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This paper reports the photocapacitance effect of silicon-based single-photon avalanche diodes (SPADs), and the fre-
quency scattering phenomenon of capacitance. The test results of the small-signal capacitance–voltage method show that
light can cause the capacitance of a SPAD device to increase under low-frequency conditions, and the photocapacitance
exhibits frequency-dependent characteristics. Since the devices are fabricated based on the standard bipolar-CMOS-DMOS
process, this study attributes the above results to the interfacial traps formed by Si–SiO2, and the illumination can effec-
tively reduce the interfacial trap lifetime, leading to changes in the junction capacitance inside the SPAD. Accordingly, an
equivalent circuit model considering the photocapacitance effect is also proposed in this paper. Accurate analysis of the
capacitance characteristics of SPAD has important scientific significance and application value for studying the energy level
distribution of device interface defect states and improving the interface quality.

Keywords: photocapacitance effect, single-photon avalanche diode, interfacial traps
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1. Introduction
As a core device in the field of extremely weak light de-

tection, single-photon avalanche diodes (SPADs) fabricated
based on the complementary metal–oxide–semiconductor
(CMOS) process have been proven to have the advantages
of high signal-to-noise ratio, high temporal resolution, and
high dynamic range.[1–5] With the continuous development
and optimization of image sensing technology, it is pos-
sible to manufacture millions of pixels with single-photon
detection capability on a single chip.[6] To date, a great
deal of research has been conducted to develop SPAD de-
vices with high performance; for example, back-illuminated
three-bit stacked SPADs with extremely low tunnel noise
and high photon detection probability,[7] SPAD devices with
improved photon detection probability by designing anti-
reflection nanostructures,[8] near-infrared enhanced single-
photon detectors,[9,10] et al. With the development of semi-
conductor technology, semiconductor devices face increasing
stability and reliability problems, among which capacitance
is an important factor affecting the response speed of the de-
vice. However, there are few studies on the capacitance char-
acteristics of SPADs at present, and the research directions
mainly focus on broadening the spectral response range, im-
proving the photon detection probability, and optimizing the
dark count.[11–19] As a diode, an SPAD exhibits capacitive
characteristics in addition to resistive effects when an AC volt-
age is applied. When forward and reverse voltages are applied
across the diode, the diffusion capacitance and barrier capaci-
tance exist respectively. Ideally, both capacitances are derived

from the free carrier motion of the device itself. However, in
the actual silicon planar process, there are charge traps at the
interface between silicon and silicon dioxide. These traps are
likely to exchange charges with free carriers, which affect the
density of carriers in the surface layer of the device, thereby
causing capacitance influence. Does this indicate some kind
of correlation between the interfacial traps of the semiconduc-
tor and the capacitance? A long time ago, the literature[20] re-
ported that the existence of traps in the semiconductor bandgap
caused the photocapacitance effect. In the literature, the pho-
tocapacitance measurement of GaP materials was used to de-
termine the energy level and concentration of deep traps in the
material. In 1997, Tan et al. studied the interface properties of
SiO2/SiC through the capacitance–voltage (C–V ) method and
proposed a formula for calculating the average density of in-
terface defect states.[21] Ma et al. analyzed the optical power
dependence of capacitance by establishing a differential ca-
pacitance model for a single-row carrier photodetector, to op-
timize the high-speed performance of the detector at different
optical powers.[22] Sengouga et al. studied the C–V character-
istics of two P-type silicon-doped GaAs Schottky diodes and
observed that the deviation of the C–V characteristics was re-
lated to the deep body defects with non-uniform density.[23]

Reference [24] reported the photocapacitance effect in organic
heterojunction devices constituting a PN junction, attributing
the photocapacitance effect to charge traps. It can be seen that
in semiconductor devices, the capacitance is closely related to
the deep trap center of the photocapacitance effect in particu-
lar.
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In this work, the capacitive properties of SPADs fabri-
cated in a silicon-based process are investigated, and the pho-
tocapacitance effect is also reported. Through a small-signal
C–V test at room temperature and low frequencies, the capac-
itance of SPAD devices under light is significantly higher than
under no light. As the frequency increases, the gap gradually
narrows. We believe this difference in capacitance is related to
interfacial traps in the samples.

2. Device structure and capacitance analysis

Silicon is easily oxidized to form high-quality silicon
dioxide, which allows silicon dioxide to be used as a diffusion
mask during device fabrication and as an insulating material
for many devices. Figure 1 is a cross-sectional view of the
circular single-photon avalanche diode structure designed in
this paper, and figure 2 shows the layout of the device (left)
and the microscope image of the device based on the 0.18 µm
standard bipolar-CMOS-DMOS (BCD) process (right). In the
fabrication of SPAD devices based on standard silicon tech-
nology, a layer of 0.01 µm–0.1 µm silicon dioxide is first
thermally grown on a flat P-type silicon wafer as a diffusion
mask layer. Next, photolithography is performed on the oxide
layer, and the shallow trench isolation (STI) regions are etched
and deposited with silicon dioxide. According to the specific
structure of the device, multiple photolithography and implan-
tation of high-energy phosphorus ions and boron ions are per-
formed to form a photosensitive PN junction with a diameter
of 20 µm. After this, an aluminum electrode is formed on the
surface of the silicon wafer by reactive sputtering to connect
the device to the outside. This work adopts the dual diode
structure of a P+/N-well and deep N-well/P substrate. Among
them, the P+/N-well can form a high field multiplication re-
gion as a photosensitive junction. The deep N-well/P substrate
acts as an isolation diode, preventing the photo-generated car-
riers of the substrate from entering the photosensitive junction
and causing charge crosstalk. A P-well guard ring at the edge
of the PN junction prevents premature edge breakdown of the
device.
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Fig. 1. Single-photon avalanche diode (SPAD) structure.
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Fig. 2. Layout and microscope images of SPAD devices.

SPADs need to work in a reverse-biased state, i.e., the
cathode is connected to a high potential, and the anode is
grounded. The two-dimensional simulation of the device is
carried out in a technology computer-aided design (TCAD)
simulator to obtain the electric field distribution at each posi-
tion of the device in Geiger mode, as shown in Fig. 3. Due to
the different doping concentrations, the widths of the depletion
regions of the P+/N-well, P-well/N-well, and P-well/deep N-
well junctions are different. When the device is reverse biased,
the PN junction is equivalent to a large resistance and the volt-
age drop mainly exists in the depletion region, so the width of
the depletion region can be observed through the electric field
distribution. The simulation results show that the electric field
strength of the central P+/N-well junction is the largest, so the
avalanche breakdown is concentrated in the central P+/N-well
junction and the device works normally. According to Shock-
ley’s theory, the diode barrier capacitance can be expressed as

CJ =
dQ
dV

=
εrε0A

W
, (1)

where εr and ε0 are the relative permittivity of silicon (11.9)
and the vacuum permittivity (8.854 × 10−12 F/m), A is the
cross-sectional area of the junction, and W is the width of
the depletion region of the PN junction. The electric field
affects the width W of the depletion region, and the equiva-
lent capacitance distribution in the SPAD device in Fig. 4 can
be obtained from the electric field distribution. C1 is the ca-
pacitance of the photosensitive PN junction. C2, C3 are the
side junction capacitances of the guard ring/N-well, and C4 is
the guard ring/deep N-well junction capacitance. The para-
sitic capacitance between the deep N-well and the substrate is
independent of the capacitance between the cathode and an-
ode, so it is not indicated in the figure. The total capacitance
when the SPAD device is reverse biased can be expressed as
CSPAD = C1 +C2 +C3 +C4. Equation (1) introduces the re-
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lationship between the capacitance and the width of the de-
pletion region. During the electrostatic analysis of the abrupt
junction, it is found that the dependence of W and the bias volt-
age varies with the impurity distribution. The specific formula
is

W =

[
2εrε0

qNB
(Vbi −VR)

]1/2

, (2)

where q is the electronic charge (1.6 × 10−19 C), NB is the
impurity concentration on the lightly doped side, Vbi is the
junction potential, and VR is the applied reverse bias voltage.
Equation (2) can be substituted into Eq. (1) to get

CJ = A

√
εrε0qNB

2(Vbi −VR)
. (3)

It can be seen from Eq. (3) that the barrier capacitance is re-
lated to the junction area and impurity concentration.
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Fig. 3. Electric field distribution of the SPAD device operating in Geiger
mode.
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Fig. 4. Equivalent capacitance distribution of the SPAD device.

However, for silicon-based photodetectors, illumination
can affect the carrier concentration inside the device. It can be

expressed as the following process: when a photon with en-
ergy exceeding the silicon bandgap (1.12 eV) irradiates the de-
vice, it can excite an electron from the valence band to the con-
duction band and leave a hole in the valence band. Electron–
hole pairs move directionally in an electric field to form an
electric current. Thus illumination increases the free carrier
concentration inside the SPAD. The specific concentration of
photo-generated carriers per unit time can be expressed as
NLight = ∆I/(qv), where ∆I is the difference between the cur-
rent and the dark current of the device under illumination, and
v is the semiconductor volume. Figure 5 shows the current–
voltage (I–V ) characteristic curves of the SPAD device de-
signed in this paper tested in light and dark environments (data
from the previous work on this subject; see Ref. [25]). As can
be seen from the figure, when the SPAD works in linear mode,
the photocurrent is several tens of nanoamps higher than the
dark current. Therefore, we should modify the capacitance
formula to account for the effects of light and dark conditions
on the device. We define Eq. (3) as the barrier capacitance
under a no-light environment and Eq. (4) as the barrier capac-
itance under illumination,

CJL = A

√
εrε0q(NB +NLight)

2(Vbi −VR)
. (4)
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Fig. 5. The I–V characteristic curves of the SPAD in light and no-light
environments.

3. Test and discussion
With a SPAD in reverse bias, when the AC signal v is su-

perimposed on the DC bias, the total voltage drop across the
junction is Vbias + v. When v is at a positive voltage, the AC
signal slightly reduces the reverse bias on the junction, i.e., the
charge on both sides of the depletion region is reduced. When
v changes in reverse, the total reverse bias voltage across the
junction increases immediately, causing an increase in charge
on both sides of the junction. The effect of the AC signal can
be seen as a small fluctuation of the charge density around
its steady-state value. Due to the small magnitude of v, the
displacement of the fluctuating charge at the depletion layer
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boundary is almost negligible. The alternating increase and
decrease of positive and negative charges at the edge of the
SPAD depletion region are similar to the principle of physical
plate capacitors, and the experiments in this paper are based
on this principle to measure the capacitance characteristics of
SPAD devices. The test instrument adopts the B1505A system
of a power device analysis instrument, which has a touchable
liquid crystal display screen for setting parameters, data dis-
play, and data processing. The test process is to put the device
into the probe box, with the metal probes in contact with the
cathode and anode of the SPAD, and superimpose a small si-
nusoidal signal with an amplitude of 100 mV and adjustable
frequency on the DC reverse bias voltage of the device. To
measure the photocapacitive effect, the device capacitance is
measured in two cases. First, the test box is closed and a dark
environment is maintained to measure the dark capacitance of
the device. Second, the device’s photocapacitance is measured
given a single light source.

Silicon-based SPAD devices can only respond to visible
light, so this test uses red, orange, green, and blue light as light
sources and the measured capacitance is represented by Cred,
Corange, Cgreen, and Cblue, respectively, with the dark capaci-
tance represented by Cdark. The bias voltage of the device is
from 0 V to 5 V, and the C–V test results are shown in Fig. 6.

0 1 2 3 4 5
1

2

3

4

5

6

7

8

Bias (V)@1 kHz

Cdark

Cred

Corange

Cgreen

Cblue

C
a
p
a
c
it
a
n
c
e
 (

p
F
)

Fig. 6. The C–V curves of the device with and without light at 1 kHz
frequency.

As can be seen from the figure, the dark capacitance of
the device is around 1.8 pF and the photocapacitance gener-
ally fluctuates around 6.3 pF. Moreover, the wavelength of the
light source has little effect on the capacitance of the device,
which can be ignored. ∆C =Clight −Cdark ≈ 4.5 pF, indicating
that light can increase the junction capacitance of the device,
because light excites photo-generated electron–hole pairs and
increases the carrier concentration. The width of the depletion
layer of the PN junction swings around the stable value with a
small AC signal, which enables the carriers to respond in time
to the AC signal. In silicon-based semiconductor devices, the
response time of the majority carrier is in the range of 10−10 s
or less, indicating that the device can respond to very high sig-
nal frequencies. Therefore, we extended our research scope to

study the frequency dependence of the capacitance of SPAD
devices.

Figure 7 shows the capacitance variation curves of SPAD
devices at frequencies from 1 kHz to 5 MHz. Among them,
the blue curves represent capacitance versus voltage measured
under a single blue light source at different frequencies. The
black curves represent capacitance versus voltage measured
in dark conditions at various frequencies, and the additionally
marked small graphs show details of the dark capacitance. The
figure shows that under the same bias voltage, the dark capaci-
tance of the device remains almost unchanged with increasing
frequency. However, with increasing frequency, the photoca-
pacitance decreases significantly. We obtain the preliminary
conclusion that the photocapacitance of SPAD increases at low
frequencies and decreases at high frequencies. According to
Eq. (4), the difference between the dark capacitance and the
photocapacitance is caused by the change in the carrier con-
centration, and the changing trend of the capacitance should
be consistent at different frequencies. However, there are dif-
ferences in the actual test results.

Fig. 7. The C–V curves of dark capacitance and photocapacitance at
different frequencies.

In Ref. [23], the authors observed the frequency depen-
dence of capacitance in different types of deep-level traps,
which was also observed in organic heterojunction devices in
Ref. [24]. The silicon-based SPAD devices fabricated by the
planar process all contained the Si–SiO2 system, and it is obvi-
ous that the movement space of the carriers was mainly in the
surface layer of the silicon wafer. With the development of the
manufacturing process, the quality and performance of the de-
vice have been greatly improved. However, additional charges
and traps are still introduced in the Si–SiO2 structure. Since
the charge distribution is closely linked to the occurrence of
vacancies, traps play an important role in the electron transport
properties. For example, an SPAD with STI as the guard ring
introduces huge noise to the device,[26] because there are many
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trap states in the STI region filled with SiO2, which trap and
release the carriers in the device and increase the after-pulse.
Therefore, we attribute this effect of SPAD photocapacitance
to the interfacial traps of the Si–SiO2 system, which can ex-
plain the photocapacitance versus frequency in Fig. 7. When
the device receives photons with energy greater than the band
gap, electrons in the valence band absorb the energy of the
photons and are excited into the conduction band to become
free electrons. The concentration of photocarriers in light is
far greater than that under dark conditions, and the photoca-
pacitance is greater than the dark capacitance.

Next, the effect of interface traps on photocapacitance is
considered. First of all, the interface trap is mainly due to the
formation of a “dangling bond” between Si and SiO2 (that is,
the silicon atom has an atomic bond in a dangling state), or
the oxygen atom at the interface is not connected to the sili-
con atom, but is in an interstitial position or missing. Interface
traps introduce energy levels in the forbidden band of the Si–
SiO2 interface (which generally can be distributed in the whole
forbidden band range), and these traps can trap both electrons
and holes. If the energy level is electrically neutral when occu-
pied by electrons and positively charged after releasing elec-
trons, it is called a donor interface state; if the energy level
is negatively charged after accepting electrons, it is called an
acceptor interface state. In semiconductor silicon, the typical
response time of the majority carrier is 10−10 s or less, so when
making capacitance measurements, the majority of the carrier
can flow in and out quickly, so the carrier can respond to the
AC signal promptly. However, the time constant of the inter-
face state is large and decreases exponentially as the value of
EF −Ei increases. Therefore, interface traps cannot respond
to high-frequency signals. Assuming that the interface state
is a donor state, when the device receives a photon, the en-
ergy of the electron in the trap absorbs the photon transitions
from the forbidden band to the conduction band, thereby af-
fecting the charge distribution inside the device. These trap
states are charged and discharged as the bias voltage changes.
In the frequency range below 1 MHz, the charge and discharge
of the interface traps can follow the low-frequency signal, so
the medium photocapacitor includes the trap capacitance, and
the change of the total photocapacitance follows the law; that
is, it decreases with increasing frequency. After the frequency
continues to increase, the interface traps do not respond and
do not charge and discharge, so the capacitance at frequen-
cies above 1 MHz is significantly reduced. Since there are no
trap states involved, there is only a small change in capaci-
tance from 1 MHz to 5 MHz. The interface state density is
an important criterion to measure the quality of the Si–SiO2

interface. The interface state density represents the interface
defect density per unit area and unit energy (number of defects

×cm−2 · eV−1):

Dit =
1
q
× dQit

dEt
. (5)

In the formula, Qit is the charge amount of the defect state,
and Et is the depth of the defect energy level. These trap states
act as recombination centers and affect the density and mo-
tion of charge carriers within the silicon surface. The interface
trap energy is in the silicon forbidden band, and the distribu-
tion presents a non-uniform distribution of dense band edges
and sparse center bands. Figure 8(a) is a schematic diagram of
the energy bands of the SiO2/Si structure containing interfacial
traps. Figure 8(b) is an equivalent circuit diagram considering
interface traps.

RA

Cathode

Cdark
Clight↼ω↽

Anode

SA

VB

P-SiSiO2

Dit

EF

EC

EV

(a) (b)

Fig. 8. (a) Schematic of the SiO2/Si band with interface traps, (b) equiv-
alent circuit model considering interface traps.

Here RA is the total resistance of the SPAD, VB is the
breakdown voltage, and the switch SA simulates the arrival of
photons. In the dark state of the SPAD, the internal capaci-
tance of the device is a capacitor Cdark that does not change
with frequency; when the device is in a light environment, the
switch SA is closed, and an additional frequency-dependent
capacitor Clight(ω) is added to the equivalent circuit. When
the energy level of the surface trap is displaced relative to the
Fermi level EF, the electron filling state in the trap changes,
resulting in a change in charge. The intuitive effect of this
change is a change in capacitance. When a reverse bias is ap-
plied to the SPAD in Fig. 1, the energy band at the P+ surface
of the central photosensitive region is bent downward, and the
energy level of the interface state moves downward relative
to EF. When the acceptor state close to the conduction band
moves to EF, due to the electrons occupying the acceptor in-
terface state and the electrons accumulating at the surface of
Si–SiO2, forming an accumulation phenomenon, there are ad-
ditional negative charges in the interface state.

It can be seen that the change in the applied bias volt-
age causes a charge change in the interface state; that is, the
charge–discharge effect occurs in the interface state. The inter-
face defect state can be characterized in the C–V curve when
the charge of the interface defect is exchanged with the photo-
sensitive region P+, that is, the interface defect captures and
emits electrons. Under no-light conditions, the interface de-
fect states below the intermediate energy level of the forbidden
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band do not have the energy provided by photons and cannot
capture and emit electrons normally. When the device absorbs
the energy of the photon, the photo-generated carriers are ex-
changed with the interface defect state, which changes the cap-
ture rate of the trap, that is, reduces the lifetime of the trap. In
other words, the energy brought by the light affects the emis-
sion and capture rates of electrons in the defect, resulting in
a shortened trap lifetime. In addition, when the frequency of
the small signal applied by the SPAD is high, the filling and
release rates of trap states cannot keep up with the AC signal,
which leads to a significant decrease in the photocapacitance
of the device at high frequencies, and the photocapacitance
exhibits frequency dependence.

4. Conclusion
The photocapacitance effect of SPADs is experimentally

studied. First, to distinguish the general capacitance of the
PN junction, SPAD capacitance is divided into dark capaci-
tance and photocapacitance. The photon energy excites the
device to generate photogenerated electron–hole pairs, which
increases the internal carrier concentration, thereby increas-
ing the capacitance. Second, it is noted that the photocapac-
itance has a frequency scattering effect, and the capacitance
decreases significantly with increasing frequency. This is due
to the existence of interface traps in planar silicon devices, and
the photon energy affects the trapping rate of interface traps in
SPAD devices, resulting in changes in trap lifetime.
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