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At present studies of various properties of cosmic rays within a broad range of energies are actively being developed. Examples of such studies are presented by the following experiments: GLAST, PAMELA, ATIC, AMS-2, NUCLEON, ACCESS.

The latter four experiments involve sets of detectors characteristic of experiments carried out in particle physics. These detectors include pad and strip semiconductor, as well as scintillation and strip scintillation detectors. A peculiarity of the operation of such detectors consists in the significant range of temperatures and in the admissible power consumption being low. Moreover, in studies of the chemical content of the cosmic rays by nuclear-physics methods the detectors must operate within an extremely wide dynamic range.

As to the semiconductor detectors, the problems that arise have practically been resolved. 

These problems are mainly related to the photoreceivers. Both single-channel and multichannel photomultipliers are used as photoreceivers. To provide for the dynamic range of operation of the photomultipliers a base with high current is required and, besides, the signals from the dinodes must be used.

At the same time during the past 4 years semiconductor photoreceivers have constructed [1-8], which are termed by some authors as silicon photomultipliers [1,2,6]. These devices operate at low voltages of 25 - 100 V, exhibit a dark current of 10-9 A, gain of up to   n x 106 and have up to 104 cells per mm2. 

It must be noted that earlier publications [3,4] dealt with experimental devices involving a small number of cells. 

We shall now consider the above devices of interest in greater detail. 

Structure of the silicon photomultiplier

Figure 1a shows, as an example, the microphotograph of SiPM with cell size       42x42 µm2, and a total cells number m=576 on the area of 1 mm2 [2].
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Fig. 1

a) SiPM microfotograph, b) topology, c) electric field distribution in epitaxy layer

The SiPM topology is shown in Fig. 1b. A few micron epitaxy layer on low resistive p substrate forms the drift region with low built-in electric field (see Fig. 1c). The thin depletion region (0.7-0.8 µm) between the p+ and n+ layers with very high electric field (3-5)x105 V/cm is created, where the conditions for Geiger mode discharge take place (Vbias > Vbreakdown). The electrical decoupling between the adjacent sells is provided by polysilicon resistive strips and uniformity of the electric field within a pixel by the n− guard rings around each cell             (Fig. 1a,b). All 576 cells are connected by common Al strips, in order to readout the SiPM signal. 

Fig. 2 schematically presents the structure of a photoreceiver.
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Fig. 2

The principle of SiPM operation 

The absorption of photons, and hence photogeneration, takes place mainly in the        p-layer. The nearly uniform field here separates the electron–hole pairs and drifts them at velocities near saturation towards the n+ and p+ sides, respectively. When the drifting electrons reach the p layer near n+; they experience even greater fields and are accelerated by the high fields to sufficiently large kinetic energies to further cause impact ionization and release more electron–hole pairs which leads to an avalanche of impact ionization processes and provides an internal gain of amplification. 

The resistive layer on the top of the n+ layer is an important feature of the avalanche microcell structure with Geiger mode operation and provides a negative feedback in the local area of multiplication (quenching mechanism). The avalanche process increases the current through a resistive layer and a charge distribution accumulation on the Si-resistive layer interface. The result is a redistribution of the potential in the structure and an increasing electric field of opposite direction, which screens the initial electric field. The negative feedback produced causes a deceleration of the avalanche process and its termination. The resistive layer negative feedback is of a local nature due to very low tangential conductivity of the resistive layer.

All microcells are identical, independent and operate in single photon detection mode. The output signal is defined as the sum of the Geiger mode signals from microcells triggered by the initial flux of photons.

Efficiency of silicon photomultiplier

The efficiency of Si-PM depends on several factors such as: the geometrical efficiency, absorption efficiency and fired (Geiger process) probability

ESiPM =εGEOM(1 – R)(1 - eαx)εGM [8],

where εGEOM - geometry efficiency of the sensitive area, εGM - efficiency of Geiger process fired in Si, R - reflection coefficient, α-coefficient of absorption.

The geometrical efficiency is defined by topology and technological processes and is equal to 0.4 – 0.8 for the different photodetectors. 

The quantum efficiency of the sensitive area is defined by the intrinsic QE of Si, the thickness of layers on top of the structure and the thickness of the depletion area and can be optimized for specific applications.

The fraction of light transmitted to the sensitive volume is defined by layers on the top and the resistive layer and has been optimized for light in the green range (left edge of sensitive spectra). To improve the sensitivity in the short light wave band it is necessary to optimize the top contact technology.

The thickness of the sensitive volume is defined by two factors. Efficient absorption of photons requires an increase of the thickness in order to maximize the absorption, but it is necessary to minimize the thickness of the depletion area in order to reduce the dark count rate. The absorption coefficient of light in Si depends on its wavelength and for λ= 400nm the absorption coefficient is 5.4 x 106 cm-1: Therefore the thickness required to absorb             99.9 percent of the light is small (2.33 µm): To optimize the sensitivity in the green region of light, a depletion region of 5 µm was chosen which gives the possibility to use a low resistive Si and low bias voltage.

The total efficiency including the geometrical efficiency of SiPM for the different wavelength presents on Fig.3.
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Fig.4 shows the SiPM gain vs Vbias dependence for different temperature and light wavelengths.

The SiPM pulse height spectra from a low-intensity light emission diode (LED) source are shown in Fig.5, for two temperature 255OK and 95OK. From figures 4 and 5 we conclude that peaks from separate electron are clearly visible, cell-to-cell gain variation is very small, gain variation vs overvoltage gives ~3% for dVbias=0.1V and vs temperature gives 0.5% for dT=1O.
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Fig.5. Examples of the SiPM amplitude spectra for low-intensity light pulses [2]

There are excellent features by APD comparison.

SiMP dark rate

One of the important features of the SiMP is high dark rate, originated from carriers, created in sensitive SiMP volume by thermal emission, which can be strongly enhanced by high electric field. Fig.6 shows the strongly reduction of the SiMP dark rate from ~ 10MHz for room temperature to~ 10Hz for nitrogen temperature. However, such a reduction of SiMP rate is much slower then its expected behavour for pure thermal emission, apparently due to effects of high electric fields.


Thus in spite of many merits of SiMP, for their use in the space experiments the strong dependence dark rate from temperature must be reduced, by the progress in the technology or by the circuit design.
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Fig.6. Dark rate vs temperature [2]








Fig. 3. Comparison or the photon detection


efficiency of a photomultiplier and two


different SiPMs. [7]





Fig.4. SiPM single cell gain for different wavelength and temperatures:


T1=+22OC, T2= -22OC, T3= -61OC[1]
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