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Abstract
In this work, three different device structures based on the band-to-band tunnel field effect transistor (TFET) have been pro-
posed for near-infrared optical sensing application. Comparison has been made on their spectral response to different wave-
lengths (0.7–1 µm). The device with Ge n+ pocket at the source-channel junction outperforms the other two with a better ON 
current ION (63.4 μA) and steeper subthreshold swing SS (28 mV/dec). Further optimization of this device is done showing 
influence of source doping and high-k dielectric material on its transfer characteristics. It is found that the threshold voltage 
VT and ION are sensitive to wavelength variations. VT increases by ~ 10–20 mV and ION decreases by 35% in the considered 
wavelength range at a gate doping of 1 × 1018/cm3. The sensitivity of these proposed devices are determined relative to the 
change in current corresponding to the change in illumination wavelength. With the utilization of Ge n+ pocket, high-k gate 
dielectric the peak spectral sensitivity increases to 10.53 at the illumination intensity of 0.5 W/cm2 and also it can determine 
firmly separated spectral lines (100 nm) in the near infrared range because of its steep sub-threshold swing.

1  Introduction

The applications of near infrared sensors are innumerable 
in the fields of defense, life sciences as well as homeland 
security. In defense, they are mostly used for surveillance 
target detection, target tracking and discrimination. These 
functions are performed from satellites, aircraft platforms, 
fixed locations or inceptors [1]. Molecular detection utilizing 
near infrared light between 0.7 and 1.4 µm has imperative 
biomedical applications in view of more noteworthy tissue 
penetration and reduced auto-fluorescent background in the 
thick tissue or entire blood-media [2]. To make such kind of 
detection, the photo detectors should be able to differentiate 
closely spaced wavelengths (~ 100 nm) even if the intensity 
of illuminated light is less (e.g., < 1 W/cm2). Both theoreti-
cal and experimental studies have been performed on metal 
oxide semiconductor field effect transistors (MOSFETs) 
for different types of optically control applications [3]. The 
MOSFETs based photo detectors are found to be more ben-
eficial in comparison with avalanche photo diodes. The car-
riers generated in the gate due to incident light modulate 

the current in the device [4]. Detection of firmly separated 
spectral lines at lesser illumination intensity of the incident 
light requires the FET sensors to show current variation 
with the variation in the effect of gate caused by varying the 
wavelength of incident light. This is determined by the sub-
threshold swing (SS) and hence it controls the sensitivity of 
the FET-based sensors [2]. Unlike avalanche photodiodes, 
which require greater electric fields (20 V/μm) to acquire 
desired rate of ionization, the MOSFETs based detectors 
have separate absorbing and conducting regions. These type 
of sensors also have high compatibility for integrated circuit, 
low power operation and higher noise performance leading 
to an increase in their sensing capabilities to a greater extend 
[5], [6]. However, the minimum achievable sub-threshold 
swing for conventional MOSFETs is limited to 60 mV/dec at 
room temperature. In this regard, tunnel field effect transis-
tor (TFET) has become a device of interest as it possesses 
the potential to replace MOSFETs [7]. The band-to-band 
tunnelling (BTBT) mechanism on which the TFET operates 
allows it to exhibit low sub-threshold swing and low leakage 
current [8–10]. Such characteristics of the TFET makes it a 
promising emerging device not only for low power applica-
tions but also for bio-sensing and light sensing applications 
[11–14].

This work presents a three different structural designs 
and simulation of optoelectronic band-to-band tun-
nel field effect transistor (TFET) for near-infrared 
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light sensing application in the wavelength (λ) range of 
700 nm–1 μm. This work also reports the behaviour of 
the device structure under illumination and dark condi-
tion. The device performance is analysed using Synopsys 
Sentaurus Device TCAD tool [15]. Although TFETs have 
good SS, concerns are still there regarding its low ON 
current [16]. To improve the ON current of the device 
and make it a reliable device for commercial usage, a 
slight modification is made in the geometry of the device 
[17–19]. The source is replaced with a Germanium source 
and a Germanium pocket is included on the source side of 
the proposed device structure allowing a vertical tunnel-
ling normal to the gate-oxide thickness, in addition to the 
lateral one [20]. In addition, comparison has been made 
on the spectral response of these devices. Moreover, the 
influence of different device parameters such as doping, 
high-k dielectric on the device characteristic has been 
studied in this work. Furthermore, the performance of the 
device is analysed in terms of spectral sensing capacity 
using TCAD simulation.

2 � Device structure and principle 
of operation

Figure 1a–c show the schematics of the proposed devices. 
All the three devices have highly a doped n-type silicon gate 
along with band-to-band TFET structure. The photons get 
absorbed in these photon sensing regions of the gate and 
optical generation takes place in this region. The illumina-
tion windows in the proposed device structures are defined 
in the region,

The device considered in Fig.  1a is a silicon n-type 
TFET. It comprises of a silicon n-type photon absorbing 
gate, p-type Si source, intrinsic Si channel and an n-type Si 
drain. The proposed device is basically a band-to-band tun-
nel FET where carrier transitions are taking place from the 
valence band of the p-type Si source (p-Si) to the conduction 
band of the intrinsic Si channel (i-Si). Table 1 summarizes 
the structural parameters used in this work.

{

−(Wg + tox) ≤ x ≤ (−tox)
}

.

Fig. 1   Schematic of the proposed TFET device structures a Si source (conventional), b with Germanium p-type source, c Si source with Germa-
nium pocket at the source side allowing both vertical and lateral tunnelling. d A 3D illustration for the device proposed in c 



Near‑infrared optical sensor based on band‑to‑band tunnel FET﻿	

1 3

Page 3 of 9  341

At the illuminated condition, when incident light arrives 
normal to the illumination window, generation of excess 
electron–hole pairs (EHPs) takes place in the gate region. 
Photons having energy higher than the forbidden bandgap 
energy of Si will get absorbed and as a result photo-genera-
tion took place. The applied gate bias (VGS) along with the 
band bending in the gate region is reason behind the process 
of the photo-generated carriers flow inside the gate region. 
When a positive gate voltage VGS is applied to the device, 
photo-generated electrons inside the gate will attract towards 
the electrode, whereas the excess holes get accumulated 
near the gate/gate-oxide interface. This process disturbs the 
equilibrium in the gate region resulting in the separation of 
quasi-Fermi energy levels of electron (Efn) and hole (Efp) 
giving rise to a net photo-voltage (VOP) across it. Figure 2a 
shows this separation of quasi-Fermi energy levels taken 
along the cutline AA′ inside the gate region, in the ON state 
(VGS = 1.5 V and VDS = 1 V) energy band diagram, at the 
illumination intensity of 0.5 W/cm2 (λ = 0.7 μm). However, 
Efn and Efp overlap with each other under the dark condi-
tion, as shown in Fig. 2b. This proves that the under dark 
condition the equilibrium is not disturbed.

In addition to the applied gate bias VGS, the photo-volt-
age also contributes as another gate bias lowering the turn 
ON voltage (VONSET) required for band-to-band tunneling 
to take place between the source and the channel region. 
Consequently, at the illumination condition the tunneling 
current increases. Another gate at the back of the device is 
used to increase the gate control over the device. A good 
ON current is required to increase the speed of the device 
which in turn increases the device sensitivity. Further 
increment in the ON current is found by introducing a 
Germanium p-type source and the modified structure is 

shown in Fig. 1b. Use of lower band gap materials such 
as Ge in the source side offers higher BTBT leading to 
an improvement in the ON state current (ION). We also 
proposed an improved structure where, an n + Ge pocket 
is included creating a hetero-junction at the source–chan-
nel junction of the device as shown in Fig. 1c. Since Ge 
has a lower band gap, tunneling increases at the source-
pocket junction parallel to the gate-oxide. This tunnel-
ling is referred to as the lateral tunnelling. Besides this 
lateral tunnelling, an additional tunnelling is observed 
perpendicular to the gate-oxide referred to as the vertical 

Table 1   Device structural parameters used in simulation

Parameters Value

Length of illumination window of the gate (Wg) 50 nm
Length of channel (LCH) 30 nm
Length of drain (LD) 35 nm
Length of source (LS) 35 nm
Gate-oxide thickness (tox) 2 nm
Thickness of the silicon substrate (Tin) 10 nm
Thickness of the gate region (Fig. 1a, b) 30 nm
Thickness of the gate region (Fig. 1c) 45 nm
Pocket length (Lp for Fig. 1c) 15 nm
Pocket thickness (Fig. 1c) 3 nm
Donor doping concentration in N-Si gate 4 × 1019/cm3

Donor doping concentration in N-Ge pocket 1 × 1019/cm3

Donor doping concentration in N-Si drain 1 × 1018/cm3

Channel doping concentration 1 × 1015/cm3

Donor doping concentration of N-Si gate (Ng) 1 × 1019/cm3

Fig. 2   a Energy band diagram taken along the cutline AA′ for ON 
state (VGS = 1.5  V and VDS = 1  V) obtained at illumination intensity 
I = 0.5 W/cm2 and λ = 0.7 μm (Fig. 1c), showing the Efn and Efp in 
the gate region. b Band diagram along cutline AA′ observed at the 
dark condition
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tunnelling. Complex refractive index model is used for 
the optical generation on the device. The optical genera-
tion and intensity plots are depicted in Fig. 3a, b. Schenk 
model is used to account for intrinsic carrier concentra-
tion required in SRH (Shockley–Read–Hall) expressions. 
The effects of high doping are simulated using band gap 
narrowing model. The characteristics of these devices are 
studied from 2-D numerical simulations results which are 
obtained by using TCAD simulator Sentaurus-device tool. 
However, for better understanding of the device structure, 
a 3D illustration of the proposed device with n + Ge pocket 
(Fig. 1c) is given in Fig. 1d.

3 � Results and discussion

The BTBT parameters for Si are provided in the simulation 
tool. Experimentally calibrated optical parameters for Ge, 
reported in Ref. [22], are used to simulate the device struc-
tures in Fig. 1b, c. The sub-threshold swing of the device is 
calculated using the formula

The spectral sensitivity (Sn) of the device depends on the 
drain current IDS and it can defined as the ratio of difference 
in drain current IDS, when illumination wavelength reduces 
from λ2 to λ1, to the drain current of the initial wavelength 
IDS. This is given by Eq. (2) below.

The work does not consider the non-ideal effects such as 
defect assisted tunneling.

3.1 � Spectral response of the device

Figure 4 shows the spectral response of the three device 
structures. Comparison has been made based on their ID–VGS 
characteristics. These characteristics are obtained under illu-
mination condition i.e. I = 0.5 W/cm2 for different values of 
wavelength λ where VDS is fixed at 1 V and VGS is varying 
from 0 to 2 V. These simulated plots exhibit similar trend of 
reduction in ION and a slight increment in VONSET. In case 

(1)SS =

(

d log ID

dVGS

)−1

.

(2)Sn =
IDS(�1)

IDS(�2)
− 1.

Fig. 3   a Optical generation occurring at the gate region due to the 
illuminated light (I = 0.5  W/cm2 and λ = 0.7  μm), b corresponding 
optical intensity

Fig. 4   Spectral response of the three proposed devices obtained at 
I = 0.5  W/cm2 for different values of wavelength at VDS = 1  V and 
VGS = 2 V
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of the conventional device, the ION extracted from these 
transfer characteristics curves increases from 3.41 × 10−11 
to 5.74 × 10−11 A when wavelength λ decreases from 1 to 
0.7 µm. This is because as λ decreases, the photo-generation 
in the gate region increases [21]. Consequently, the optical 
voltage VOP increases, which in turn reduces the VONSET. 
Using Ge p-type source the response shows the increase of 
ON current from 6.7 × 10−8 to 9.4 × 10−8 A and finally the 
third device proposed with Ge n+ pocket gives an incre-
ment from 1.12 × 10−8 to 6.4 × 10−8 A in the considered 
wavelength range.

Figure 5 shows the comparative plots of the simulated 
transfer characteristics of the three different structure given 
in Fig. 1a–c at VGS = 1.5 V, VDS = 1 V and λ = 0.7 µm. The 
conventional device structure with Si source shows com-
paratively lower ON current ION due to its large band gap 
nature, by introducing Ge p-type source which has a lower 
bandgap, the on state current of the device can be improved 
which is shown in Fig.  5. This structural modification 
increases the current from 8.74 × 10−12 to 9.2 × 10−9 A/µm. 
Doping concentration of 1 × 1019/cm3 Germanium p-type 
source is included with i-Si channel, n-Si drain and n-Si gate 
(Fig. 1b). However, the subthreshold swing increases from 
47 (conventional) to 62 mV/dec. The third curve shows the 
transfer characteristics of the device which has a Si source 
with Ge pocket (Fig. 1c). This structure gives comparatively 
good result with improved current as well as the SS. In this 
structure, the inclusion of n + Ge pocket at the source-chan-
nel junction provides an extra tunnelling path normal to the 
gate-oxide thickness. The channel, drain and gate remain 
same for all the proposed device structures. Hence, both 
lateral and vertical tunnelling in this device enables more 

electrons to reach the drain side. This provides an improve-
ment in the on state current and SS (ION of 58 nA/µm and 
SS of 36 mV/dec).

Figure 6 depicts the Sn–VGS characteristics plots corre-
sponding to λ values (1 µm and 0.7 µm). Spectral sensi-
tivity in this plot is calculated using Eq. (2) utilizing the 
appropriate pair of simulated transfer characteristic curves. 
It can be seen from the figure that for conventional structure 
Sn reaches the peak value 0.511 at VGS = 1.1 V and starts 
decreasing with VGS beyond that.

This is due to the gradual saturation of the ID–VGS curve 
leading to the increase in SS. For the case of Ge p-type 
source, the peak response of 0.567 is obtained at VGS = 1.3 V. 
The gate voltage required to reach the peak spectral 
response increases due to its higher SS. The device using 
Ge n+ pocket reaches its peak value of 0.45 at VGS = 0.9 V. 
Because of its steeper SS and lower threshold voltage VT in 
comparison with the other two, the change in drain current 
with the change in wavelength (Eq. 2) for this device is more 
at the lower gate voltage. So, it reaches the peak sensitiv-
ity at lesser VGS. Moreover, due to its high ON current and 
better ION/IOFF, the speed of this Silicon source Germanium 
pocket device will be more than the other two. Hence, the 
latter device outperforms the other two in terms of ON cur-
rent and SS.

However, the sensitivity obtained is less. This is not only 
because of the insignificant increase in VT with wavelength 
but also the low ON current ION (58 nA/µm) obtained for this 
device which is a disadvantage of conventional tunnel FET. 
To improve this ION and the device sensitivity, optimization 
of the device structures using inclusion of hetero-junction, 
use of lower band-gap materials, high-k dielectric materials, 

Fig. 5   The transfer characteristics comparison for the three different 
structures at λ = 0.7 μm

Fig. 6   Variation of spectral sensitivity, Sn with applied gate volt-
age VGS at illuminated condition when VGS = 2  V, VDS = 1  V and λ 
changes from 1 to 0.7 μm
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vertical TFET, etc. can be done. These are illustrated in the 
following sections.

3.2 � Optimization of the Ge n+ pocket TFET sensor

The proposed Ge pocket structure is optimized by consider-
ing the influence of source doping and high-k gate dielectric.

3.2.1 � Influence of source doping

Increasing source doping concentration of the device can 
increase ON current ION to a greater extend with lesser sub-
threshold swing. Figure 7 demonstrates the TCAD simula-
tion results of ID–VGS characteristics of the device with vari-
ous doping concentrations of source, fixing channel, pocket 
and drain doping concentrations at 1 × 1015/cm3, 1 × 1019/
cm3 and 1 × 1018/cm3, respectively, at VGS = 2 V, VDS = 1 V 
and λ = 0.7 µm. The ON current ION shoots up-to 54 µA/µm 
when source doping is 2 × 1019/cm3.

The electric field at source and channel junction increases 
with the increase in source doping. Because of this, there is 
an improvement in the ON current ION which can be seen 
from the transfer characteristics. Tunneling barrier width 
also reduces with higher source doping resulting in an 
enhancement of ION.

3.2.2 � Effect of high‑k dielectric

Furthermore, the oxide material SiO2 of the device is 
replaced with high-k dielectric material HfO2 with the die-
lectric constant of 22. Careful choice of dielectric materials 
can also improve the ON current of the device. ION can also 

be improved by scaling the oxide thickness. However, scal-
ing down the thickness of the gate dielectric SiO2 beyond 
1–1.5 nm leads to the enhancement of gate leakage current. 
Using high-k dielectric materials, the gate control on the 
device can be improved. In Fig. 8, it is observed that a better 
current and a steeper SS (28 mV/dec) are achieved by utiliz-
ing HfO2. Here, the oxide thickness tox of 2 nm is taken in 
both the case.

3.2.3 � Spectral response of the device

Figure 9 shows the plots of spectral response of the device 
in terms of its IDS–VGS characteristics with an SS of 28 mV/
dec. The transfer characteristics are obtained at VDS = 1 V 
for Ng = 4 × 1019/cm3 and VGS is varying from 0 to 1.5 V. 
The spectral response is observed at the illuminated con-
dition where the wavelength is varying from 0.7 to 1 μm. 
The nature of the plots shows slow saturation of drain cur-
rent. This is because of the variation in electron quasi-Fermi 
potential caused by the potential drop at the channel region 
and the gradual change of its tunneling probability.

Figure  10 shows the plots of threshold voltage VT 
and ION with the wavelength of incident photon which is 
varying from 0.7 to 1 μm. VT is plotted from the ID–VGS 
characteristic curves shown in Fig. 9 at VDS = 1 V using 
constant current method (10−7 A/μm). ION is also taken 
out from the corresponding ID–VGS curves at VGS = 1.5 V, 
VDS = 1 V and I = 0.5 W/cm2. Increasing the illumination 
wavelength λ causes a reduction in the absorption co-
efficient (α) per unit length of the region where photon 
sensing took place. This reduces the optical generation 

Fig. 7   Effect of acceptor source doping concentration on the device 
structure 3 at VGS = 2 V, VDS = 1 V and λ = 0.7 μm

Fig. 8   Transfer characteristic plots using SiO2 and high-k dielec-
tric material (k = 22) for structure  3 at VGS = 2  V, VDS = 1  V and 
λ = 0.7 μm
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in that particular region of the gate when the values of 
λ are increased. Consequently, the optical voltage Vop in 
the gate region reduces which causes an increase of VT 
and reduction in ION, as can be observed from Fig. 10. VT 
increases by ∼ 10–20 mV for the illumination wavelength 
λ1 = 0.7 μm and λ2 = 1 μm. Similarly, a decrement of about 
35% of ION has been depicted from the graph. This reduc-
tion in the current can be seen from the band diagram 

Fig. 9   Plots showing simulated transfer characteristics for the 
device structure with Ge n+ pocket (structure 3 Fig. 1c) obtained at 
I = 0.5  W/cm2 for different values of wavelength at VDS = 1  V and 
VGS = 1.5 V

Fig. 10   Plots of variation of VT and ION with incident photon wave-
length λ. Both VT and ION are obtained from the TCAD simulation 
results of ID–VGS characteristic plots at VDS = 1  V, VGS = 1.5  V and 
I = 0.5 W/cm2. Ng is chosen to be 1 × 1018/cm3

Fig. 11   a Energy band diagram at illumination condition obtained 
for λ = 0.7 μm and λ = 1 μm taken along OB. b Energy band diagram 
obtained for dark and illumination condition taken at lateral direction. 
c Corresponding band diagram along the vertical direction AA′ for 
λ = 0.7 μm and λ = 1 μm
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given in Fig. 11 which shows the comparison of the BTBT 
tunnelling occurring at the source side at λ = 0.7 μm and 
λ = 1 μm. It is observed from Fig. 11a that the lateral 
BTBT width is more narrow for λ = 0.7 μm which causes 
more ION in this case. Figure 11b shows the band diagrams 
in the lateral direction OB for dark and illumination condi-
tion. The tunnelling width is more in the dark condition as 
compared to the illuminated condition, and hence, fewer 
electrons can tunnel from the valence band of the source 
to the conduction band of the channel thereby giving less 
current. Similarly, the difference in the vertical tunnelling 
across the line AA′, at wavelengths 0.7 μm and λ = 1 μm is 
presented in Fig. 11c. Figure 11a, c show more tunnelling 
for lower values of wavelengths.

Spectral sensitivity (Sn) of the device with source dop-
ing 5 × 1019/cm3, HfO2 as gate dielectric, is calculated 
using Eq. (2) for the change of wavelength from λ2 to λ1.

Figure 12 shows the variation of Sn with VGS, obtained 
from the corresponding IDS–VGS characteristic (I = 0.5 W/
cm2). The result is obtained at the illuminated condition for 
λ1 = 0.7 μm and λ2 = 1 μm, and it is observed that Sn first 
increases and then decreases significantly at higher values 
of VGS. This decrease is because of the steady increase 
in SS when the device operates from the sub-threshold 
region to the super-threshold region with increase in VGS. 
The peak spectral sensitivity is found to be 10.53 for the 
optimized proposed Ge pocket device, for the wavelength 
pairs considered in the observation.

4 � Conclusion

In this work, three different structures of photosensitive 
TFETs are presented for near—infrared optical sensing 
applications. The structures are designed for band-to-band 
tunnelling from the valence band of the source to the con-
duction band of the channel causing transfer of electron from 
source to drain at the illuminated condition (I = 0.5 W/cm2).
The device structure proposed with Ge n+ pocket outper-
forms the other two in terms of ON current and SS. It pro-
vides comparatively higher ON current of 63.4 μA with a 
steeper SS of 28 mV/dec. This work also shows an improve-
ment of peak spectral sensitivity, Snm to 10.53 by optimiz-
ing the Ge n+ pocket TFET device parameters in the wave-
length range 0.7–1 μm. The spectral sensitivity decays with 
applied gate voltage VGS due to the gradual saturation of 
the transfer characteristics curve. TCAD simulation results 
of the device shows an improved ION with the utilization of 
high-k dielectric material and increase in the source doping. 
Thus, this device can be a promising emerging device for 
near-infrared sensing and imaging applications.
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