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ABSTRACT: We report an automated characterization of a single-photon detector based 

on commercial silicon avalanche photodiode (PerkinElmer C30902SH). The photodiode 

is characterized by I-V curves at different illumination levels (darkness, 10 pW and 

10 µW), dark count rate and photon detection efficiency at different bias voltages. The 

automated characterization routine is implemented in C++ running on a Linux computer.  

ABSTRAK: Kami melaporkan pencirian pengesan foton tunggal secara automatik 

berdasarkan kepada diod foto runtuhan silikon (silicon avalanche photodiode) 

(PerkinElmer C30902SH) komersial. Pencirian  diod foto adalah berdasarkan kepada 

plot arus-voltan (I-V) pada tahap pencahayaan yang berbeza (kelam - tanpa cahaya, 

10pW, dan 10µW), kadar bacaan latar belakang, kecekapan pengesanan foton pada 

voltan picuan yang berbeza. Pengaturcaraan C++ digunakan di dalam rutin pencirian 

automatik melalui komputer dengan sistem pengendalian LINUX. 

KEYWORDS: avalanche photodiode (APD); single photon detector; photon counting; 

experiment automation 

1. INTRODUCTION  

Single-photon detectors (SPDs) are widely used for measuring extremely low light 

intensities. They have found diverse applications in laser ranging [1], astronomy [2], 

fluorescence detection [3], quantum optics, quantum information and quantum key 

distribution [4]. Nowadays, technologies for SPDs include photomultipliers, avalanche 

photodiodes (APDs), frequency up-conversion, visible-light photon counters, and several 

types of superconducting devices [5]. However, in real applications, APDs are often the 

most practical choice due to several advantages as compared to other photodetectors: 

small size, ruggedness, reliability, low sensitivity to magnetic fields and external 

disturbance in general, as well as lower cost [6, 7]. 

In order to detect single photons, the APD is operated in Geiger mode, and is also 

known as a single-photon avalanche diode (SPAD) [7]. In this mode the APD is biased 

above its breakdown voltage Vbr. Single-photon sensitivity is achieved by exploiting the 

internal signal amplification, called avalanches, due to the process of impact ionization. In 

the Geiger mode, the electron-hole generation becomes self-sustaining, and one can 

register a macroscopic current flow due to a single incident photon. Currently, silicon 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Directory of Open Access Journals

https://core.ac.uk/display/201608822?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


IIUM Engineering Journal, Vol. 12, No. 5, 2011: Special Issue -1 on Science and Ethics in Engineering 

Ghazali et al. 

 98

APDs are the most common choice for single-photon detection in the visible to near-

infrared range up to ~1000 nm [4, 7]. 

There are several characteristics associated with the SPAD that need to be assessed 

prior to its use, for example its spectral range, dark count rate, dead time, photon detection 

efficiency, and timing jitter [7]. Often, characterization of many APD samples at different 

temperatures is required. Repeated characterization of the same sample may be useful in 

reliability studies and tests of APD’s resilience against external factors, such as radiation 

and laser damage. In all these cases, a manual characterization would be impractical, and 

might also be less consistent. In this paper, we report a fully automated characterization of 

the I-V curves, dark count rate and photon detection efficiency of a PerkinElmer 

C30902SH commercial silicon avalanche photodiode. A custom testing setup has been 

built, and characterization programmed in C++ on a Linux platform. 

2. EXPERIMENTAL SETUP 

When the APD is reverse-biased above the breakdown voltage, an absorbed photon 

will trigger an avalanche event consisting of thousands of carriers. The current continues 

to flow until the avalanche is quenched by lowering the bias voltage to Vbr or below. In our 

single-photon detector, we use a simple and robust passively-quenched scheme (Fig. 1) 

[11–13]. The circuit consists of a high-voltage supply, 390 kΩ bias resistor, and a high-

speed comparator for sensing the avalanche current. The avalanche current is initially 

sustained by charge stored in APD stray capacitance, however the voltage at the APD 

quickly drops and the avalanche self-quenches in about 1 ns. Then the capacitance is 

slowly charged via the bias resistor, and the detector recovers its sensitivity in ~1 µs. The 

APD is cooled with a thermo-electric cooler to a fixed temperature of –25 °C, in order to 

reduce its dark count rate [8]. 

 

 

 

 

Fig. 1: Passively-quenched detector circuit. 

Figure 2 depicts a schematic diagram of the characterization setup. Signametrics 

SMU 2055 multimeters were used to measure the bias voltage, average current flowing 

through the APD, and APD temperature. A Stanford Research Systems SR620 universal 

time interval counter was used to measure the frequency of photon counts registered at the 

detector. We used two signal lasers: one JDSU 54-00213 and one Sanyo DL-8141-002, 

both powered by a Highland Technology P400 signal generator. The lasers were coupled 

via single-mode optical fibers and 10/90 coupling ratio optical fiber coupler into one 

attenuated arm to the SPAD, and another arm to the power meter. The laser power was 

measured by a Newport 1830-C power meter using a Newport 818-SL-L photodetector 

head. An OZ Optics DA100 programmable attenuator was used to attenuate the laser light 

illumination to the desired intensity at the SPAD. The attenuation was calculated based on 

the power measured by the power meter and the manually determined splitting ratios of 

the coupler including fixed attenuation. All instruments were connected to the computer 
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using RS-232 interface, except the SMU 2055 multimeters which were connected via USB 

interface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: APD characterization setup. Sufficient blackout measures were implemented to 

leave the APD in complete darkness when both lasers were unpowered. 

In order to run complete characterization of SPAD as a function of bias voltage 

automatically, we should be able to 

a. control the power level of lasers and measure the power; 

b. set the bias voltage of the SPAD; 

c. measure the photon count rate registered by the detector; 
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d. measure the bias voltage applied; 

e. measure the average current through the SPAD. 

We implement the automated characterization routine using the object-oriented C++ 

programming language in a Linux environment. For data analysis, shell scripts and the 

open source numerical computation language/interpreter Octave were used. 

3. SPAD CHARACTERIZATION PARAMETERS 

In order to detect single photons, the SPAD must be operated in Geiger mode, i.e., it 

is biased above the breakdown voltage. Overbias voltage is defined as 

����� � ���	
 � ���, (1) 

where Vbias is the bias voltage applied. 

While operating in Geiger mode in darkness, spurious avalanches in the SPAD 

produce random pulses at a frequency known as the dark count rate (DC). These counts 

arise due to thermal carrier generation, band-to-band tunneling, and afterpulses (emission 

of trapped carriers from deep trap levels) [7, 12]. 

As Vbias is increased, there is a sharp increase in the photodiode current, I if the SPAD 

is under suitable illumination. A sharp bend in the I-V curve roughly coincides with Vbr. 

The intensity of the incident light must be strong enough that it triggers many avalanches 

when the bias voltage increases past Vbr, yet weak enough to not cause a significant 

amplified photocurrent below Vbr. 

Alternatively, Vbr can be determined from threshold voltage Vth. Threshold voltage is 

defined as the voltage at which photon counts start to appear at the detector output. Vth is 

higher than Vbr by a fixed offset that depends on the comparator threshold setting, as the 

avalanche pulse must be of certain amplitude to be detected by the comparator. In our 

detector, this offset is 3.3 V (Vbr for calculating this offset value was determined manually 

by observing on an oscilloscope at which bias voltage small analog avalanche pulses begin 

to appear at the comparator input). 

The photon detection efficiency (DE) is defined as the probability of detecting a 

photon incident on the detector. It depends on the diode’s quantum efficiency and the 

probability for an electron-hole pair to trigger an avalanche [10]. The detection efficiency 

can be obtained through two distinct methods: by a calibrated light source [5] and by the 

correlated photon method [14]. We implemented the former. In this work the SPAD was 

illuminated with thousands photons per second at 830 nm. DE can be calculated as 

DE � �� � DC�/�, �2� 

where C is the measured photon count rate, � � ��/�� is the calibrated incoming photon 

rate, P is the continuous-wave (c.w.) optical power focused in the middle spot of the 

SPAD photosensitive area, λ is the laser wavelength, h is the Planck constant and c is the 

speed of light. In our experiment, we restricted P to 10 fW which corresponds to 41750 

photons/s, in order to avoid having to take into account detector saturation effects [8]. In 

most photon-counting applications, a high value of DE is advantageous, however as we’ll 

see later there is a tradeoff with increased DC. 
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4. MEASUREMENT METHODS AND ALGORITHMS 

The entire SPAD characterization specified above is run from a C++ program on a 

computer. Each instrument was assigned with its own namespace which contained a class 

definition, and functions declaration for the instrument to be working accordingly. A main 

function was created to run the entire characterization program. For each measurement, 

one function was created to set the instruments as per measurement requirements. 

For all measurements, the maximum overbias voltage was limited to 50 V 

(corresponding Vbias known from a rough manual measurement), to avoid damage to the 

SPAD. The counting time was 10 s, except at Vover = 15 V it was set to 100 s to reduce 

statistical uncertainty in data. 

4.1   I-V Curves 

The initial step in the automated characterization of the SPAD was to measure the 

breakdown voltage, Vbr from the I-V curve. The algorithm was as follows. As different 

bias voltages, Vbias were applied across the SPAD, the potential drop over the 10 kΩ 

resistor V10k was measured by a SMU 2055 multimeter (see Fig. 2). Then, the current I 

through the SPAD was calculated as 

� � ����/10 kΩ. �3� 

Next, the voltage across the APD VAPD could be determined as 

� !" � ���	
 � �#$%$&'
, �4� 

where �#$%$&'
� �)*�*	+, and )*�*	+ = 390 kΩ (bias resistor) + 10 kΩ + 100 Ω = 400100 Ω. 

A plot of I versus VAPD was then created using these equations. All calculations and plots 

were done in Octave software. 

I-V curves were obtained for three different illumination levels; zero, weak and 

medium illumination power. The purpose of the low power illumination was to detect the 

sharp increase in current which occurs at Vbr. The purpose of the medium illumination 

power was to observe avalanche multiplication below Vbr and diode quantum efficiency at 

low values of Vbias (when no multiplication occurs). The measurements were achieved 

using the following parameters. 

a. Zero illumination: Both lasers were off. 

b. Weak illumination: The APD was illuminated at 10 pW c.w. power at 830 nm.  

c. Medium illumination: The APD was illuminated at 10 µW c.w. power at 808 nm. 

4.2  Threshold Voltage 

Threshold voltage Vth was obtained by measuring the dark count rate and the photon 

count rate (at 41750 photons/s) as a function of Vbias, using the SR620 counter. Vth 

determination was divided into two parts: binary search, and linear search with 0.1 V 

increment. Binary search is needed because of the large range of possible Vbias. First, the 

search starts as a linear search in ±0.5 V range around a manually pre-calibrated value of 

Vth. At this point, if no counts were detected, or if counts were found at the lower bound of 

the linear search, the algorithm escapes to a binary search. The binary search will be 

conducted in the range between Vth and the maximum Vbias if the linear search produced no 

counts. It will be conducted in the range between 0 V and the initial Vth if counts were 

registered at the lower bound of the linear search. The binary search seeks Vth by 
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repeatedly splitting the search range into half, until the range becomes smaller than 1 V. 

Then, a linear search will be executed over the remaining voltage range. 

Unexpected conditions such as always zero counts or always non-zero counts over the 

full range of bias voltages are recognized by the program, and will be registered in the log 

file. The program is designed such that it will not crash or hang due to such conditions. 

4.3  Dark Count Rate and Photon Detection Efficiency 

Once Vbr is determined, the dark and photon count rates are measured as a function of 

overbias voltage, at Vover = 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45 V. 

The data is then used to calculate DE via Eq. 2. 

5.  RESULTS 

Figure. 3 depicts the plots of I versus VAPD at three different illumination levels. At 

10 pW illumination, the sharp bend indicating Vbr ≈ 166.6 V is clearly visible {Fig. 3(b)}. 

From Fig. 3(c), we calculate the quantum efficiency of 82 % at low bias voltage, when the 

APD has no internal gain. 

 

Fig. 3: I-V curves at (a) no illumination, (b) weak illumination (10 pW), and (c) medium 

illumination (10 µW). 

The results of dark count rate and photon count rate measurements are shown in 

Fig. 4. The value of Vth ≈ 170 V can be readily observed from both curves. DC increases 
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with overvoltage. DE also increases, until it peaks at Vover ≈ 30 V. The following decrease 

of the count rate is due to self-sustaining avalanches, which is a known characteristic of 

the passively-quenched scheme [8]. Based on the data of Fig. 4 and Eq. 2, DE is 

calculated, (Fig. 5). The highest photon count efficiency is ≈ 55% at Vover ≈ 30 V. 

 

Fig. 4: Detector count rate vs. bias voltage at (a) no illumination (dark count rate), and 

(b) 10 fW c.w. illumination (41750 photons/s). 

 

Fig. 5: Photon detection efficiency vs. bias voltage. 

6. CONCLUSION 

We demonstrated automated characterization of a SPAD. Using the developed 

algorithms, implemented in C++ and Octave on Linux platform, we were able to measure 

I-V curves, automatically determine breakdown voltage, measures dark count rate and 

photon detection efficiency. The developed characterization platform can be easily 

adapted and extended for different experimental needs. 
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