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Abstract---We characterize the 2-D spatial distribution 
of photon counts inside the active area of low 
dark-count-rate single-photon avalanche diodes.  The 
2-D mappings are measured with various wavelengths 
and excess voltages. A non-uniform distribution of 
photon detection probability is spotted at high voltages. 
Our results reveal that the engineering of electric field 
is of importance for high performance SPADs. 
 

I. Introduction 
Recently, planar CMOS single photon avalanche 

diodes (SPADs) emerge as potential devices for 
high-speed detection of ultra-weak light by taking 
place of photon multiplier tubes and charge-coupled 
devices [1]. Thanks to the standard planar CMOS 
technology, silicon SPADs were taped out as imager 
with time to digital (TDC) circuits on chip, which 
can be applied to the study of time-correlated single 
photon counting in fluorescence lifetime image 
microscopy [2] and 3-D imaging [3]. In addition, 
customized SPADs with high photon detection 
efficiency bonded with CMOS timing circuits forms 
a focal plane array chip [4], or adapted with outside 
TCSPC module [5] were applied in long range 
finding applications, such as Laser Detection And 
Ranging (LADAR). 

 In a SPAD under the Geiger mode operation, a 
photo-generated carrier accelerated by high electric 
field can trigger an avalanche event, which makes 
avalanche diodes arriving at single photon counting. 
The photon detection process includes light 
absorption, carrier transport, and avalanche 
multiplications. The process depends on not only the 
device structure but also the electric field which is 
position-dependent. Therefore, understandings of the 
spatial distribution of electric field are essential for 
designing high detection efficiency SPADs. In this 
work, we setup a measurement system to map the 
2-D spatial distribution of photon counts of a SPAD, 
and simulate the distributions of electric field with 
the software of technology computer-aided design 
(TCAD). The experimental data reveal a 
non-uniform distribution of photon detection 
efficiency. Comparing the observation with the 
simulation results, it shows that connecting metal 
layer above the active region causes the 
non-uniformity of electric field distribution so the 
photon count is position-dependent. 

 

 
II. Device description 

The SPAD is fabricated in TSMC 0.25-μm 
standard high-voltage CMOS technology and the 
device structure is schematically illustrated in Fig. 
1(a). The guard-ring free active region is formed by 
the junction between the high-voltage p-well (HVPW) 
and the n-typed buried layer (NBL). The device with 
circular shape of 20-μm diameter (the inset of Fig. 
1(b)) has a breakdown voltage (Vb) of around 75.4 V 
as shown in the I-V curve in Fig. 1(b).  

To measure the dark count rate (DCR), a 
passive quenching circuit consisting of a 200 kΩ 
resistor in series is used to quench the avalanche 
current. The avalanche current pulses are sensed 
through an ac coupled capacitor (10 nF), amplified 
by a signal amplifier and then counted by a counter. 
As shown in Fig. 2, the devices exhibit a very low 
dark count rate of less than 1 kHz even at an excess 
bias (Ve) of 7.0 V, which has been discussed 
previously [6]. 

 

 

 

 

 

 

 

 

 
Fig. 1 (a) Cross-section of our SPAD ;(b) I-V curve of the 
SPAD. The inset shows its top-view picture taken by 
optical microscope. 
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Fig. 2 Measured dark count rates of ten devices as a 
function of bias voltages. 

 

III. Measurement system  
To characterize the photon detection efficiency 

(PDE) of SPADs, a 1000W halogen light source 
(ORIEL-66188) was first dispersed by a 
monochromator (HR-550) and transmitted into a 
microscope through a large core fiber in a dark box. 
The incident photon flux is real-time monitored by a 
calibrated photodiode (Thorlabs FDS100-CAL). 
With a zero aperture iris on the microscope and 100X 
NIR objective lens, we can shrink the spot size to be 
smaller than 1 μm. To perform high-precision 2-D 
mapping of photon counts in the active area of 
devices, a high-precision stage (Newport 562) driven 
by two individual high resolution actuators (Thorlabs 
Z825B) are set up and controlled by a computer, as 
show in Fig 3. 

 
 
 
 

 

 
Fig. 3 Schematic measurement system in dark box 
and its photo picture (left-top). 
 

    When proceeding PDE and 2-D mappings of 
photon counts measurement, we make the shutter in 
the front of monochromator on and off in turns so the 
light and dark counts can be measured under the 
same condition. Since the light spot was too small to 
define the photon flux, we present the photon counts 
to instead of PDE in 2-D mapping measurement. On 
the other hand, in the PDE measurement, the spot 
size is set to the same as the diameter of active region 
for preventing the carriers diffusion coming from 
other regions. 
 

IV. Results and discussions 
As indicated in Fig. 4, at an excess bias of 10.1 

V, the PDE of our SPAD has a peak of 12.3% at the 
wavelength of 510 nm. Clear oscillations of PDE are 
observed at all bias voltages, which are attributed to 
the interference of the dielectric layers above the 
device. 

 

 
Fig. 4 Measured PDE as a function of wavelength under 
various excess bias voltages. 

 
In Fig. 5, 3-D plot shows the measured photon 

count distribution in the active region. A clear 
ring-like non-uniform distribution is spotted for the 
incident light of 500-nm wavelength at the excess 
bias of 9.0 V. To study the non-uniformity, the 2-D 
mappings of normalized photon counts at various 
excess biases for the wavelengths of 500, 625, and 
750 nm are measured and the results are plotted in 
Fig. 6. Note that the p+ contact pad is connected from 
the center to the bottom-right, as shown in the inset 
of Fig. 1(b). Let us look at the first column for 500 
nm. The photon counts exhibit a non-uniform 
distribution over the active area and become more 
serious as increasing the excess bias. Besides, under 
the same excess bias, the uniformity restores at 
longer wavelength (within the same row in Fig. 6). 
The region having lower photon counts is not only 
caused by the light shielding of the metal. 
Considering that different wavelength gives 
maximum absorption at different depth, the 
non-uniformity of photon counts distribution can be 



attributed to the depth dependence of the electric 
field. We suspect that the non-uniform distribution 
results from the electric field distribution inside the 
device.  

 

0
3

6
9

12
15

18
21

24
27

30

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0
3

6
9

12
15

18
21

24
27

30

N
o

rm
a
liz

e
d
 p

h
o

to
n
 c

o
u

n
t

Y(um)x(um)
0.000

0.3300

0.6600

0.9900

 

Fig. 5 3-D plot of 2-D mappings for incident light of 
500 nm under excess biases of 9V 
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Fig. 6 2-D mappings of photon counts for 500, 625, and 
700 nm under excess biases of 3, 6, and 9 V. 
     

To explain the observation, we simulate the 
electric field distribution of the SPAD by using the 
commercial software, Synopsys Sentaurus TCAD, 
and the results are presented in Fig. 7. The high 
electric field is located near the HVPW/NBL junction, 
as expected (Fig. 7(a)). To make it clear, we plot the 
x-dependent electric field at various depths in Fig. 
7(b). First, the electric field indeed peaks near the 
edge of the active region. Second, the peak electric 
field at the left side (no metal above) is a bit higher 
than that at the right side (underneath the metal). 

Third, the non-uniformity of the electric field 
becomes more serious with the shallower depths 
(more negative depths) as it comes near to the metal 
layer. High electric field gives higher trigger 
probability so the photon counts increase. This 
explains why the distribution of photon counts is 
more uniform for longer wavelength. This result 
indicated that, by mapping the photo counts 
distribution with various wavelengths, we can probe 
the 3-D electric field distribution in the device.  
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Fig. 7 Simulation of electric field distributions at excess 
bias of 9 V ;(a) 2-D contour and (b) x-dependence at 
various depths. Note that the more negative depth means 
closer to the device surface. 

 
In Fig. 8, we plot the electric field 

non-uniformity in a quantitative way to reveal the 
effect of the bias voltage. The maximum electric field 
on the left side (EL) subtracted with the minimum in 
the middle (EM) divided by the minimum in the 
middle are plotted against the excess voltages in Fig. 
8(a). Similar comparison between left and right side 
maximums are plotted in Fig. 8(b). Clearly, with the 
increasing bias voltages, the non-uniformity becomes 
more significant. Both Figs. 8(a) and 8(b) reveal that 
deeper depths restore the uniformity of electric field. 
It is because, for a more distant position, the metal 
layer has less effect on the electric field there, which 
is consist with our observation with long-wavelength 
light. 

 
 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

0.00.30.71.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30 0.00.30.71.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

0.00.30.71.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

0.00.30.71.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

0.00.30.71.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30 0.00.30.71.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30 0.00.30.71.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30 0.00.30.71.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30 0.00.30.71.0

(a) 

(b) 



3.0 4.5 6.0 7.5 9.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5

(E
L-E

M
) /

 E
M
  (

%
)

Excess Bias(V)

 J-0.2μm
 J-0.1μm
 J
 J+0.1μm
 J+0.2μm

 

3.0 4.5 6.0 7.5 9.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

(E
L-E

R
) /

 E
R
  (

%
)

Excess Bias(V)

 J-0.2μm
 J-0.1μm
 J
 J+0.1μm
 J+0.2μm

 
Fig. 8 Maximum electric field on the left side difference 
ratio with respect to (a) the minimum in the middle and (b) 
the maximum on the right side. 
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