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ABSTRACT

In this paper, a high sensitivity photosensor is proposed that utilizes the Zinc Oxide (metallic ZnO) which
act as a transparent optical window over channel. High sensitivity is achieved by using Cylindrical
Surrounding Gate Metal Oxide Semiconductor Field Effect Transistor (CSG MOSFET). On being exposed
to light there is substantial increase in conductance and thereby change in the subthreshold current
under exposure is utilized as a sensitivity parameter. Most of the Conventional FET based photosensors
that are available utilizes threshold voltage as the parameter for sensitivity comparison but in this pro-
posed sensor, under illumination change in the conductance resulting in variation of the subthreshold
current is considered to be the sensitivity parameter. Performance comparison with Double Gate Metal
Oxide Semiconductor Field Effect Transistor (DG MOSFET) in terms of sensitivity, threshold voltage
and Iyn/Iog ratio is also done and observed results shows that CSG MOSFET is an ideal candidate for being
used as a high sensitivity photosensor because in CSG MOSFET due to effective control of gate over chan-
nel low dark current, high sensitivity, low threshold voltage and high I,,/lo¢ ratio can be achieved. Further
impact of channel radius on responsivity (R.), quantum efficiency (Q.) and Io,/log ratio is also studied for
the proposed device.

© 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays the demand of low power and highly sensitive pho-
tosensors is growing at an astonishing rate for being used in many
application such as in flame detectors, chemical composition anal-
ysis, missile plume prediction, medical diagnosis and treatment,
surveillance cameras etc. [1-6], and also in optical interconnects
for inter chip data communication [7] and in optical storage media
[8]. Compatibility of Field Effect Transistors (FETs) for integrated
circuit have helped in the successful development of these devices
for their use as photosensors. Silicon (Si) based photodetectors are
generally being utilized as a part of a large number of these appli-
cations because of the fact that they occupy less volume, have high
signal to noise ratio, abundantly available and being congenial
with microelectronics they are extensively used in the areas of
defence and civil applications [9].

Sensitivity is one of the most important parameter which judges
the effectiveness of the photosensor. Today most of the research
work is totally centered on in using highly photosensitive channel
material [10], transparent gate material [11] and back illumination
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method [12,13] to enhance the photoresponse, but in this paper
device engineering is utilized to achieve the targets, as in order to
achieve a very low dark current device engineering plays a crucial
role. In order to further increase the sensitivity for the desired
region of spectrum ZnO as a gate material is utilized which act
as an optical filter. ZnO being a transparent gate material for UV-
visible spectrum [14] has the benefit of providing less reflection
for the desired region of spectrum so that a large portion of light
occurrence on the gate material reaches to the semiconductor.

Photodiodes other than MOSFET based i.e. Avalanche photodi-
odes; PIN photodiode, p-n junction photodiodes etc. have their
own limitations. Low Q. of p-n junction photodiode [15], high
noise in avalanche photodiodes [16] and speed limitation due to
transit time of the generated photocarriers in PIN photodiode
[17] restrict their use as a high sensitivity photosensors and hence
MOSFET based photosensor can be effectively used to overcome all
these limitations. MOSFET based photosensors dissipate very low
power because of very high input impedance, they also introduce
less noise due to participation of majority charge carriers and can
also withstand high temperature.

As compared to DG MOSFET, CSG MOSFET have several advan-
tages including better electrostatic coupling between gate and the
channel as gate electrode completely surrounds the channel and
hence off state leakage current gradually decreases, higher Ion/log
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ratio for fixed drain voltage and reduced short channel effects
(SCEs) [18].

In this paper CSG MOSFET with ZnO as a gate and silicon dioxide
(Si0;) as gate dielectric is used for designing high sensitivity low
power photosensor. The combined advantageous effect of device
engineering and channel material engineering is utilized to achieve
our goal of designing a photosensor that can effectively use in UV-
visible spectrum applications. In this paper performance compar-
ison with DG MOSFET in terms of dark current, threshold voltage
and I /log ratio is also done and results shows that CSG MOSFET
is superior in performance as a highly sensitive photosensor.
Impact of channel radius on responsivity (R), quantum efficiency
(Qe) and Ion/loge ratio is also studied for the proposed device.

2. Device structure and simulation setup

Fig. 1(a) depicts the 2D-cross section view of CSG MOSFET and
Fig. 1(b) 3D-Simulated structure of DG MOSFET under incident
radiation Fig. 1(c) depicts the 3D-simulated structure of CSG MOS-
FET under incident radiation. R is the radius of channel, L is the
channel length, Ls is the source length, Lp is the drain length, z is
the channel direction, and t,y is the oxide thickness.

In order to extricate device characteristics under dark SILVACO
ATLAS-3D simulator [19] is utilized to simulate CSG MOSFET. The
parameters utilized in simulation process are as given in Table 1.
It also incorporates advance LUMINOUS-3D optical device simula-
tor to extricate device characteristics under incident radiation
which uses Ray Trace method for calculating the photogeneration
rate at defined mesh points. The optical parameters for the incident
radiation such as radiation intensity, wavelength and location is
set by using BEAM keyword incorporated in LUMINOUS-3D mod-
ule. Various models used for the purpose of simulation of CSG
MOSFET are: Field Dependent Mobility model (FDM) and Shockley
Read Hall model (SRH). FDM model takes into consideration the
dependence of carrier mobility with high electric field and SRH

In0 Gate

Table 1
Parameters utilized in simulation process.
Symbol Definition Value
L Channel length 1.0 pm
tsi Silicon film thickness 0.5 pm
R Channel radius (tg; = 2R) 0.25 pm
Ls Source length 0.5 um
Lp Drain length 0.5 um
tox Oxide thickness 10 nm
Na Channel doping 1x 1016 cm™
Np Source/Drain doping 1x1020cm™3

model accounts for the chances of recombination phenomenon at
traps. The thickness of both ZnO as a transparent gate material
and SiO, as a gate dielectric is kept small so that most of the light
falling on the gate region reaches Silicon (Si) channel underneath.
The path of light from air to the Si channel underneath is
obstructed due to reflections at three interfaces namely air to gate
(Zn0), gate to oxide (SiO;) and oxide to semiconductor (Si). Reflec-
tion at theses interfaces helps in analyzing the behavior of device
under incident radiation. The reflection coefficients for these three
interfaces can be calculated using the formula [20]:

(nc — nHl)z + k?ﬂ
O (M)

(Ne +neq)” + kc+1

where Ry, R, and Rj are the reflection coefficients at the three inter-
faces i.e. air to gate (ZnO), gate to oxide (SiO,) and oxide to semicon-
ductor (Si) respectively. n;, ny, n3 and n4 are the real part of
refractive index of air, gate, oxide and semiconductor respectively
and k. 's are the corresponding imaginary part of the refractive
indexes. SOPRA database [21] is referred to get the real and imagi-
nary values of the refractive index in order to calculate the reflection
coefficients and for the purpose of simulation of CSG MOSFET under
incident radiation. Table 2 shows the real and imaginary refractive
index values for ZnO, SiO, and Si for different wavelengths of
incident radiation and the calculated reflection coefficients for above
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Fig. 1. (a) 2D-Cross Section of CSG MOSFET (b) 3D-Simulated structure of DG MOSFET under incident radiation (c) 3D-Simulated structure of CSG MOSFET under incident

radiation.
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Table 2
Real and Imaginary refractive index values for ZnO, SiO,, and Si and corresponding reflection coefficients for three interfaces at different wavelengths of incident radiation [21].
A (nm) Zinc Oxide (ZnO) Silicon dioxide (SiO;) Silicon (Si)
n k R ny k R, n3 k R3 o (cm™1) x 10°
250 1.92 0.383 0.115 1.600 0.008 0 1.58 3.63 0.56 1.827
300 1.99 0.404 0.126 1.578 0.013 0 5.00 4.168 0.48 1.746
350 2.14 0.457 0.150 1.565 0.024 0 5.43 2.989 0.41 1.073
400 2.27 4x1073 0.151 1.557 0.035 0 5.57 0.387 0.31 0.121
450 2.11 4x107'8 0.127 1.552 0.023 0 4.67 0.139 0.25 0.03886
500 2.05 0 0.119 1.548 0.019 0 4.29 0.069 0.22 0.01746
550 2.02 0 0.114 1.545 0.018 0 4.08 0.043 0.20 0.00985

three interfaces. It also shows the values of absorption coefficient (o)
for Silicon at different wavelengths. The amount of incident light
being absorbed by the Si channel underneath which results in the
generation of electron-hole pairs (EHP) depends mainly on the
absorption coefficient of Si denoted by absorption coefficient (o).
The parameter o for Si has different values for different wavelengths
(M) of incident radiation and generally decreases with higher wave-
lengths [22,23].

Rate of generation of EHP depends upon the absorption of inci-
dent radiation by the Si channel underneath. As mentioned above
the generation rate depends on the absorption coefficient of the
photosensitive material which is Si in our device. The rate of gen-
eration of EHP is given by the formula [24].

G, = oy 2)

where ), is the incident spectral photon flux density and is given by
[24].

h

s =lo (1~ Ri)(1 = Ro)(1 — Rs) 3)

where I, is the intensity of incident radiation, c is the speed of light,
and h is the Planck’s constant.

3. Simulation results and discussion

Fig. 2 shows the I4-V,s characteristics under dark as well as
under incident radiation of the DG MOSFET compared with the
already proposed device reported in [24] and also in accordance

with previous work [25-27]. [4-Vgs characteristics of the simulated
DG MOSFET as compared to the reported device have almost same
variation and hence this device is used further for the sake of com-
parison with CSG MOSFET.

Fig. 3 shows the comparison of I4-V,s characteristics of simu-
lated DG MOSFET with CSG MOSFET under dark as well as under
incident radiation. It can be inferred from the figure that as com-
pared to DG MOSFET, CSG MOSFET has lower dark current and
higher illumination current because of effective electrostatic cou-
pling between gate and the channel as channel completely sur-
rounds the silicon pillar. Fig. 4 is a result showing the variation
in [4-V,s characteristics of CSG MOSFET under different light inten-
sities (I,). As light intensity increases conductance of the channel
increases which results in higher current available under incident
radiation and this variation of illumination current with respect
to the intensity of light is more pronounced in subthreshold region
as compared to linear or saturation region and hence the proposed
device works better as a UV-visible Photosensor in subthreshold
region.

Fig. 5 showing the dependency of 13-V, characteristics on the
wavelength of incident radiation. Higher the wavelength higher
will be the illumination current and for channel radius
R=0.25um at A =450 nm the I,,/lo¢ ratio is maximum. Hence
the proposed device can be used in this region of spectrum as a
highly efficient low power photosensor.

Responsivity and Quantum Efficiency are very important
parameters of a photosensor. These parameters can be evaluated
using the formula [28].
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Fig. 2. I4-Vg characteristics of DG MOSFET under dark and under incident radiation for simulated device and reported device. Io=10 W/cm?, Vgs=0.05V, A =250 nm,

tsi=0.3 pm.
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Fig. 3. Comparison of I4-Vgs characteristics of DG MOSFET and CSG MOSFET under dark and under incident radiation Io = 10 W/cm?, Vgs=0.05 V, % =250 nm, R = 0.25 pum.
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1.00E-04

1.00E-06 |

1.00E-08 7

T

T

T T T T T T T T T

—+—Jo=0W/cm2

—a—Jo=0.1W/cm2

—a—Jo=1W/cm2

—e—Jo=10 W/cm2

S

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Gate Voltage, V, (V)

1.00E-05

1.00E-06

1.00E-07

1.00E-08

1.00E-09

Drain Current, I; (A)

1.00E-10

1.00E-11 1

\

—— Under Dark

A=300 nm

—&—)2=350 nm

——2=450 nm

1.00E-12

(=)

Fig. 5. 14-Vg characteristics of CSG MOSFET under different wavelength of incident radiation. V4s=0.05V, Io =10 W/cm?, R=0.25 um.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Gate Voltage, V, (V)




1868

Auwailable Photocurrent, I, (A)

Responsivity (Re) = Incident Optical Power, P, (W) 4)
. hc
Quantum Efficiency (Q.) = R, x 7 (5)

The result in Fig. 6(a) is showing the dependency of available
photocurrent on the wavelength of incident radiation for different
channel radius. Clearly higher the channel radius more will be the
area on which light is absorbed and hence more will be the avail-
able photocurrent. At higher wavelengths the available photocur-
rent decreases because of two factors firstly the energy required
to detach an electron from a Si atom in the channel is not sufficient

1.00E-07
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at higher wavelength. Secondly, there are decreases in the absorp-
tion coefficient as given in Table 2 at higher wavelengths. Further it
can be seen that maximum absorption of light takes place over a
range of A =250 nm to A =600 nm for silicon based CSG MOSFET
using ZnO as transparent gate material.

Fig. 6(b) representing the dependency of responsivity of the
proposed photosensor for different wavelengths of the incident
radiation and varying channel radius. Observing carefully the
maximum responsivity is at A=0.4um for R=0.15pum and
A =0.45 pum for R =0.25 pm. The reason for this behavior is based
on the fact that when the channel radius is small effective
photoabsorption can take place for the lower wavelengths of inci-
dent radiation but with the increase in channel radius higher
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Fig. 6. (a) Available Photocurrent vs Wavelength for different Channel Radius. (b) Responsivity vs Wavelength for different Channel Radius. Ip =10 W/cm?, Vg=0.0V,

Vgs =0.05 V.

Table 3

Comparison of Vi, and Ion/log ratio for DG MOSFET and CSG MOSFET for different values of the incident radiation (I,) » = 250 nm, R=0.25 um, t;; =0.3 um, L=1 um, W=1 pum.

I, W/cm? DG MOSFET (Vy,) CSG MOSFET (Vi) DG MOSFET (Ion/lot) CSG MOSFET (Ion/lof)
0 035 0.310 1.75 x 10° 12.6 x 10°

0.1 0.34 0.302 0.925 x 10° 1.30 x 10°

1 030 0.272 0.716 x 10? 1.03 x 10?

10 0.19 0.212 7.19 10.9
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wavelengths can penetrate deep inside the channel resulting in
effective photo absorption [29]. Maximum responsivity of the
photodetector is further affected by the bias conditions, the
recombination process and by optical effects such as reflection
and interference [30-32].

1869

Table 3 shows the performance comparison of DG MOSFET with
CSG MOSFET in terms of change in threshold voltage (V) and
Ion/logr ratio with the intensity of incident radiation at A = 250 nm.
CSG MOSFET has lower threshold voltage and higher I,,/lof ratio
due to effective control of gate over channel and hence lower
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Fig. 7. Quantum Efficiency vs Wavelength for different Channel Radius. Iy = 10 W/cm?, Vgs=0.0V, Vg=0.05 V.

Table 4
Variation of Vi, Ion lofr and Lon/log ratio for different values of the incident radiation (I,). (@) R=0.15 pm (b) R=0.20 um (c) R=0.25 um.
Io chmz vth (V) Ion (HA) Ioff (HA) Ion/loff
(a)
0 0.310 9.94 0.019 5.20 x 10°
0.1 0.308 9.96 7.33 135 x 10°
1.0 0.298 10.1 88.0 1.14 x 10?
10 0.242 11.0 852 1291
lo chm2 Vin (V) Ton (HA) Lofr (NA) Ton/Toff
(b)
0 0.310 133 0.015 8.52 x 10°
0.1 0.306 134 9.94 1.34 x 10°
1.0 0.297 13.6 125 1.08 x 10?
10 0.221 14.9 1260 11.8
Io W/Hm2 Vth (V) lun (HA) loff (l’lA) Ion/luff
(c)
0 0.310 16.4 0.013 12.6 x 10°
0.1 0.302 16.5 12.6 1.30 x 10°
1.0 0.272 16.9 164 1.03 x 10?
10 0.212 18.9 1730 10.9
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Fig. 8. Sensitivity vs Wavelength. Iy = 10 W/cm?, Vg =0.0V, Vg4 =0.05V,R=0.25 um.
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threshold voltage and higher Ioy/log ratio in subthreshold region
can be utilized to use it as a low power photosensor.

Fig. 7 is a plot of curves showing the percentage Quantum Effi-
ciency for different wavelengths of incident radiation. Observing
carefully Quantum Efficiency first increases with increase in wave-
lengths and then decreases after attaining a maximum value at
A =400 nm for R=0.15 pm and X = 450 nm for R = 0.25 um. Hence
the proposed device can be utilized as a highly efficient photosen-
sor in this region of spectrum. Table 4 shows the change in thresh-
old voltage (V), lon, lofn and Ion/logr ratio with the intensity of
incident radiation and radius at A = 250 nm. Illumination causes a
higher off state leakage current, a reduced subthreshold slope
and a lower value for the threshold voltage. Lower threshold volt-
age and higher I,,/lo ratio in subthreshold region further added to
its use as low power photosensing applications.

Sensitivity of the photodetector is defined as the ratio of the
current obtained under illumination to that of current obtained
under dark condition (linumination/ldark). Fig. 8 is a plot showing the
sensitivity variation with respect to the variation in the incident
wavelength. On being exposed to light as compared to DG MOSFET,
CSG MOSFET shows higher sensitivity because of higher illumina-
tion current and lower dark current. At lower side of the spectrum
sensitivity is small and it peaks at A =450 nm for R =0.25 um and
further decreases at the farther side of the spectrum. Hence the
proposed device can be effectively used as a highly sensitive low
power photosensor in visible range and can be further imple-
mented through other FET devices like CNT [33] and Impact ioniza-
tion MOS [34].

4. Conclusion

CSG MOSFET with ZnO as a gate material and SiO, as a gate
dielectric is highly sensitive in the desired region of spectrum.
The sensitivity of CSG MOSFET is 4.5 times as compared to DG
MOSFET and peak sensitivity is observed at A = 450 nm for channel
radius R =0.25 um and hence can be effectively used as a highly
sensitive photosensor in this region of spectrum. The proposed
device also shows higher illumination current in the subthreshold
region under incident radiation, lower threshold voltage and
higher Ion/lof ratio so for low power operation the device can be
biased in subthreshold region for optimum performance. ZnO as
a gate material act as an optical filter which allows only visible
region wavelengths to pass through it and blocks other wave-
lengths from reaching the Si channel underneath and hence maxi-
mum photoabsorption takes place for visible wavelength which
make this device to work efficiently for Photodetection in the vis-
ible region.
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