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Abstract. In this paper an important parameter of single-photon detectors, such as quantum 

efficiency, is considered.  Errors in determining this parameter lead to significant errors in the 
parameters of a quantum key distribution system, where such detectors find their application. 
Three models are proposed to estimate photon detection efficiency or quantum efficiency and 
their main advantages and disadvantages are considered. A special experimental setup has been 
developed to carry out validation of the presented models on experimental data. It was found 
that at low values of laser radiation power the dependent and empirical models give good re-
sults, and the independent model is not applicable.
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Аннотация. В работе рассматривается важный параметр детекторов одиночных 

фотонов, такой как квантовая эффективность, ошибки в определении которой приводят 
существенным погрешностям в параметрах системы квантового распределения 
ключей, где такие детекторы занимают ключевое положение. Для оценки квантовой 
эффективности или вероятности детектирования фотонов предложены три модели, 
рассмотрены их основные достоинства и недостатки.
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Introduction

Currently single-photon detectors (SPDs) are widely used in various fields. For example, 
these devices have found application in quantum key distribution (QKD), where they are 
indispensable [1–3]. In addition, SPD are used in time-resolved emission measurements, where 
the device is used to: verify the operation of individual circuit elements without directly affecting 
them [4], to detect singlet oxygen luminescence [5] and other applications [6]. There are also 
other applications, such as photon quantum computing [7], the LIDAR system [8], fluorescence 
microscopy [9], etc. However, in these areas, the use of SPD allows exclusively improving the 
accuracy of measurements, but is not a key element in the operation of these systems.  In this 
paper, we consider a SPD based on an InGaAs/InP single-photon avalanche diode [10], which 
is used in QKD systems. 

A major problem in SPDs is the inaccuracy in determining their operational parameters. 
Significant errors in determining the quantum efficiency or photon detection efficiency (PDE) 
[11] cause the parameters of the entire QKD system to become more difficult to predict and 
acquire significant uncertainties [12]. For example, an incorrectly defined PDE parameter can 
cause the absolute safety of the system to be an order of magnitude lower than expected. For this 
reason, this paper explores approaches to estimating this parameter. In the following, models to 
account for this phenomenon both in terms of physical processes and an empirical approach are 
considered as calculation models.

Materials and Methods

The experiment was carried out on the setup shown schematically in Fig. 1. The laser pulses 
have a repetition rate of 100 kHz and full width at half maximum of 50 ns. The laser pulses are 
fed to an attenuator with a power controller (Avar), where it controls the output integral power 
(within 1 second).

Fig. 1. Simplified schematic of the experimental setup

In the presented system, to obtain average number of photons per pulse µ = 0.1 photon/pulse, 
the power W ≈ 3.6 nW must be set, and to obtain µ = 1 photon/pulse, the power W ≈ 36 nW must 
be set. This value determined by the Avar attenuation is 64.5 dB, which includes the attenuation 
of the second attenuator and losses in the contacts and optical fiber. During all measurements 
with the change of W the detector parameters Vg and Vb (gate amplitude and bias voltage, which 
determine the detector characteristics) remained constant. 

In the experiment the following data sets are to be obtained: R′ is the count rate when the laser 
is switched off; Ri is the count rate when the laser is on and the output power µi from the set µi 
∈ {µ1, ..., µN}.
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Simulation of physical processes

Assuming mutual independence of photons in a k–photon state, the known theoretical 
prediction of detection probability is expressed as:

  
(1)

where the term 1 − (1 − η)k denotes the probability that at least one photon will trigger the detector, 
assuming that simultaneous detecting of k-photons is considered as joint and independent events. 
The term (µk/k!)*e−µ denotes the probability that the laser pulse with energy µ will have k-photons.

If the k-photons interaction processes inside the detector are not independent (but still be 
joint), we can derive the laser pulse detection probability as:

  
(2)

with some unknown detection probabilities ηk (in particular, η1 = η).
Three models are proposed in the paper: 
1) The independent model, which assumes the independence of photons in the k-photon state. 

ηk is expressed as for such a model:

 
(3)

where η is an unknown parameter.
2) The dependent model, which takes into account the photon interaction dependence. ηk is 

expressed as for such a model:

 
(4)

where η and ρi are unknown parameters. Parameter ρk denotes the amplification or loss of the 
probability of detecting the single-photon after k − 1 unsuccessful detections. The independent 
model has only one unknown parameter, which has the physical meaning of PDE ({η}), and this 
model can be used in theoretical models for QKD. The dependent model has a more reasonable 
physical description and more appropriate parameters ({η, ρi}). The application of this model in 
theoretical studies is difficult, but the results obtained are more accurate. The main difficulties 
begin when the parameter µ is large enough (more than 1 photon/pulse). In this case, the number 
of used ρi should be more than 3.

3) An empirical model that includes only two unknown parameters η and ρ. ηk is expressed as 
for such a model:

 

(5)

This model is worth using if the independent model gives too coarse an estimate and the 
dependent model requires complex calculations.

Results and Discussion

We will validate the models by experimental data obtained from SPD measurements based on 
an InGaAs/InP single-photon avalanche photodiode PA19H262-0006 manufactured by Wooriro 
in gating mode, operating temperature T = – 50 °C. Fig. 2 show the experimental data, and three 
curves corresponding to the models considered. The label η denotes the independent model, 
{η, ρi} – the dependent model, {η, ρ} – the empirical model. Fitted parameters for each model 
presented at the Table.
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Table
Distinctive features of the studied samples

Model η ρ ρ2 ρ3 ρ4 ρ5 ρ6

η 0.127 ‒ ‒ ‒ ‒ ‒ ‒
{η, ρi} 0.150 ‒ 0.5 0.653 0.868 0.963 0.993
{η, ρ} 0.152 2.897 ‒ ‒ ‒ ‒ ‒
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Fig. 2. Dependencies of detection probability Pdet, obtained using the models considered, and 
experimental data for µ from 0 to 2 photon/pulse

Analyzing Fig. 2, we can note that the independent model gives significantly different results 
from the experiment. However, in this case two other models are applicable. The empirical 
model gives the best result. We can see that η can differ for different models up to 0.02−0.03, 
that converted to PDE like ∆η = 2−3%, which is a big enough value. Thus, for an accurate 
description of the detector’s parameters, it is necessary to indicate within which model its PDE 
was determined.

Conclusion

Three models have been proposed to estimate the quantum efficiency. As a result of the 
research, it is found that:

1) The independent model approximates the experimental data rather poorly. This means that 
there are photon interaction effects inside the single-photon avalanche diode structure;  

2) The dependent model is more physically sound, but a lot of experimental studies are 
required to obtain all necessary parameters ρi. If the range of interest µ is [0.1, 1] photon/pulse, 
this model is recommended. If µ > 1 photon/pulse, application of this model is not appropriate;    

3) The use of an empirical model may be convenient for large ranges of µ, since it requires 
only two empirical parameters and approximates the experimental data reasonably well.
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