt junctions. Illumination intensity (I0) is
assumed to be 0.5 W/cm2, and the illumination wavelengths
are chosen in the near-infrared range (0.7 lm–1 lm).
Subthreshold swing has been extracted from the simulated

1
10 IDS
and modeled input characteristics as: SS ¼ d log
, and
dVGS
the average subthreshold swing (SSAVG) has been calculated

A. Spectral response of the device

Fig. 4(a) plots the simulated device transfer characteristics and compares it with those obtained from the model
given by Eq. (10). The transfer characteristics are obtained at
the illuminated condition for different values of k, with VDS
fixed at 1 V. Corresponding Lmin  VGS characteristics,
obtained from Eq. (7), are shown in Fig. 4(b). Tin and LOV
are assumed to be 5 nm and 0 nm, respectively. The model
empirical fitting parameter, NOFF, has been chosen to be
1.5  1018 cm3, and the parameter c has been varied from
0.82 to 1.05 corresponding to k variation from 0.7 lm to
1 lm. Both the simulated and modeled transfer characteristics exhibit similar trends of increase in VONSET and decrease
in ION, with increase in k. VONSET extracted from the simulated transfer characteristic curves decreases from 0.81 V to
0.735 V and corresponding ION increases from 0.8 lA/lm to
2.14 lA/lm, for decrease in k from 1 lm to 0.7 lm. Photogeneration in the gate region increases as k decreases. Thus,
VOP given by Eq. (3) increases, which leads to the reduction
in VONSET. Consequently, at a fixed gate bias, Lmin decreases,
as can be observed in Fig. 4(b). The increase in ION is attributed to such a decrease in Lmin. It can be observed from Fig.
4(a) that the modeled transfer characteristic curves show
delayed onset relative to corresponding simulated transfer
characteristics. This is due to the assumption of uniform
band bending at the i-Ge/gate-oxide interface throughout the
gate-to-source overlap region. It has been illustrated in the
preceding section that the turn ON voltage for the segments
of the source region near to the i-Ge/i-Si channel metallurgical junction is lower compared to the segments that are away
from the junction, owing to greater band bending at the i-Ge/
gate-oxide interface in these regions. Hence, the simulated
transfer characteristic curves exhibit lower VONSET compared
to corresponding modeled transfer characteristics. However,
it may be noted that the introduction of bias dependent
source doping concentration leads to the correct estimation
of current at the onset of tunneling and also in the ON state.
Both the simulated and modeled transfer characteristics
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FIG. 4. (a) Comparative plots of simulated and modeled transfer characteristics, obtained at the illuminated
condition for different values of k, at
VDS ¼ 1 V. (b) Corresponding Lmin-VGS
characteristics. Tin and LOV are assumed
to be 5 nm and 0 nm, respectively.

exhibit very steep SSAVG  19 mV/dec and 21 mV/dec,
respectively, in the wavelength range considered. Such steep
SSAVG is attributed mainly to the dominance of line tunneling. In the absence of any gate-to-channel overlap, band
bending in the i-Si channel region in the vicinity of the i-Ge/
i-Si metallurgical junction is controlled by gate fringing
field. In such case, for the chosen value of Tin and NA, diagonal tunneling is suppressed. Therefore, the total BTBT current is mainly determined by the line tunneling component.
Fig. 5 plots the Sn  IDS characteristics corresponding to
decrease in k from (1 lm to 0.9 lm), (0.9 lm to 0.8 lm), and
(0.8 lm to 0.7 lm), respectively. Spectral sensitivity has
been computed from Eq. (11) using relevant pairs of transfer
characteristic curves obtained from the simulation and
model. It can be observed that Sn decreases at high current
levels. This decrease is attributed to the gradual increase in
SS when the device transits from tunneling limited regime to
the transport limited regime with increase in VGS. The peak
value of spectral sensitivity (Snm), extracted from the simulated (Sn  IDS) characteristics, is found to be 5.88  103,
2.14  103, and 3.56  102 corresponding to decrease in k
from (1 lm to 0.9 lm), (0.9 lm to 0.8 lm), and (0.8 lm to
0.7 lm), respectively. Such high Snm is a consequence of the
steep SSAVG owing to the dominance of line tunneling. Good
agreement is observed between the Sn  IDS characteristics
extracted from the modeled and simulated transfer characteristics. But, the model underestimates Sn in the current range
of 1 pA/lm to 100 pA/lm. This is attributed to the greater
SSAVG exhibited by the modeled transfer characteristics compared to the corresponding simulated characteristics. It can
be observed from Fig. 5 that, in the entire current range, Sn is

FIG. 5. Plots of variation of Sn with IDS corresponding to decrease in k from
(1lm to 0.9 lm), (0.9 lm to 0.8 lm), and (0.8 lm to 0.7 lm), respectively.
Sn values are computed using Eq. 11 using relevant pairs of transfer characteristic curves obtained from the simulation and model.

found to be highest for the wavelength pair (1 lm–0.9 lm).
This is due to larger sensitivity of VOP to wavelength
changes in the low photon energy regime. It may be noted
that Sn, for any wavelength pair, depends not only on the
subthreshold swing of the relevant transfer characteristic
curves but also on the separation of the IDS–VGS curves on
the VGS axis. The decrease in VONSET due to decrease in illumination wavelength is limited by the corresponding
increase in VOP. Consequently, Sn is also limited by such
increase in VOP. Comparative plots of output characteristics
obtained from simulation and the model are shown in Fig.
6(a). Output characteristics are obtained at the illuminated

FIG. 6. (a) Comparative plots of output characteristics obtained from simulation and the model, obtained at the illuminated condition for different values of k,
at VGS ¼ 1 V. Tin and LOV are assumed to be 5 nm and 0 nm, respectively. (b) Corresponding WSVDS and LminVDS characteristics.
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condition for different values of k, with VGS fixed at 1 V.
Both the modeled and simulated output characteristics show
excellent saturation at high VDS. It may be observed that,
despite using non-degenerate doping in the source, the superlinear onset of the output characteristics is not too significant. This is mainly due to the incorporation of the i-Ge
region. It has been shown by previous researchers15 that the
superlinear onset in the output characteristics increases with
increase in the difference between the longest and the shortest tunnel path lengths. Potential varies linearly with position
(x) in the undoped i-Ge region. Thus, incorporation of the
i-Ge region in the source helps in improving linearity in the
output characteristics by reducing (Lmax  Lmin). Fig. 6(b)
plots the variation of Lmin and WS with VDS. The Lmin  VDS
and WS  VDS characteristics correspond to the modeled output characteristics shown in Fig. 6(a). The Lmin  VDS characteristic curves decrease gradually up to a certain drain
voltage (VDSsat) and then saturate. With VGS fixed at 1 V, as
VDS is gradually increased, inversion charges (Qinv) at the
i-Ge/gate-oxide interface decrease, leading to an increase in
WS with VDS and corresponding decrease in Lmin. When VDS
is increased beyond VDSsat, Qinv becomes negligible and thus
WS becomes independent of VDS, causing Lmin saturation
beyond VDSsat, as can be observed from the WS  VDS and
Lmin  VDS characteristics shown in Fig. 6(b). Excellent saturation observed in the device output characteristics can be
attributed to the saturation of Lmin beyond VDSsat.
B. Effect of Tin on the device performance

Fig. 7(a) compares the simulated and the modeled transfer characteristics, obtained at the illuminated condition
(k ¼ 0.7 lm) with VDS fixed at 1 V. Tin has been varied in the
range of 5 nm to 10 nm, and no gate-to-channel overlap has
been considered for this study. The model empirical fitting
parameter, NOFF, has been chosen to be 1.5  1018 cm3.
Parameter c has been varied from (0.82 to 1.05) for
Tin ¼ 5 nm, (0.75 to 1.0) for Tin ¼ 7 nm, and (0.37 to 0.66) for
Tin ¼ 10 nm, corresponding to k variation from 0.7 lm to
1 lm. Extracted values of VONSET and ION from the simulated
transfer characteristics are found to decrease from 0.735 V to
0.677 V, and from 2.14 lA/lm to 1.31 lA/lm, with increase
in Tin. Modeled transfer characteristics also show a similar
trend. As Tin increases, potential drop (WS  WB) across the
i-Ge region increases. Consequently, the net source depletion
charge decreases. The decrease in VONSET is due to the
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reduction in the surface electric field resulting from such
decrease in QB. The observed trend of decrease in ION with
increase in Tin can be understood by inspecting the
Lmin  WS characteristics, shown in Fig. 7(b). As Tin
increases, source depletion width increases for a fixed band
bending at the i-Ge/gate-oxide interface, which leads to an
increase in Lmin. Such increase in Lmin reduces the BTBT
generation rate and the resultant current. This also results in
the decrease of average electric field along the shortest tunnel path. Fig. 8(a) plots the SS - IDS characteristics, extracted
from the relevant modeled and simulated input characteristics. The observed deterioration in SS with increase in Tin is
due to the decrease in the average electric field along the
shortest tunnel path. At low current levels in the range of
1 pA/lm to100 pA/lm, good agreement is observed between
the SS and IDS characteristics extracted from the simulated
and modeled transfer characteristics. In the current range of
100 pA/lm to 10 nA/lm, the modeled transfer characteristic
curves exhibit slightly higher SS in comparison to their simulated counterparts. Such deviations are ascribed to the bias
dependency of the empirical source doping concentration
introduced in Eq. (9), which determines the subthreshold
behavior of the modeled transfer characteristics. Thus, the
modeled transfer characteristics exhibit higher SSAVG relative
to the corresponding simulated transfer characteristics, as
can be observed from the plots of variation of SSAVG with k,
shown in Fig. 8(b). Comparative plots of variation of peak
spectral sensitivity with Tin, corresponding to decrease in k
from (1 lm to 0.9 lm), (0.9 lm to 0.8 lm), and (0.8 lm to
0.7 lm), are shown in Fig. 8(c). Snm values, extracted from
the relevant pairs of transfer characteristic curves, obtained
from the simulation and model, are observed to decrease, as
Tin increases, for each wavelength pair considered. Such
trends are consistent with the degradation of SSAVG with
increase in Tin. The Snm values obtained from the model are
slightly lesser than those obtained from the simulated transfer characteristics. This is due to the higher SSAVG of the
modeled transfer characteristics. Fig. 9(a) compares the simulated and the modeled output characteristics, obtained at the
illuminated condition (k ¼ 0.7 lm) with VGS fixed at 1 V.
Excellent agreement is observed between the simulated and
modeled output characteristics. Linearity of the output characteristics is deteriorated with increase in Tin. The superlinear onset of the output characteristics is related to the
selection of the allowed energy window.30 As Tin increases,
drain control over the band bending at the i-Ge/gate-oxide

FIG. 7. (a). Comparative plots of input
characteristics obtained from the simulation and the model, at the illuminated
condition (k ¼ 0.7 lm), at VDS ¼ 1 V. No
gate-to-channel overlap is considered,
and Tin has been varied in the range of
5 nm to 10 nm. (b) Corresponding Lmin
 WS characteristics.
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FIG. 8. (a) SS – IDS characteristics extracted from the simulated and modeled input characteristics shown in Fig. 7(a). (b) Comparative plots of variation of
SSAVG with k, extracted from the relevant simulated and modeled transfer characteristics. (c) Plots of variation of Snm with Tin, extracted from the relevant pairs
of transfer characteristic curves obtained from the simulation and model, corresponding to decrease in k from (1lm to 0.9 lm), (0.9 lm to 0.8 lm), and (0.8 lm
to 0.7 lm).

FIG. 9. (a) Comparative plots of output
characteristics obtained from the simulation and the model, at the illuminated
condition (k ¼ 0.7 lm), at VGS ¼ 1 V. No
gate-to-channel overlap is considered,
and Tin has been varied in the range
of 5 nm to 10 nm. (b) Corresponding
WSVDS characteristics.

interface increases, as can be observed from the WS  VDS
characteristics shown in Fig. 9(b). These characteristics correspond to the modeled output characteristics. Consequently,
at low VDS, the Fermi distribution function (fnS) increases
and (fpS  fnS) decreases. This results in slower rise in the
drain current in the low VDS regime.
C. Effect of gate-to-channel overlap length

Fig. 10(a) plots the simulated input characteristics based
on the effect of the gate-to-channel overlap length. Transfer
characteristics corresponding to the illumination wavelength
of 0.7 lm, obtained at a fixed VDS of 1 V, are shown in Fig.
10(a). Tin has been chosen to be 5 nm for this study. It can be
observed that, with increase in LOV from 0 nm to 20 nm,
VONSET decreases from 0.735 V to 0.556 V and ION increases
from 2.14 lA/lm to 3.43 lA/lm. Deterioration in the SS can
be observed in the corresponding SS  IDS characteristics,
shown in Fig. 10(b), with increase in LOV. For explaining

such observations, comparative plots of the conduction band
profile corresponding to LOV ¼ 0 nm and LOV ¼ 20 nm are
shown in Fig. 11(a). The conduction band profiles are
obtained along a cut-line parallel to the gate-oxide interface
at a distance of 0.5 nm from it, in the region spanning from:
0  y  ðLD þ LCH þ LG Þ, with VGS and VDS fixed at 0.7 V
and 1 V, respectively. In comparison to the conduction band
profile corresponding to LOV ¼ 0 nm, greater band bending is
observed in the channel region and in the portions of the
source region, near to the source-channel junction, in the
presence of gate-to-channel overlap. Greater band bending in
the channel region enhances the diagonal tunneling component of BTBT current. While, additional band bending in the
source region, near to the source-channel junction, caused by
the enhanced gate fringing field, increases the BTBT generation due to line tunneling in these regions, as can be observed
from the electron BTBT generation rate profile shown in Fig.
11(b). Decrease in VONSET is mainly due to the decrease in
diagonal
with increase in LOV. The observed trend of increase
VONSET

FIG. 10. (a) Simulated input characteristics obtained at the illuminated condition (k ¼ 0.7 lm) at VGS ¼ 1 V. Tin is
chosen to be 5 nm, and LOV has been
varied in the range of 0 nm to 20 nm. (b)
Corresponding SSIDS characteristics.
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FIG. 11. (a) Comparative conduction
band profile along the y direction, corresponding to LOV ¼ 0 nm and LOV
¼ 20 nm, obtained along a cut-line parallel to the gate-oxide interface at a distance of 0.5 nm from it, in the i-Ge
region, channel region, and the drain
region, with VGS and VDS fixed at 0.7 V
and 1 V, respectively. (b) Corresponding
electron band-to-band generation rate
profile. (c) ON state conduction band
profile corresponding to LOV ¼ 0 nm and
LOV ¼ 20 nm. (d) Corresponding electron band-to-band generation rate
profile.

in ION with increase in LOV can be similarly explained from
the ON state conduction band profile shown in Fig. 11(c) and
the corresponding electron BTBT generation rate profile
shown in Fig. 11(d). The increase in ION with increase in LOV
can be ascribed to the increase in the line tunneling component and diagonal tunneling component of BTBT current.
Average electric field along a diagonal tunnel path is low.
Thus, the dominance of diagonal tunneling reduces the steepness in turn ON of the input characteristics. In the absence of
any gate-to-channel overlap, diagonal tunneling is significantly suppressed due to insufficient band bending in the
channel region. Consequently, the corresponding input characteristics exhibit very steep SS, as can be observed from
the SS  IDS characteristics shown in Fig. 10(b). As LOV
increases, enhancement in the diagonal tunneling component at low gate voltages causes degradation in SS. Thus,
SSAVG increases from 19 mV/dec to 43 mV/dec with
increase in LOV from 0 nm to 20 nm, as can be observed
from the plots of variation of SSAVG with k shown in
Fig. 12(a). Such degradation in SSAVG causes reduction in
the peak spectral sensitivity by almost two orders, as can
be observed from the Snm  LOV characteristics shown in
Fig. 12(b).

V. CONCLUSION

In this work, a novel optoelectronic TFET has been
introduced, which exhibits multi-spectral sensitivity in the
wavelength range of 0.7 lm to 1 lm, owing to its steep average subthreshold swing (SSAVG) of 19 mV/dec over five
current decades. Model predictions of key parameters such
as the SSAVG, spectral sensitivity (Sn), and ON current (ION)
have a good match with the TCAD simulation results. The
model explains the degradation in spectral sensitivity and
linearity of the output characteristics with increase in the
thickness of the intrinsic Ge region. TCAD simulation results
show that the spectral sensitivity deteriorates with increase
in the gate-to-channel overlap length. Noise immunity and
the spectral sensitivity of the device can be improved by
increasing the electric field along a line tunnel path using
higher source doping concentration. However, at very high
source doping levels, the onset voltage for line tunneling will
increase significantly. This leads to degradation in SSAVG due
to dominance of diagonal tunneling and corresponding degradation in spectral sensitivity. Thus, increasing the source
doping level will improve the spectral sensing performance
of the device as long as line tunneling dominates over diagonal tunneling in the subthreshold regime of device operation.

FIG. 12. (a) Plots of variation of SSAVG
with k, extracted from the relevant simulated transfer characteristics. (b) Plots of
variation of Snm with LOV, extracted
from the relevant pairs of simulated
transfer characteristic curves, corresponding to decrease in k from (1 lm to
0.9 lm), (0.9 lm to 0.8 lm), and (0.8 lm
to 0.7 lm).
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Thus, the proposed device can be a potential candidate for
various near-infrared multi-spectral sensing and imaging
applications.
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