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Abstract—In this paper, a high-sensitivity low power 
photodetector using double gate (DG) MOSFET is 
proposed for the first time using change in 
subthreshold current under illumination as the 
sensitivity parameter. An analytical model for 
optically controlled double gate (DG) MOSFET under 
illumination is developed to demonstrate that it can 
be used as high sensitivity photodetector and 
simulation results are used to validate the analytical 
results. Sensitivity of the device is compared with 
conventional bulk MOSFET and results show that 
DG MOSFET has higher sensitivity over bulk 
MOSFET due to much lower dark current obtained 
in DG MOSFET because of its effective gate control. 
Impact of the silicon film thickness and gate stack 
engineering is also studied on sensitivity.   
 
Index Terms—Dark current, device simulation, DG 
MOSFET, high-ĸ , gate stack, photodetector   

I. INTRODUCTION 

Due to ever increasing demand of low cost and highly 
sensitive photodetectors for a variety of applications, 
ranging from biomedicine [1], optical interconnects [2], 
optical storage [3] and integrated circuit compatibility of 

Field- Effect Transistors (FETs) have extended the 
potential of these devices for their use as photodetectors. 
High sensitivity, miniaturization, mass-production and 
reduction of the power consumption are primary interest 
in the field of MOSFET based photodetectors. MOSFET 
has been studied theoretically as well as experimentally 
by several researchers for various optically- controlled 
applications [4-8]. The possibility of SOI MOSFET as an 
optically sensitive device was presented by Bosch et al. 
[4]. A lot of work on analytical model for optically 
controlled MESFET is available in literature [9, 10]. Up 
to now all the research work has been focused on 
improving the photoresponse by implementing methods 
of enhancing the photocurrent such as use of transparent 
gate electrode [8], channel material engineering [7], back 
illumination [9] etc. In the present work, improvement in 
sensitivity is achieved by lowering the dark current 
(using device engineering). In this paper, double gate 
(DG) MOSFET structure has been studied which leads to 
very low dark currents [11-15] along with ZnO gate for 
enhanced absorption. Recently Lee et.al. [8] reported 
bulk MOSFET photodetector using zinc oxide gate. Use 
of transparent ZnO as gate material has the advantage of 
less reflection at the upper gate surface so that most of 
the light incident on the gate reach to the semiconductor. 

MESFET and MOSFET based sensors have various 
advantages over conventional photodetectors i.e. p-n 
junction photodiode, pin photodiode, avalanche 
photodiode and BJT (HBT). Various advantages of FET 
based photodetectors are: low power dissipation, low 
noise, high input impedance and better temp stability. 
The conventional p-n junction photodiode suffers from 
low quantum efficiency [16]. Pin diode gives high 
sensitivity and fast response time as compared to pn 
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junction photodiode [17]. The speed of pin diodes is 
limited by the transit time of photogenerated carriers 
across the intrinsic layer. If the width of the intrinsic Si 
layer is reduced, the quantity of absorbed photons and 
thus the responsivity will also be reduced. Avalanche 
photodiode gives high sensitivity but at the cost of 
increased noise [18]. Thus CMOS image sensors have 
attracted much attention due to their advantages of low 
power consumption, random sensor access, and design 
flexibility [19-21]. MOSFET is better than MESFET in 
terms of integration techniques. Another advantage of 
MOSFET is low dark current (i.e. off state current or 
subthreshold current in our case) and low power 
consumption. The dark current further reduces in case of 
DG MOSFET as compared to bulk single gate MOSFET 
due to better gate controllability. In the present work, the 
photosensor is baised in subthreshold region thus helps in 
realizing a low power highly sensitive photodetector. In 
the present work, an analytical model has been developed 
for optically controlled DG MOSFET with ZnO gate 
under illumination and close proximity with simulation 
results validates the analytical model. Sensitivity of the 
device is compared with conventional bulk MOSFET 
with ZnO gate and the impact of silicon film thickness 
and high-ĸ gate stack on photosensitivity is also studied.  

II. SIMULATION APPROACH 

DG MOSFET using ZnO gate has been simulated 
using ATLAS -3D device simulator [22]. Silvaco ATLAS 
advanced luminous 3D optical device simulator has been 
used to extract the device characteristics under 
illumination. Fig. 1(a) shows the schematic structure of 
DG MOSFET, Fig. 1(b) shows simulated structure of DG 
MOSFET under illumination and Fig. 1(c) shows the 
contour plot of photogeneration rate which is decaying 
exponentially with maximum at top (red colour). Gate 
metal and gate dielectric are taken to be thin so that most 
of the incident radiation on the gate region is transmitted 
to the underlying semiconductor region. Location, 
intensity and wavelength of the radiation has been set 
using BEAM statement of the luminous module. Real 
and imaginary values of refractive index for calculation 
of reflection coefficient at the gate surface for ZnO gate 
are taken from SOPRA database [23]. Ray trace method 
has been used in simulator to solve for photogeneration 

rate at each grid point. Various models used in simulation 
are: field dependent mobility model to incorporate 
parallel field dependence of mobility, SRH 
recombination model to include minority recombination 
effect. Quantum effects are not taken into account.  

 

(a) 
 

 

(b) 
 

 

(c) 

Fig. 1. (a) Schematic structure of DG MOSFET with ZnO gate,
(b) Simulated structure of DG MOSFET under illumination, (c) 
contour plot of photogenearation Rate. Device parameters are: 
channel length L=1 µm, channel width W=1 µm, oxide thickness 
tox=10 nm, thickness of silicon tsi=0.3 µm, source/ drain doping 
ND=1×1020 cm-3, substrate doping NA=1×1016 cm-3. 
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III. MODEL FORMULATION 

To detect the light, an optical radiation (of energy 
greater than bandgap energy of the semiconductor) is 
incident on the upper gate of the DG MOSFET resulting 
in the generation of EHP due to the absorption of 
incident photons. The generation rate is given by: 

 

 op opG af=           (1)                                                                      
 
where α is the optical absorption coefficient per unit 

length and opf  is the photon flux density given by [10]: 
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Here, Pop is the optical power intensity, h is the 

Planck’s constant, c is the velocity of light, λ is the 
wavelength of the incident radiation and R1, R2 and R3 
are the reflection coefficients at the air-gate interface, 
gate to oxide interface and oxide to semiconductor 
interface respectively. Reflection coefficients are 
calculated as [10]: 
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Here j=1,2,3 for air to gate, gate to oxide and oxide to 

semiconductor interface respectively. n1, n2, n3 and n4 are 
the refractive index of air, gate material (ZnO), oxide and 
semiconductor respectively and ki’s are the 
corresponding absorption constants. The holes diffuse 
toward the source electrode and the electrons toward the 
drain electrode. This results in the development of a 
photovoltage Vop across the source film junction which 
increases the effective gate to source bias VGS. The 
photovoltage developed is given as [4, 10]: 
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where Js is the saturation current of the reversed biased 
source-film junction [4] and t  is the carrier lifetime. 
Potential distribution in silicon film is obtained by 

solving:  
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where ( ),x yj  is the potential distribution in the silicon 

film, NA is the doping in the silicon film, q is the electron 
charge, t  is the electron lifetime, and sie  is the 
dielectric permittivity of silicon. The potential 
distribution in the silicon film is assumed to be parabolic 
in the vertical direction and is given as: 
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1 2, o x x xx y A A y A yj = + +      (6)                                                                                     

 
The boundary conditions required for the solution of 

potential ( ),r zj  are as follows. 

1. The electric field at the center of silicon film is zero: 
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2. The electric field at the silicon oxide interface is 

given by: 
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where fbV  is the flat band voltage, GSV  is the gate to 

source voltage, Cox  is the gate oxide capacitance given 

by ox
tox

e
, εox is the dielectric permittivity of oxide, tsi is 

the silicon film thickness, and tox is the oxide layer 
thickness. 

Applying boundary conditions and substituting Ao(x), 
A1(x) and A2(x) in Eq. (6), we get: 
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Now substituting (9) in (5), we obtain   
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Solution of (10) is given by: 
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Applying boundary conditions at source and drain, A 

and B are calculated as: 
 

 2
dsA P Vw= +      (14)                                                                                     

 2
biB P Vw= +         (15)                                                                                    

 
Subthreshold current for DG MOSFET which serves 

as the dark current for the photodetector is given by: 
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Here µ is the electron mobility, ni is the intrinsic 

carrier concentration, K is the boltzman constant, T is the 
temperature. Under illumination an additional current Iph 
is added to the drain current Isub so that total current 
under illumination is: 

 

  DS sub phI I I= +                    (17) 
 
Iph is calculated by integrating photogenerated charge 

as follows [10]: 
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In case of gate stack, two dielectric layers (Al2O3 
having dielectric constant 2re =9 and thickness tox2=8 

nm above SiO2 layer having dielectric constant 1re =3.9 
and thickness tox1=2 nm) are used. In case of DG 
MOSFET with gate stack, effective oxide thickness tox 
used for calculation of electric potential is given by: 
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For gate stack device under illumination, one more 

reflection coefficient is added to account for reflection of 
light taking place at high-ĸ (Al2O3) to SiO2 interface, 
therefore (2) is replaced by: 
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where R3 and R4 are the reflection coefficients at the 
interfaces Al2O3 to SiO2 and SiO2 to Si respectively.         

IV. RESULT AND DISCUSSION 

Table 1 shows the optical properties of ZnO [17], SiO2 
and Si as a function of wavelength which are used in 
modeling and simulation. Amount of light reaching to the 
semiconductor depends upon the reflection at the various 
interfaces i.e. R1, R2 and R3 which are calculated using 
(4) and are shown in Table 1. In simulation, only R3 

could be extracted and is shown in Fig. 2 along with its 
analytically calculated value. As can be seen from Fig. 2, 
reflection coefficient R3 decreases as wavelength is 
increased thus indicating more absorption at higher 
wavelengths. Fig. 2 also shows the simulated and 
analytically calculated photogeneration rate (i.e. Gop 
calculated using Eqs. (2) and (3)). Gop first increases with 
λ reaching maximum and then decreases depending upon 
three factors i.e. 1) directly proportional to the absorption 
coefficient of the semiconductor which decreases with 
increase in wavelength, 2) indirectly proportional to 
wavelength of the incident radiation (λ) and 3) directly 
proportional to (1-R1)(1-R2)(1-R3) which increases with 
increase in wavelength. According to first two points 
(Last point), Gop decreases (increases) with increasing 
wavelength thus at lower wavelength last factor 



504 RAJNI GAUTAM et al : ANALYTICAL MODEL OF DOUBLE GATE MOSFET FOR HIGH SENSITIVITY LOW POWER PHOTOSENSOR 

 

dominates whereas at larger wavelengths first two factors 
dominates. The sensing material used in the present work 
is silicon and in some cases maximum responsivity is 
obtained in the range of 800-1000nm for a silicon 
photodetector as reported in [24, 25]. However, the peak 
wavelength corresponding to maximum responsivity 
depends upon many factors such as: absorption 
coefficient of the silicon, reflection coefficient at the 
surface, surface recombination and thickness of the 
silicon body. In the present work, it is a MOSFET based 
photodetector with ZnO gate and light reaching to silicon 
is subjected to reflection at three interfaces i.e. air to ZnO, 
ZnO to SiO2 and SiO2 to Si thus overall spectral response 
will depend upon the three reflection coefficients along 
with the other parameters. 

Fig. 3(a) shows the available photocurrent as a 

function of wavelength and it clearly shows the 
maximum photocurrent is available at around 0.4 µm 
wavelength of the incident light because at this 
wavelength maximum amount of light is reaching to the 
semiconductor. Fig. 3(b) shows the optical response for 
the ZnO-SiO2-Si system over a range from 0.25 µm to 
1.5 µm. This type of behavior where maximum 
responsivity is obtained at lower wavelengths is also 
reported in [26-30]. As is clear from the Fig. 3(b), device 
shows a decent responsivity in the range 0.25 μm to 0.6 
μm with peak responsivity at lamda=0.4 μm for tsi=0.3 
μm and at λ=0.5 μm for tsi=0.5 μm. Thus it is capable for 

Table 1. Optical properties of ZnO, SiO2 and Si as a function of 
wavelength of the incident radiation. Imaginary refractive index 
for an insulator (SiO2) is zero 

ZnO SiO2 Si 
λ 

(µm) n k R1 n R2 n k R3 
α 

(cm-1) 
× 106 

0.25 1.92 0.383 0.115 1.6 0.008 1.58 3.63 0.56 1.827 
0.3 1.99 0.404 0.126 1.578 0.013 5.0 4.168 0.48 1.746 
0.35 2.14 0.457 0.15 1.565 0.024 5.43 2.989 0.41 1.073 
0.4 2.27 4×10-3 0.151 1.557 0.035 5.57 0.387 0.31 0.121 
0.45 2.11 4×10-18 0.127 1.552 0.023 4.67 0.139 0.25 0.03886 
0.5 2.05 0 0.119 1.548 0.019 4.29 0.069 0.22 0.01746 
0.55 2.02 0 0.114 1.545 0.018 4.08 0.043 0.20 0.00985 

 

 

Fig. 2. Photogeneration rate and reflection coefficient R3 as a 
function of wavelength. Line: analytical, symbol: simulated. 
Pop=10×10-8 W/µm2.  

 
 

 

(a) 
 

 

(b) 

Fig. 3. (a) Available photocurrent as a function of wavelength. 
Pop=10×10-8 W/µm2, VGS=0.0 V, VDS=0.05 V, (b) Responsivity 
as a function of wavelength. Pop=10×10-8 W/µm2, VGS =0.0 V, 
VDS =0.05 V. 
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detection mainly in UV, visible region. Photodetection in 
the visible-light zone is of great importance for various 
applications including environmental and biological 
research, sensing, detection, missile launch and imaging 
applications [31]. Various applications of UV detectors 
are UV dosimetry and imaging, solar UV measurements 
and astronomical studies, flame sensors (fire alarm 
systems, missile plume detection, combustion engine 
control) and biological and chemical sensors (ozone 
detection, determination of pollution levels in air, 
biological agents detection etc.) [32, 33]. The maximum 
responsivity wavelength lies at the edge of blue and 
violet light. Detection at blue/violet light is also very 
important for biomedical applications as reported in [34, 
35]. Fig. 4 compares the impact of light on the IDS-VGS 
characteristics of MOSFET and DG MOSFET when both 
devices are optimized for same threshold Voltage under 
dark condition. Comparison is performed in terms of 
sensitivity parameter. Sensitivity (Iillumination/Idark) in 
subthreshold region (i.e. VGS =0 V, VDS =0.05 V) is 103 
for bulk MOSFET and 104 for DG MOSFET. It clearly 
shows that DG MOSFET is a better candidate for 
photosensing applications because it has lower dark 
current and enhanced photo sensitivity due to its effective 
gate control and improved subthreshold characteristics. 
Fig. 5 illustrates the impact of light on the IDS-VGS 
characteristics of DG MOSFET for various intensities of 
light. It clearly shows that higher is the light intensity, 
greater is the change in drain current. Also change in 
current due to illumination is much higher in 
subthreshold region than that in linear and saturation 
region. This is because magnitude of photogenerated 
current is much higher than the dark current in 
subthreshold region whereas it is comparable to dark 
current in saturation region. Thus, in the present work, 
subthreshold region is exploited for calculation of 
photosensitivity (in terms of ratio of off current under 
dark to the off current under illumination condition. Thus 
device is biased at a gate to source voltage (VGS) less 
than the threshold voltage and maximum sensitivity is 
obtained at VGS=0 V. Therefore the operating voltages 
are: gate to source voltage (VGS)=0 V, drain to source 
voltage (VDS)=0.05 V. 

Fig. 6 shows IDS-VGS characteristics at different 
wavelengths of light. It shows that highest Iillumination/Idark 
is obtained at λ=0.4µm. Thus silicon DG MOSFET 

photodetector with ZnO gate shows maximum photo 
sensitivity at λ=0.4 µm. Close proximity of analytical 
results with simulation results at various intensity and 
wavelength of light validates the analytical model. 
Sensitivity of the DG MOSFET photodetector also 
depends on the thickness of the silicon film (tsi) because 
subthreshold current which is also the dark current in this 
case is very much dependent on silicon silicon film 
thickness tsi. For effective absorption, tsi should be equal 
or greater than 1/α giving photoabsorption on larger area 
and thus higher photogenerated current. At the same time, 
larger tsi leads to higher off current giving larger dark 
current. At smaller wavelengths (with condition tsi>1/α is 

 

Fig. 4. Sensitivity comparison between DG MOSFET and bulk 
MOSFET photodetector at λ=0.25 µm, Pop=10×10-8 W/µm2, 
VDS=0.05 V. 

 

 

Fig. 5. Effect of light on IDS-VGS characteristics of DG MOSFET 
at different light intensities. λ=0.25 µm, VDS = 0.05 V. 
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maintained), larger tsi leads to reduction in 
photosensitivity. This is because order of decrease in 
dark current is much more than the order of increase in 
illumination current. Thus, when tsi is increased from 0.3 
µm to 0.7 µm, sensitivity is reduced by 48% at λ=0.4 μm 
as shown in Fig. 7. But this is not the case at larger 
wavelengths (λ>0.5 μm), because at larger wavelengths, 
absorption coefficient is very small so it requires thick 
semiconductor film for absorption and photogeneration. 
Table 2 shows the impact of light on the electrical 
characteristics of the DG MOSFET. Change in threshold 
Voltage (Vth), off current (Ioff) and Ion/Ioff ratio can be used 

to extract the intensity of light falling on the gate area of 
DG MOSFET as illustrated in Table 2. Since Ioff shows 
exponential increase upon illumination, therefore device 
should be biased in subthreshold region for effective 
detection of light. In the earlier reported work [36, 37], 
MOSFET is basically used to amplify the detected signal 
and either threshold voltage or drain to source current in 
on state is used as the sensitivity parameter. The 
photogenerated current is analogous of gate signal which 
changes the threshold voltage and drain current of the 
device. But in the present work, MOSFET itself is the 
sensing element and subthreshold region is exploited for 
calculation of photosensitivity as change in subthreshold 
current changes exponentially under illumination thus 
ratio of off current under dark to the off current under 
illumination condition is used as the sensitivity parameter. 
Since MOSFET has very low off current as compared to 
other conventional devices thus low off current implies 
small dark current thus enhanced sensitivity for photo 
detection. Apart from high sensitivity, operating device in 
subthreshold region has the advantage of low power 
consumption [38, 39] thus it helps in realizing the 
concept of low power highly sensitive sensors and also 
compatible with CMOS integration. In that sense DG 
MOSFET is even better than bulk MOSFET because of 
further lower off current due to effective gate control [39, 
40]. Also sensitivity can be enhanced by decreasing 
silicon film thickness but it cannot be scaled much 
because for absorption tsi>1/α condition must be 
maintained. Therefore, at higher wavelengths (where α is 
very small) and larger silicon body thickness, another 
method should be explored to enhance the sensitivity by 
reduction in dark current without affecting the 
photocurrent. One such method is use of high-ĸ gate 
stack engineering. High-ĸ gate stack architecture leads to 
further lower dark current and thus results in 
enhancement in sensitivity of the DG MOSFET 
photodetector as shown in Fig. 8. 

Table 2. Change in threshold Voltage (Vth), Ion, Ioff and Ion/Ioff 
ratio as a function of light intensity λ=0.25 µm 

Pop×10-8 
W/µm 2 

Vth 
(V) 

Ion 
(µA) 

Ioff 
(nA) Ion /Ioff 

0 0.35 8.82 0.05 1.75×105 
0.1 0.34 8.85 9.58 9.25×102 
1 0.3 9.16 128 7.16×101 

10 0.19 10.8 1500 7.19 
 

 

 

Fig. 6. Effect of light on IDS-VGS characteristics of DG 
MOSFET at different wavelengths of incident light radiation. 
Line: analytical, Symbols: simulated, □: λ=0.35 µm, х: λ=0.4 
µm, ∆: λ=0.3 µm, ○: under dark. Pop=10×10-8 W/µm2, 
VDS=0.05 V. 

 

 

Fig. 7. Impact of silicon film thickness on sensitivity of the 
photodetector as a function of wavelength. Pop=10×10-8 W/µm2. 
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Although gate stack also leads to one more reflection 
term at the high-ĸ oxide to silicon dioxide interface but 
the order of reduction in dark current is much higher than 
the loss in power available to the semiconductor due to 
additional reflection at the high-ĸ to SiO2 interface. 
Using gate stack, dark current reduces from 50 pA to 5 
pA whereas current under illumination remains almost 
unchanged thus sensitivity is improved (i.e. enhanced by 
9 times) as shown in Fig. 8.  

V. CONCLUSIONS 

DG MOSFET with ZnO gate shows 10 times higher 
sensitivity (over bulk MOSFET with ZnO gate) towards 
detection of light. For effective detection, device should 
be biased in subthreshold region as change in Ioff (upon 
illumination) shows higher sensitivity and low power 
operation. The maximum sensitivity (i.e. Iillumination/Idark 

ratio=8x104) is obtained at wavelength of 0.4µm. 
Effective gate control, low leakage current, low power 
operation, ideal subthreshold characteristics of DG 
MOSFET combined with transparency of ZnO in visible 
region make DG MOSFET with ZnO gate a promising 
candidate for ultrasensitive, small, low-power, low cost, 
reliable CMOS based light sensor. Sensitivity can further 
be increased by decreasing silicon film thickness 
(maintaining tsi>1/α ) for smaller wavelengths. For larger 
wavelengths, high-ĸ gate stack can be used to further 
enhance the sensitivity even with thick silicon body. If 
device is to be used for photosensing applications the 

ideal operation bias point lies in the subthreshold region 
where the sensitivity to the optical intensity is very high. 
But for certain applications like electrical switching 
where a device is needed to have less sensitivity to 
optical intensity, it is required to bias the device at higher 
value of gate to source voltage (VGS). So the operating 
bias point here decides the sensitivity to the optical 
intensity. And in terms of design parameters, the gate 
material engineering is the second option to make the 
device less sensitive to optical intensity at a particular 
wavelength. For example, ZnO (i.e. gate material in the 
present work) is transparent to visible light thus maximum 
light is reached to the underlying semiconductor where 
absorption takes place. But ZnO absorbs UV light so the 
overall effect would be less sensitivity to optical intensity 
in UV region as compared to visible region. Similarly 
other gate materials can be used according to the required 
wavelength of interest. 
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