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Abstract; Traditional CMOS image sensors generally use PN photodiodes or PPDs as the photosensitive ele-
ment, which are formed based on N-well/P-type substrates using the LV-CMOS process. The PIN photosensi-
tive element has small junction capacitance and high quantum efficiency. By using High-Voltage CMOS(HV-
CMOS) , monolithic integration of CMOS circuits with PIN photodiodes can be achieved. In this paper, the re-
lationship between the photo-response characteristics, NEP of CMOS detectors and pixel size and reset voltage
are studied. The results show that the pixel charge gain can be increased by about one order of magnitude
when the photosensitive element is changed from PN to PIN and the transient charge gain of the pixel is larger
than 1/C ;. This is closely related to the size of the diode and reset voltage. It is found that small pixels are
more suitable for fast detection of short integration time under weak signals because of their higher charge gain
and lower equivalent noise. If combined with microlenses, small pixels can be further advantageous in low
light detection.
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1 Introduction

Low light level imaging is an optical imaging
process under conditions with low illumination ( be-
low 107 Ix). It plays an important role in aero-
space, meteorological observation and military re-
connaissance' ™. With the development of CMOS
technology, CMOS image sensors began to replace
CCDs and gradually extended to the field of low-

light-level imaging>”’.

At present, the most com-
monly used CMOS image sensor generally uses 3T or
4T pixel structures with photodiodes based on PN
type due to the limitation of CMOS process compati-
bility. 4T pixels can achieve higher sensitivity and
lower noise due to the addition of a charge transfer
transistor and readout floating capacitors, but it also
limits the size of pixels and are not suitable for the
development of large pixel devices. The PIN photo-
diode is a special form of PN photodiode. It has the
advantages of small junction capacitance, fast re-
sponse speed, high quantum efficiency and no abso-

‘81 However, the fabri-

lute restriction on pixel size
cation of PIN photosensitive elements is not compati-
ble with the standard low voltage CMOS process( LV-
CMOS). At present, most of the research on the in-
tegration of PIN photosensitive elements and CMOS
circuits is based on SOI process' ")

In this paper, the photo-response characteris-
tics of CMOS image sensors with a PIN photodiode
as the photosensitive element in HV-CMOS processes
are analyzed, with special attention given to the
effects of pixel size and reset voltage on the photo-re-
sponse characteristics and the noise equivalent power

(NEP) of the detector.
2  HV-CMOS process

Compared with the standard LV-CMOS

doi;10.3788/C0.20191205. 1076

process, the HV-CMOS process ( shown in Fig. 1)
adds a lightly doped p-type epitaxial layer with a
thickness of about 20 pwm and a resistivity of 400 ~
1 000 Q) + cm to the heavily doped p-type substrate.
At the same time, in order to meet the low resistivity
requirement( 1 ~ 10 Q) + ecm) of the substrate of
CMOS circuits, deep N-wells were fabricated on the
p-type epitaxial layer in the MOS region before the
fabrication of the PMOS and NMOS. Then the
CMOS circuit was fabricated on the deep N-wells u-
sing the standard LV-CMOS process, while photo-
sensitive elements were fabricated directly on the
high-resistivity p-type epitaxial layer. In this way,
monolithic integration of a PIN photosensitive ele-

ment and a CMOS circuit was formed ( shown in

Fig. 2) ",
k CMOS »’k PIN photodiodes ‘,(
[p}
Isolation well EPI

thickness

Fig. 1 Schematic diagram of HV-CMOS process
E1 HV-CMOS T2 RER

CMOS circuits fabricated through this process
can operate at high voltages. Now, this process is
one of the standard CMOS fabrication processes.

In this process, PIN photodiodes consist of a
heavily doped p(p + ) region (P layer), a lightly
doped p(p - ) epitaxial layer(I layer) and a heavily
doped n(n + ) region (N layer). The existence of
the intrinsic layer(I layer) increases the width of the
depletion region and quantum efficiency of the di-
ode, which is the fundamental reason that the sensi-

tivity of PIN photodiode is higher than that of the PN
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Fig.2  Monolithic integration of PIN photosensitive ele-
ment and CMOS circuit
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photodiode. On the other hand, the thick dielectric
layer formed on the surface of PIN photosensitive el-
ement can be removed in this process and the quan-
tum efficiency of the photosensitive element can be
further improved by replacing it with a single layer of

antireflection coating.

3 3T pixel structure

The CMOS sensor with a PIN junction as the
photosensitive element can use a 3T pixel structure
(shown in Fig.3). This structure is advantageous

12 n

for its simple structure and high filling factor
the pixel structure, the PIN photodiode is the only
CMOS

sensor ; M1 is a reset transistor , through which the

photosensitive part of the whole image

SEL

1L
—

photodiode is reset to the reverse bias voltage value
when the signal is read out; and M2 is a follower
transistor, responsible for the pixel signal readout.
In order to reduce the effect of charge injection, the

size of the reset transistor should be as small as pos-

o ]

Control | Ml M2
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P+ I N J P+
P_

P-substrate

Fig.3 3T pixel structure in HV-CMOS process
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Compared with the 3T pixel structure, the 4T
pixel adds a charge transfer tube and a floating ca-
pacitor which needs a special design behind the pho-
todiode for it to achieve true correlation double sam-
pling. However, this also makes the 4T pixel pro-
duction process complex and costly. Furthermore, in
order to achieve higher sensitivity, the capacitance
of the floating capacitor is smaller, which makes it
inconducive to the development of large-pixel de-

vices.
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Fig.4 Read-out circuit in CMOS sensor
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Pixel signal readout requires a column level cir-
cuit for further amplification and sampling output
(shown in Fig.4). The circuit mainly includes a
CTIA ( Capacitive Transimpedance Amplifier ) , an
amplifier (for signal amplification) , sample and hold
circuits ( for correlation double sampling) and source

followers (for output drive).

4 Detector performance analysis

4.1 Differences in structure and process

The standard LV-CMOS process provides a PN
photodiode structure based on a low resistivity P-
substrate and an N-well. Both PMOS and NMOS are
fabricated in wells ( Twin-well process). Compared

with the PIN photodiodes in the HV-CMOS process,

the space charge region ( depletion layer) of the two
photosensitive elements is quite different ( shown in
Fig. 5), which introduces significant changes to the

photo response characteristics of PIN and PN photo-
diodes.

Small SCR [Wide SCR

SCR:13 um@3 V

Low ohmic EPI (14-24 Ohm-cm) l-iigh ohmic EPI(>400 Ohm~cﬁ1)

Standard ams Opto
process

Advanced ams Opto
process

Fig.5 Space charge regions of PN and PIN
Fl5 PN I PIN 753 ] HL fif [X

Tab.1 Formula parameters

*x1

Parameter

PN photodiode (LV-CMOS)  PIN photodiode (HV-CMOS)

Area junction capacitance for zero bias:CJ
Area capacitance grading coefficient: MJ
Area capacitance junction potentials : PB

Perimeter junction capacitance for zero bias; CJSW
Perimeter capacitance grading coefficient ;: MJSW
Perimeter capacitance junction potentials : PBSW

Area leakage current density :JS
Perimeter leakage current density: JSSW

Voltage dependent area leakage conductivity : GLEAK

Voltage dependent perimeter leakage conductivity : GLEAKSW

97 pF/mm’ 0.93 pF/mm’
0.31 0.05
0.42V 0.31V
0.52 pF/mm 0.35 pF/mm
0.21 0.21
0.38V 0.16 V
1.27 pA/mm’ 2.07 pA/mm’
28.8 fA/mm 2.91 pA/mm
0 pA/V/mm’ 0 pA/V/mm’
44 fA/V/mm 1.29 pA/V/mm

4.2 Junction capacitance and dark current

Junction capacitance and dark current are two
important characteristics of photodiodes, in which
junction capacitance is related to charge conversion
gain, while dark current mainly affects the dynamic
range of the detector and introduces shot noise.

The junction capacitance and dark current of
PN and PIN photodiodes in the standard LV-CMOS
and HV-CMOS processes can be expressed in formu-

las (1) and (2), respectively.

W-L-CJ Jr2-(W+L) - CJSW

_Viw
(-2

C, =
v (1 _ vV )M./SW
PBSW
(1)
I, = (JS + GLEAK - V) - WL +

(JSSW + GLEAKSW - V) -2 - (W+1L) ,(2)

where W and L are the dimensions of a diode’s cross
section and V is the reverse bias voltage of the photo-
diode. At room temperature, the parameters of dif-
ferent processes are shown in Tab. 1.

To simplify the analysis, the photodiode’s cross
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section is set to a square such that W =L. Using for-
mula 1, the relationship between junction capaci-
tance and bias voltage (V) of different pixel sizes
(L) (shown in Fig. 6) and between junction capaci-
tance and pixel size (L) of different bias voltages

(V) (shown in Fig. 7) can be obtained.
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Fig. 6  Relationship between junction capacitance and

bias voltage
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Fig.7  Relationship between junction capacitance and

pixel size
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It can be seen that the junction capacitance of
the PN photodiode is larger than that of the PIN pho-
todiode with the same area and bias voltage. In large
pixels(L >80 wm), the junction capacitance of the
PN photodiode is almost one order of magnitude lar-
ger than that of the PIN photodiode. Even in small
pixels(L=20 pm), the junction capacitance of the
PN photodiode is also about 5 times of that of PIN
photodiode. The junction capacitance of both of

them varies obviously at low voltages( <1 V) while

it varies little when the voltage is higher than 2 V.
As shown in Fig. 7, the junction capacitance of the
PIN photodiode is linear with the length of the pixel,
while the junction capacitance of PN photodiode is
quadratic. This shows that the junction capacitance
is mainly determined by the perimeter capacitance in
the PIN photodiode, while the junction capacitance
of the PN photodiode is mainly determined by the ar-
ea capacitance. At the same time, the junction ca-
pacitance of the PIN is mainly determined by the
perimeter capacitance, which indicates that the pho-
tosensitive element with small pixels also has a wide
depletion region in the transverse direction. As a re-
sult, smaller photodiodes can achieve the same
quantum efficiency as larger photosensitive surfaces.

Using formula 2, the relationship between dark
current and bias voltage at different pixel sizes (L)
(shown in Fig. 8), and the relationship between
dark current and pixel size L at different bias volta-

ges( shown in Fig. 9) can be obtained.
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Fig. 8 Relationship between dark current and bias volt-
age
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It can be seen that under the same area and
bias voltage, the dark current of a PIN photodiode is
larger than that of a PN photodiode, generally 1 —2
orders of magnitude higher. Therefore, in applica-
tions, PIN photodiodes need to be cooled. As shown
in Fig. 9, the dark current is linearly related to the
length L, which indicates that the dark current is

mainly composed of the perimeter leakage current.
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3000 The charge variation on the junction capacitor is
B //'/ the sum of the signal charge( Q),) and the dark cur-
2500f |---- voltage=3.3| e
T rent charge (Q,) from the start of reset to the inte-
pas gration time ;. That is,
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Fig.9 Relationship between dark current and pixel size
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4.3 Sensitivity of devices

Charge conversion gain CG is one of the most
important characterization parameters of a detector’s
sensitivity, which reflects the effect of signal charge
on junction voltage. Usually, the junction capaci-
tance of a diode is considered as a planar capacitor.
As a result, for a given signal charge AQ, the volt-
age variation AV on the junction capacitance C , sat-
isfies the following relationship .

AQ =C, - AV. (3)

Therefore, the charge conversion gain CG e-
quals to l/dem].

For PIN photodiodes, the situation is more
complicated. As analyzed earlier, the junction ca-
pacitance of a PIN photodiode varies with the bias
voltage, especially at low bias voltages. This means
that its junction capacitance is continuously changing
during the integral process of the signal charge. It
cannot be calculated using the method in formula
(3). Instead, the numerical calculation method can
be used.

The voltage variation AV caused by the charge
is the difference between the reset voltage V,_, and

reset

When the parasitic capaci-

ixel *

the pixel voltage V,
tance of the reset transistor and the follower tran-
sistor is ignored, the photodiode satisfies the charge

formula at any time;

0=V, C, (4)

where €, is the junction capacitance of the PIN

photodiode at the initial time, I, is the photo cur-

s

rent, and [, is the dark current. Accordingly,
Vpd : C Vrese( : CPdU - (Ie + Id) : ti' (7>
Therefore, given the pixel size, fixed reset volt-

pd =

age V. and integration time f;, the relationship

reset
curve between the junction voltage V,, and the photo
current I, can be obtained by numerical calculation

(shown in Fig. 10).

V.V

0 20 40 60 80 100
I/pA
Fig. 10  Relationship between junction voltage and pho-

to current
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Fig. 10 shows the variation of junction voltage
with photo-current for different PIN photodiode sizes
when the reset voltage is 3.3 V and the integration
time is 100 ws. It must be noted that the variation of
junction voltage includes the influence of dark cur-
rent, and the influence of dark current need to be
removed in order to obtain the variation of voltage
caused by signal charge.

The voltage variation caused by the dark current
is equal to the voltage variation when light is absent.
That is

AVy = Vo = V(1 =0) . (8)
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Therefore, the voltage change caused by the
photo signal is:

AV, =V,

o = Vs — AV, 9)
Using the above formula, under the same con-
ditions as in Fig. 10, the relationship between volt-
age variation and photocurrent ( shown in Fig. 11)
can be obtained, which essentially varies linearly.
Therefore the average charge gain CG in an in-
tegral time ¢, can be expressed as:
AV,

This reflects the average sensitivity of the inte-

CG = (10)

gral charges, which is closely related to junction ca-
pacitance. Usually, small signal sensitivity needs to
be considered. Specifically, that is the instantane-

ous charge gain of pixels CG';

' 0Q B(de - V) acpd
1 = — = = =
see =% o Co Vi
aC
Co(1 + - Lonty (11)

c, oV
Since the junction capacitance of the PIN pho-

pd

todiode decreases with an increase of voltage (i. e. ,
dC,,/dV is a negative value) the transient charge
gain of the pixel is higher than the reciprocal of the
transient capacitance 1/C;, which is usually con-

sidered as charge gain.

1.6
1.41
1.2

Fig. 11

Relationship between photo signal voltage vari-

ation and photo current
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In Fig. 11, although the independent variable is
photo current I, since the integration time ¢, is

fixed, the independent variable can be considered as

signal charge. By deriving the curve, the transient
charge gain curve in the process of self-integration

(shown in Fig. 12) is obtainable.

6 \
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4

Fig. 12 Relationship between transient charge conver-

sion gain and photo current variance
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It can be seen from the graph that small pixels
have a higher charge gain and that a small signal
gain gradually decreases with the increase in photo-
current. This is more obvious with the small pixel.
Therefore, in order to obtain higher pixel charge
gain in low-light detection, smaller pixels should be
selected.

Finally, we calculate the instantaneous junction
capacitance of the pixel in the integration process
and compare its reciprocal (1/C ;) with the real in-
stantaneous charge gain ( shown in Fig. 13). Here,

the pixel size is 10 pm x 10 pm.

Y] oy —
SSeeel -—I/C
16 e
' 15 R
>
=
=~ 14
]
)
13
12
0 20 40 60 80 100
I/pA
Fig. 13 Comparison between transient charge gain and

the reciprocal of capacitance value
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It can be seen that the transient charge gain of
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pixels is always greater than the reciprocal of junc-
tion capacitance, which is consistent with the analy-
sis of Eq. 11. Under 10 pm x 10 pm pixel size, the
instantaneous charge gain reaches 16 pV/e”. By u-
sing PIN photodiodes, we can not only obtain higher
average charge gain ( their capacitance is smaller
than that of PN photodiodes) but also obtain higher
transient charge gain than conventional methods.
The transient charge gain of the pixel is the same as
quantum efficiency, which reflects the charge sensi-
tivity of the photosensitive element.
4.4 Noise analysis of devices

The equivalent input noise of the CMOS image
sensor can be expressed as the sum of noise pro-

duced by pixel and noise produced by readout cir-

cuit:
2
n2 _ nz + yll,ﬂil'(‘,lli( (12)
n,input  —  "¥n pix . 2
(Amt Ge)
where n, . is the number of noise electrons pro-

duced by PIN photodiodes, v is the equivalent

n,circuit
output noise voltage of the on-chip readout circuit,

A
and G, is the charge conversion gain of the PIN pho-

o 18 the total voltage gain of the on-chip circuit,
todiode. Here G, =¢ + CG, where ¢ is the charge of
electrons.
4.4.1 Noise of the PIN photodiode

The noise of the PIN photodiode mainly in-
cludes shot noise and reset (kTC) noise. Since the
reset noise can be suppressed by correlated double
sampling, the dominant one is shot noise. Shot noise
is caused by the discreteness of the carriers that form
the current, and is usually regarded as white noise.
In PIN, shot noise is related to dark current and in-
cident photon. The electron number of shot noise
can be expressed ast' .

ni,pix = Ny + Nsig' (13)

In a certain integration time ¢, , the dark current

noise electrons N, and photo-generated noise elec-

darl

trons N, can be expressed as

ar I, -t
Ndark = Qd‘)'k = : : . (14>
q q

Nsig:;::... (15)
q q

The photocurrent of a PIN photodiode can be

expressed as the product of the current responsivity
R,) and the incident light power(P) , i. e. ,

I. =R -P, (16)
and the incident light power( P) can be expressed as
the product of the light power per unit area( E,) and
the area of the photosensitive surface ([*, [ is the
length of the photosensitive surface) :

P=I"-E,.

Therefore, photocurrent can also be expressed
as:

I. =R -I’-E,.

v

(17)
4.4.2 The noise of the readout circuit

The readout circuit of a CMOS image sensor
mainly includes a source follower, a CTIA amplifier
and a sample and hold circuit.

The source follower is used to drive the output
of the signal. It is used in two parts of the circuit,
which are used for pixel signal readout and final out-
put drive. The CTIA is the core part of the CMOS
image sensor readout circuit, which mainly includes
a single-ended cascode amplifier and a feedback
loop composed of two capacitors, as shown in
Fig. 14.

The total gain A, of the CMOS image sensor

ot
readout circuit is the product of the gain of the above
three parts, which is a fixed value before saturation.
At the same time, the equivalent output noise volt-
age of the on-chip readout circuit can also be regar-
ded as a constant at a given bandwidth'®’. In this
paper, readout circuits are designed by the 0. 35 pm
HV-CMOS process.
4.5 Analysis of low light level detection capa-
bility of devices

Noise equivalent power ( NEP) is the incident
light power( P, ) when the signal and noise are equal
(SNR =1) in the detector, NEP = P,. According to
the definition, the smaller the value, the better the

detector performance.
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Fig. 14 Schematic diagram of a CTIA structure
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When the signal-to-noise ratio( SNR) equals 1,
N. =n

sig n,input 9

where n is the total equivalent in-

n,input

put noise. Bringing the relevant formula to it,

RPt, .,

RI*t. 2 It
(R = R 4
q q

n,circuit

+
(A, +G)* ¢

i

(18)
For convenience of calculation, the above for-

mula can be rewritten as:
aE’ = a)E, +a,, (19)

then, the solution can be obtained :

i - 1 +./(1 +4a,)

v 2a0 ’

(20)

therefore ,
NEP = P, = I’E,. (21)
Combined with a, = (R,[’t,)/q, it can be con-
cluded that I’/a, is a quantity independent of pixel
size. Meanwhile, from the above analysis, we know
that as [ increases, G, decreases and I, increases. a,
also increases with [. So, the relationship between
the NEP and the pixel size for integration times less
than 100 ps, a 3.3 V reset voltage and 0.5 A/W
current responsivity ( shown in Fig. 15) can be ob-
tained. The results show that, for the detector inte-

grated with a PIN photosensitive element and a

CMOS circuit developed by the HV-CMOS process,
when the pixel is 20 wm %20 wm, the device’s NEP
can reach 0. 08 pW in a short integration time ( 100
ws). This result is nearly 2 times lower than that of

the detector of the same size developed by the stand-
ard LV-CMOS process.

1X10°13

2.00
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NEP/W

0 20 40 60 80 100
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Fig. 15 Relationship between NEP and pixel size
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5 Conclusions

In this paper, a CMOS image sensor with 3T
pixel structure integrated with PIN photosensitive el-
ements was analyzed theoretically and the relation-
ship between photo-response characteristics and
noise equivalent power and the pixel size and bias
voltage were studied in depth. The results show that
generally, the junction capacitance of a PIN diode is
about one order of magnitude lower than that of a PN
diode, meaning that the PIN photodiode has higher
charge conversion gain. Meanwhile, its transient
charge gain is higher than 1/C ;. Therefore, the e-
quivalent input noise of a detector integrated with
PIN photosensitive elements should be one order of
magnitude lower under the same readout circuit. Be-
cause smaller pixels have smaller junction capaci-
tance and dark current, they also have smaller NEP.
This research should be instructive for the design of

low-light level detectors.
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