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ABSTRACT
Background: Over the last decade have seen a drastically increase of interest in the Single photon avalanche diode
(SPAD) detectors applications at many variety of quantum experiments where the detection efficiency at singlephoton level is required. The calibration of such detectors involves predominantly the determination of the detection
efficiency.
Methods: The present study was carried out at Department of Photometry and Applied Radiometry, PhysikalischTechnische Bundesanstalt (PTB), National Metrology Institute of Germany. This work is focused in a reproducible
and close-to-ideal alignment position method of the SPAD detectors to the incident beam for achieving low
measurement uncertainty.
Results: A dominantly Gaussian profile is obtained when the diameter of the detector is smaller than the beam
diameter, whereas in case then the detector is larger than the beam, a dominantly rectangular scan is obtained. The
optimal position (X/Y/Z) for setting the SPAD detector correspond to Xcenter = 235.11 mm, Ycenter = 6.28 mm and
Zposition = 14.6 mm. Homogeneity of the detection efficiency depends on the beam size and evaluated regions.
Conclusions: The experimental set-up and experimental results needed for optimization of the SPAD detector
position were described. This analysis gives important information in how to carry out the optimization of the detector
position for the calibration of the SPAD and analysis of quantum detection homogeneity.
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INTRODUCTION
Silicon single-photon avalanche diodes (Si-SPADs) are
the most common choice for single-photon detection in
the visible to near-infrared spectral range up to 1000
nm.1,2 In particular, Si-SPADs have been successfully
exploited in a variety of scientific research fields such as
experimental quantum optics, quantum cryptography and
quantum computing but also in applications like
medicine, biology, 3D imaging, telecommunication and
astrophysics.3-5 In all these fields, the detection efficiency

is a key parameter. Nevertheless, most of the costumers
have to rely on the detection efficiency values given by
the manufacturers or they have to measure the values
themselves. Thus, in order to achieve reliable
measurements, PTB Germany established recently a
compact setup for Si-SPAD calibration that uses
traceable transfer standards.6,7
The alignment position of the Si-SPAD to the incident
beam has to be carried out with high accuracy to achieve
low uncertainty measurements. Here, it has to be assured
that the laser spot beam used for the calibration is
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completely within the active area of the Si-SPAD and hits
reproducibly the same location on the detectors active
area. This requires some efforts and is very time
consuming if the alignment is carried out manually. An
accurate and automatic alignment of the SPAD will
reduce the measurement time and increase the accuracy
of the measurement results. In this paper we describe
briefly the PTB´s experimental set-up and present first
experimental results for the optimization of the detector
alignment position needed for the calibration of the
detection efficiency of Si-SPADs and homogeneity.
METHODS
Figure 1a shows the schematic setup used for the
calibration of the Si-SPADs. The calibration is carried
out by comparing the detector count rate of the Si-SPAD
with those determined from a calibrated silicon diode.6,7
The laser beam used for the calibration is focused by a
20X microscope objective lens (numerical aperture =
0.42, working distance = 20 mm) on the detectors. The
alignment of the Si-SPAD to the focused beam is carried
out using motorized X/Y/Z translation stages as can be
seen in (Figure 1b). The circular active area of the SiSPADs used for experiment is approximately AD=24.1
m2 (diameter D=200 m).8

To find a criteria for the optimization of the position of
the Si-SPAD detector with respect to the incoming laser
beam, several scans in the (X,Y) - plane (perpendicular to
the laser beam) at varying distances Z from the
microscope objective were performed, see Table 1. The
(X, Y) scanning range was 0.63 mm x 0.63 mm with a
resolution of 0.01 mm. The scanning procedure was
realized in such a way that the Z - position of the detector
was moved by 0.1 mm steps towards the microscope
objective. For each Z-axis position a full (X, Y) - scan
was performed. This scanning procedure allows us to find
the optimum (X, Y, Z) - position of the detector with
respect to the incoming beam.
The homogeneity of the Si-SPAD detector was studied as
a relative standard deviation. The homogeneity of the
detection efficiency depends on the beam size and
evaluated region.
RESULTS
Table 1: Results of the Perkin Elmer SPCM-AQR
detector.
No. of
Meas.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

(a)

(b)
Figure 1: (a) Schematic setup of the calibration setup
for Si-SPADs. (b) Picture of the Si-SPAD (Perkin
Elmer SPCM-AQR) (top view).6,7

Z
position
(mm)
13.6
13.7
13.8
13.9
14.0
14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8
14.9
15.0
15.1
15.2
15.3
15.4
15.5
15.6

X
Center
(mm)
235.11
235.11
235.11
235.11
235.11
235.11
235.11
235.11
235.11
235.11
235.11
235.12
235.12
235.12
235.12
235.12
235.12
235.12
235.12
235.12
235.12

Y
Center
(mm)
6.26
6.26
6.26
6.26
6.26
6.26
6.27
6.27
6.27
6.27
6.28
6.28
6.29
6.29
6.29
6.29
6.29
6.29
6.29
6.30
6.30

D
(mm)
0.35
0.34
0.33
0.32
0.31
0.30
0.28
0.26
0.24
0.23
0.22
0.23
0.24
0.26
0.28
0.30
0.31
0.32
0.33
0.34
0.35

In Figure 2, the scanning results for four different Zpositions are shown and in (Table 1) the results for all
performed scans are summarized. For Z-positions from
13.6 mm (Figure 2a) to 14.0 mm, the scan profile
correspond dominantly to a Gaussian beam profile, while
for Z-positions from 14.1 mm (Figure 2b,c,d) to 15.1 mm
it corresponds dominantly to a rectangular profile. The
scan profile is again Gaussian dominated for Z-positions
from 15.2 mm to 15.6 mm (Figure 2e).
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(a)

(d)

(b)
(e)
Figure 2: Scan profiles for different Z positions. a, e Gaussian profile and b, c, d- Rectangular profile.
A dominantly Gaussian profile is obtained when the
diameter of the detector is smaller than the beam
diameter, whereas in case then the detector is larger than
the beam, a dominantly rectangular scan is obtained. The
optimal position (X/Y/Z) for setting the SPAD detector
correspond to Xcenter = 235.11 mm, Ycenter = 6.28 mm
and Zposition = 14.6 mm (Figure 2c).

(c)

The Figure 3 shows the results for the quantum detection
homogeneity of the Perkin Elmer SPCM-AQR Si-SPAD
detector. The Figure 3 depicts that the detection
efficiency, after optimization of the alignment position,
has been normalized to one and is obtained for a beam
impinging on the center of the active area of the sensor.
For the region one (diameter 120 µm) of the SPCM-AQR
detector homogeneity 0.85 % is obtained. The
homogeneity can be improved by selecting smaller
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regions, e.g the region two for diameter 40 µm is
obtained homogeneity 0.3 %.
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