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Abstract

A new SPICE-compatible model for a gate/body-tied PMOSFET photodetector (GBT PD) with an overlapping control gate is pre-

sented. The proposed SPICE-compatible model of a GBT PD with an overlapping control gate makes it possible to control the photo-

current. Research into GBT PD modeling was proposed previously. However, the analysis and simulation of GBT PDs is not lacking.

This SPICE model concurs with the measurement results, and it is simpler than previous models. The general GBT PD model is a hybrid

device composed of a MOSFET, a lateral bipolar junction transistor (BJT), and a vertical BJT. Conventional SPICE models are based

on complete depletion approximation, which is more applicable to reverse-biased p-n junctions; therefore, they are not appropriate for

simulating circuits that are implemented with a GBT PD with an overlapping control gate. The GBT PD with an overlapping control

gate can control the sensitivity of the photodetector. The proposed sensor is fabricated using a 0.35 µm two-poly, four-metal standard

complementary MOS (CMOS) process, and its characteristics are evaluated.
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1. INTRODUCTION

Complementary MOS (CMOS) image sensors (CISs) are

widely used in applications such as low-light detection systems in

fluorescence imaging and biomedical and chemical experiments

[1]. Many photodetector elements are available in the CMOS

technology, such as n+/p-well, p+/n-well, and n-well/p-sub

junctions, which are used for imaging applications [2]. However,

for low light levels, photodetectors require very high responsivity.

This characteristic is difficult to obtain using CMOS technologies

because of noise and quantum efficiency degradation, which are

caused by CMOS scaling down to the nanometer region. The

avalanche photodiode (APD) is an alternative device that can

simultaneously achieve high responsivity and high speed,

operating as a single-photon counter [3,4]. However, avalanche

charge multiplication requires higher operational voltages. The

higher bias voltages of APDs are not compatible with the

peripheral circuits used in the standard CMOS technology. To

improve the responsivity, phototransistors from a standard CMOS

process have been applied to photodetectors and active pixel

sensors. Unlike APDs, these phototransistors can operate at low

supply voltages, thereby offering a higher photocurrent gain. A

general phototransistor is a hybrid device composed of a

MOSFET and lateral and vertical BJTs. 

The extraction of a DC parameter set for the lateral device is

complicated by the presence of the two parasitic vertical BJTs,

which are formed by the emitter/collector, base, and substrate

regions. In spite of their widespread use, lack of literature is

available on lateral pnp compact modeling for computer-aided

design purposes. The previously proposed models of these devices

are often found to be inaccurate [5,8]. In addition, these models

fail to consider substrate interactions. On the contrary, another

model has been shown to provide accurate results for both the

forward and reverse active regions [9]. The equations used in

these models, however, are not contained in commercially

available simulators. For these reasons, another method for

modeling the lateral device was developed, which involves the use

of subcircuits incorporating three SPICE Gummel–Poon models

and the photodiode model. This combined model provides an

accurate prediction of substrate effects and physically represents

the device structure.

In this work, we propose a new SPICE-compatible model for a

gate/body-tied PMOSFET photodetector (GBT PD) with an

School of Electronics Engineering, Kyungpook National University, 80

Daehak-ro, Buk-gu, Daegu 702-701, Korea
+Corresponding author: jkshin@ee.knu.ac.kr

(Received: Aug. 28, 2015, Accepted: Sep. 18, 2015)

This is an Open Access article distributed under the terms of the Creative

Commons Attribution Non-Commercial License(http://creativecommons.org/

licenses/bync/3.0) which permits unrestricted non-commercial use, distribution,

and reproduction in any medium, provided the original work is properly cited.



Sung-Hyun Jo, Myunghan Bae, Byoung-Soo Choi, Pyung Choi, and Jang-Kyoo Shin

J. Sensor Sci. & Tech. Vol. 24, No. 5, 2015 354

overlapping control gate. The proposed SPICE-compatible model

of a GBT PD with an overlapping control gate makes it possible

to control the device sensitivity. A research into GBT PD

modeling was proposed previously [10]. However, the analysis

and simulation of GBT PDs is not lacking. In a GBT PD, the

region between the p-type source and the n-type substrate is

slightly forward-biased to use the function of the lateral BJT.

Because the conventional SPICE models are based on complete

depletion approximation (which is valid for reverse-biased p-n

junctions), they are not appropriate for simulating circuits that are

implemented with a GBT PD with an overlapping control gate.

The GBT PD with an overlapping control gate has better low-

light-level sensitivity than the conventional photodiode; it also has

a variable sensitivity when using an overlapping control gate. The

proposed sensor was fabricated using a 0.35-μm, two-poly, four-

metal standard complementary MOS (CMOS) process, and its

characteristics were evaluated.

2. OPERATIONAL PRINCIPLE

BJTs occur as parasitic devices in CMOS processes; therefore,

it is not necessary to use additional processing steps to

manufacture them. These structures, therefore, provide a cost-

effective device that is relatively simple to fabricate. A vertical

parasitic bipolar device can be typically derived from MOSFETs,

where source/drain diffusions serve as the emitter, the well

diffusion serves as the base, and the substrate serves as the

collector region. Here, the lateral devices under consideration are

derived from MOSFETs whose source and drain diffusions serve

as the emitter and the collector, respectively. Figs. 1(a) and (b)

show the GBT photodetector cross-section and circuit symbol,

respectively. The operating principle of this device is derived from

the gate-body tied silicon-on-insulator (SOI) NMOSFET

photosensor [11]. The device consists of a MOSFET and lateral

and vertical BJTs. Unlike the PMOSFET-type phototransistor, the

n-well body is connected to a floating gate. When the device is

under illumination, the incident light generates electron-hole pairs

(EHP) in the p+/n-well and n-well/p-sub junctions. The holes

move toward the minimum potential in the channel and ground,

while electrons accumulate in the n-well region. Therefore, the

threshold voltage of the phototransistor is reduced, and the

photocurrent is amplified. The modulation of the threshold voltage

of the GBT PMOSFET can be explained using [12]

(1)

VTHO is the threshold voltage at zero body bias, γ is the body

effect coefficient, 2 ΦF is the surface potential at strong inversion,

and VBS is the body-source voltage. The minus sign for the body

effect coefficient in equation (1) is caused by the forward-biased

body-source junction.

Fig. 2 shows the cross-section, circuit symbol, and layout of the

high-sensitivity variable-threshold photodetector. Unlike the GBT

PD, an added polysilicon layer is placed on top of the floating

gate; this top polysilicon layer can still function as a control gate

for the MOSFET. However, the electric field of the top gate will

be degraded by the silicon oxide and the floating gate [13,15].

This is similar to a field-aided lateral BJT. Consequently, the

overlapping control gate can vary the sensitivity of the variable-

threshold photodetector; its photodetector occupies an area of only

3.8 × 4.4 μm2, as shown in Fig. 2(c). 

Fig. 3 shows the physics-based equivalent SPICE model for the

GBT PD. Conventional SPICE models are not suitable for the

GBT PD, because they are designed for reverse-biasing of VSB

VTH VTH0 γ 2ΦF– 2ΦF– VBS+–( )–=

Fig. 1. Gate/body-tied PMOSFET-type photodetector: (a) Cross-sec-

tional view and (b) circuit symbol.
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and are based on depletion region approximation within the

source-substrate depletion layer [16]. Various approaches for

modeling the pnp transistor have been presented [17]. However,

these models cannot be applied to the GBT PD, because they

neglect the complex two-dimensional (2D) characteristics of the

GBT PD. Therefore, we propose a novel physics-based equivalent

model for the GBT PD. This model has intrinsic lateral and

vertical BJTs embedded in its structure; the intrinsic bias voltage

Fig. 2. High-sensitivity variable-threshold photodetector. (a) Cross-

sectional view, (b) circuit symbol, and (c) layout.

Fig. 3. Physics-based equivalent SPICE model for the GBT PD. 

Fig. 4. (a) Simulation results and (b) measurement results of the

GBT PD according to photocurrent and light power.
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of the three BJTs is determined by considering the distribution of

n-well resistance and also the results of the process simulator.

Figs. 4 and 5 show the results of simulation and measurement of

the GBT PD, respectively. Because the equivalent SPICE model

of the GBT PD does not reflect the complex 2D characteristics,

the current level is slightly different. However, the ID–VSD curve

characteristic of the GBT is predicted by the proposed SPICE

model.

3. DISCUSSION

Most lateral pnp phototransistors fabricated using a CMOS

process use a polysilicon gate both to define the separation

between the emitter and the collector, and to force the carriers to

flow below the surface. In addition, the gate bias can control the

surface inversion under the gate to achieve MOSFET

functionality; this device is a field-aided lateral BJT. Unlike

MOSFETs, pnp phototransistors do not have significant gate-to-

body capacitance and require a transient current to deposit enough

charge at the gate to create a conductive channel from drain to

source. However, the parasitic vertical pnp substrate transistor is

formed with a p+ emitter, an n-well base, and a p-type substrate.

This vertical pnp transistor reduces the collector current efficiency

by 30%–40% [1]. This reduction is not an issue, because the

collector is connected to the substrate in the common-collector

configuration, and therefore, the photocurrent is drawn from the

emitter. 

The proposed photodetector is based on a variable-threshold

MOSFET (VTMOS). The VTMOS is based on operating the

MOSFET with an appropriate substrate bias, which varies with

gate voltage. This device exhibits a considerable reduction in the

operating current and power dissipation, and the remaining

characteristics are almost the same as those of a DTMOS [18].

Results of previous investigations show that VTMOS circuits

improve the power consumption up to 50% when compared to

CMOS and DTMOS circuits in the subthreshold region. Although

the light intensity decreases slightly because of the two poly-

silicon gates (floating gate and control gate), as shown in Fig. 3,

this problem is compensated by the increased sensitivity of the

proposed photodetector.

4. CONCLUSIONS

A new SPICE-compatible model for a GBT PD with an

overlapping control gate was proposed. Its source and substrate

junction are slightly forward-biased. Because of the presence of

mobile charge carriers, models based on depletion approximation

are appropriate only for conventional MOSFET SPICE modeling.

Therefore, we proposed a novel physics-based equivalent model

for the GBT PD. This SPICE model concurred with the

measurement results and was found to be more compact than the

previous models. 
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