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Abstract A composite ultraviolet (UV)/blue photode-
tector structure has been proposed, which is composed of
P-type silicon substrate, Py, Nyern and N-channel metal-
oxide-semiconductor field-effect transistor (NMOSFET)
realized in the Py.y. In this photodetector, lateral ring-
shaped Py -Nye junction was used to separate the
photogenerated carriers, and non-equilibrium excess hole
was injected to the P bulk for changing the bulk
potential and shifting the NMOSFET’s threshold voltage
as well as the output drain current. By technology
computer-aided design (TCAD) device, simulation and
analysis of this proposed photodetector were carried out.
Simulation results show that the combined photodetector
has enhanced responsivity to UV/blue spectrum. More-
over, it exhibits very high sensitivity to weak and
especially ultral-weak optical light. A sensitivity of 7000

A/W was obtained when an incident optical power of 0.01

uW was illuminated to the photodetector, which is 35000

times higher than the responsivity of a conventional
silicon-based UV photodiode (usually is about 0.2 A/W).
As a result, this proposed combined photodetector has
great potential values for UV applications.

Keywords ultraviolet (UV)/blue photodetector, weak
light detection, complimentary metal-oxide-semiconductor
(CMOS), technology computer-aided design (TCAD)

1 Introduction

Ultraviolet (UV) detection technology is developed after
infrared and laser detection technology, UV detectors are
hotly researched and used in many application areas, such
as environmental monitoring [1], biochemical analysis [2],
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and so on. Photodiodes for UV detection are required to be
sensitive to blue/UV radiation but blind to visible and near-
infrared radiation. Different structures have been reported
to realize UV silicon photodetectors. Pauchard et al. [3]
and Ghazi et al. [4] proposed the silicon based UV
photodiodes fabricated in standard complimentary metal-
oxide-semiconductor (CMOS) process. The first UV
avalanche photodiode in CMOS technology was presented
by Pauchard et al. [5], and a responsivity of about 2.3 A/W
at 400 nm was achieved for a reverse bias of 19.1 V. In
recent years, the development of phototransistors with high
responsivity for the UV/blue spectral has attracted much
interest [6-9].

Technology computer-aided design (TCAD) today
becomes an extremely important research and develop-
ment activity in the semiconductor industry. A modern
integrated circuit cannot be developed without the massive
using of computer aided design (CAD) in any step of the
complex flow from an idea to final product. The
development of a new CMOS process might involve
nine lithography steps, six ion implantations and several
diffusion, annealing, and oxidation steps. As a result, the
development of new semiconductor technologies and
novel semiconductor device structures has been tradition-
ally guided by an experimental approach. The TCAD tools
are chosen to analyze semiconductor devices and circuits
[10-13].

In this paper, a new combined photodetector with
enhanced sensitivity to UV/blue and ultral-weak optical
light was proposed, and its operating principle is explained
briefly in Section 2. Silvaco TCAD simulation approach is
adopted in Section 3 to build the device structure and
analyze its photoelectric characteristics. A structure created
by Silvaco Athena tool is used for further device
simulation. Variations of bulk potential, threshold voltage,
output characteristics, optical response characteristics and
director current (DC) characteristics before and after
illuminations are simulated and analyzed respectively,
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and the results have been obtained. Some conclusions are
given in Section 4.

2 Structure and operating principle

The device structure of the combined photodetector in this
paper is shown in Fig. 1(a), which consists of a N-channel
metal-oxide-semiconductor field-effect transistor (NMOS-
FET) and a lateral photodiode. For the NMOSFET, the N*
source is placed in the center with ring-shaped poly-silicon
gate and N* drain. For the photodiode, the P, (B, bulk) is
enclosed by the ring-shaped Ny, (C, cathode) and they
form the lateral PN junction. As shown in Fig. 1(b), the
proposed combined photodetector also can be realized by
integrating a P-channel metal-oxide-semiconductor fiel-
effect transistor (PMOSFET) and a lateral photodiode. For
the PMOSFET, the P* source is placed in the center with
ring-shaped poly-silicon gate and P* drain. The Ny, (B,
bulk) is surrounded by the ring-shaped P (A, anode). In
brief, only the combined photodetector with NMOSFET is
introduced and analyzed in this paper.

The operating principle of this combined photodetector
is different from a conventional metal-oxide-semiconduc-
tor fiel-effect transistor (MOSFET). The Py bulk is set to
be floating, and the lateral Py./Nyep junction is used to
separate photogenerated electron-hole pairs [14]. The
photogenerated carriers drifting into the bulk from the
space charge region formed by the lateral P..;/Nyen
junction would change the P bulk potential, and further
more change the threshold voltage as well as the output
drain current. The main purpose to design this combined
photodetector with a ring-shaped structure is to enhance its
sensitivity to UV/blue spectrum, because the UV photo-
generated carriers are very close to the surface (within 150
nm) for the UV/blue incident light. The depletion region of
the lateral P,q;/Nye1 photodiode near the silicon surface is
enlarged using the proposed ring-shaped layout. Much
more photogenerated carriers would drift into the Py,
bulk and cause a larger shift amount of the threshold
voltage, which would obtain a larger photocurrent.

3 TCAD simulation and analysis

For the TCAD simulations, a device structure is defined
by Athena. The doping concentration of the Pg, is 1 x
10"/cm? for initiation. Both of the implant doses of the Py,
and Ny is 8 x 10'%/cm? with a diffusion time of 150 min
and a diffusion temperature of 1100°C. The implanted dose
of the threshold voltage adjusting is 9 x 10'%/cm? with
energy of 10 keV. For the implantation of low doping drain
(LDD), the implanted dose is 3 x 10"*/cm?* with energy of
20keV. For the implantation of source, drain and N
cathode, the dose is set with energy of 50 keV, a diffusion
time of 1 min and a diffusion temperature of 900°C. The
complete structure for simulations is obtained after alumi-
num deposition and structure mirror, as shown in Fig. 2.

Photoelectric characteristics of the proposed composite
photodetector are simulated and analyzed, including the
illumination effects on the P,.; bulk potential, the
threshold voltage of the NMOSFET, the output character-
istics of the NMOSFET, the spectral response character-
istics, and the DC response characteristics.

3.1 Bulk potential

As mentioned above, photogenerated carrier holes are
injected to the Py bulk, whose potential is changed when
the ring-shaped side Py /Nyen junction is illuminated.
Under bias conditions, the P, bulk is left floating and no
voltage is applied to both of source and drain electrodes. A
small voltage of 0.5 V is applied to the gate, and a positive
voltage of 3 V is fixed to the cathode electrode. Potential
variation of the Py, bulk is analyzed by changing the
intensity of incident optical power illuminated to the
photodetector. It can be seen from Fig. 3, the stronger
incident optical power is, the larger change of Py, bulk
potential is, because the amount of injected carrier holes is
proportional to the intensity of incident optical power. The
Py bulk potential varies from negative to positive.

3.2 Threshold voltage

Changes of the Py, bulk potential will ultimately affect
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Fig. 1 Combined photodetectors with (a) NMOSFET and (b) PMOSFET
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Fig. 2 Simulated structure of proposed combined photodetector
for TCAD device simulation
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Fig. 3 Simulated variation of bulk (Py.) potential under
different illuminations

the threshold voltage of the NMOSFET. Conclusion can be
obtained from mathematical derivation that the injected
carrier holes will cause a decrease to the threshold voltage.
Simulation under a certain bias voltage conditions (Vygurce
=0V, Varain = 0.1 V, Veathode = 3 V) is conducted to testify
the variation of threshold voltage. Different intensities of
the incident optical power are chosen and the gate voltage
is swept from 0 to 3 V to observe the conduction situation
of the device, as shown in Fig. 4.

Figure 4 shows that the threshold voltage decreases after
illumination, and the stronger incident optical power is, the
smaller threshold voltage of the NMOSFET is, which is
consistent to the theoretical derivation and interpretation.

3.3 Output characteristics

Drain current of the NMOSFET in the composite
photodetector under illumination is also simulated. The
source is grounded and the cathode is fixed at a bias
voltage of 3 V. The drain voltage is sweeping from 0 to 3 V
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Fig. 4 Simulated threshold voltage variations with different light
intensity illuminations

as the gate voltage is stepped from 0 to 3 V. As shown in
Fig. 5, the drain current is zero whether the device is in an
illumination or dark conditions if the gate voltage is fixed
at 0 V. When the gate voltage reaches the threshold voltage
of the NMOSFET, the drain current significantly increases.
And the difference between the drain currents with and
without illuminations becomes bigger when the gate
voltage is larger. In other words, the drain current affected
by light illumination is more obvious.
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Fig. 5 Drain currents of NMOSFET with and without illumina-
tions under different gate voltages

To investigate the effect of channel length on the optical
characteristics of the device, three kinds of structures with
different channel length are built and simulated respec-
tively. The channel lengths are 0.5, 1.0 and 2.0 um
separately. Likewise, the output characteristics of each
structure are also studied. In brief, only the situation that
Veate = 3V is considered here in order to facilitate the
analysis, and the simulated results are shown in Fig. 6. For
the structure with channel length of 0.5 um, its drain
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current gets both the fastest increase, and the maximum
drain current increment caused by light illumination. On
the contrary, for the structure with channel length of 2.0
pm, its drain current has both the slowest increase and the
minimum drain current increment caused by light
illumination as shown in Fig. 7 (Noting that the drain
current increment is the photocurrent of the proposed
photodetedtor in this paper).
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Fig. 6 Output characteristics of NMOSFET with different
channel lengths
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Fig. 7 Increment of drain currents after illumination for three
kinds of NMOSFET structures with different channel lengths

3.4 Optical response characteristics

Spectral response characteristic of the proposed combined
photodetector is studied. Bias voltage conditions here are
set as follows: the source is ground; the gate, the drain and
the cathode are applied with a voltage of 3 V at the same
time. Simulated results are shown in Fig. 8. The drain
current of the NMOSFET is almost as same as that for
short lights with wavelengths less than 600 nm. When the

illuminated wavelength is longer than 600 nm, the drain
currents begin to decrease. As a result, it is seen that the
optical response characteristic for UV/blue light is better
than those for visible/infrared light (wavelength longer
than 700 nm). This new combined photodetector shows
enhanced UV responsivity compared to conventional
silicon-based UV photodiode, whose main drawback is
poor UV responsivity.
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Fig. 8 Drain currents vs. wavelength with different incident light
illuminations

3.5 DC response characteristics

As Section 2 described, the photocurrent response is the
difference of two output drain currents of the NMOSFET
that with and without illumination, respectively. And the
photocurrent response divided by illumination intensity
gives the DC responsivity. The DC response curves are
shown in Fig. 9. The DC response is very small when the
device is not applied with gate voltage, and it increases
significantly if the gate voltage is fixed at a certain bias
such as 1V. The value of the DC response is almost the
same size when the gate bias is 2 and 3 V respectively.
These results show that the larger the intensity of incident
optical power is, the smaller DC response of the device is.
The DC responsivity increases rapidly if the intensity of
incident optical power is smaller than a certain value. For
example, when the gate voltage is 3V and the incident
power intensity is 0.01 uW, the device obtains a DC
responsivity of 7000 A/W. The responsivity increases by
35000 times compared to a traditional silicon-based UV
photodiode, whose responsivity is about 0.2 A/W. There-
fore, the proposed combined photodetector has high
potential application in ultral-weak light detections.

4 Conclusions

In this paper, a combined photodetector with enhanced
sensitivity to UV/blue and ultral-weak spectrum is
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Fig. 9 DC responsivity of proposed combined photodetector
with different gate voltages

proposed. TCAD approach is used to analyze its photo-
electric characteristics. This new combined photodetector
shows enhanced UV responsivity compared to a conven-
tional silicon-based UV photodiode. And the spectral
response characteristic for UV/blue light is better than
those for visible and infrared light (wavelength longer than
700 nm). The responsivity increases by five magnitudes
compared to a traditional silicon-based UV photodiode,
whose responsivity is about 0.2 A/W. What’s more, the
proposed combined photodetector has high potential
application in ultral-weak light detections.
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