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Abstract: In this paper, the sampling current characteristics of the external circuit and the internal
mechanism of the current generation in APD irradiated by a millisecond pulse laser were studied.
The photocurrent of APD irradiated by a millisecond pulse laser with different energy densities
was obtained by the sampling resistance of the external circuit. The photocurrent can be divided
into a photocurrent stage, conduction stage and recovery stage in the time domain. This is mainly
due to the carrier flow in APD, which leads to the lowering of the barrier between the PN junction.
The research results of this paper can be extended to the response of the detector to the high-power
infrared pulse laser and provide a certain experimental basis for the design of a millisecond pulse
infrared laser detection circuit.
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1. Introduction

As the main input port of detection and measurement systems, photodetectors have
been widely used in optical tomography, communication, radar and other technical
fields [1,2]. Compared to other detectors, an avalanche photodiode (APD) has the advan-
tages of a high quantum efficiency, so this photodetector has been used most widely [3-6].
The multi-pulse 1064-nm laser that irradiated APD was researched, and the results showed
that a multi-pulse did not affect the damage threshold when the repetition frequency
was less than 1 Hz; however, when the repetition frequency was greater than 1 Hz,
the damage threshold decreased with an increase of the number of pulses [7]. In 2015,
Koronnov A. A. et al. studied the characteristics of germanium avalanche photodiodes
irradiated by a high-powered laser using a 4-ns pulse width and 1.064-um wavelength
pulse laser [8]. The experimental and theoretical investigations of millisecond pulse laser
ablation-biased Si avalanche photodiodes were studied, and the mechanisms of the phe-
nomenon were studied experimentally and theoretically [9]. The C-V curve of Si-APD
was obtained by using a semiconductor analyzer when the millisecond pulse laser was
irradiating [10]. This research mainly focused on the research of laser damage to APD, and
the law of the change of the photocurrent and the carrier transport behavior in APD and
the potential barrier between the PN junctions have not been studied. When APD is used
as a laser detection element, it converts the photogenerated current into a voltage signal
through a load resistor. Therefore, it is of great significance to study the characteristics of
the photocurrent and the mechanism of photocurrent generation when a pulsed infrared
laser irradiates APD.

In this paper, the internal mechanism of photocurrent generation in APD irradiated
by a millisecond pulse laser is studied for the first time. The microscopic mechanism of
the barrier between the carrier and PN junction in APD is studied by the macroscopic
representation of the sampling current. With the rapid development of a mid-infrared
laser, the detection technology of infrared lasers has gradually attracted people’s attention.
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The research results of this paper can be extended from the response of the detector to
high-powered infrared pulse lasers and provide a certain experimental basis for the design
of the millisecond pulse infrared laser detection circuit.

2. Materials and Methods

The experimental arrangement is shown schematically in Figure 1. The wavelength
of the millisecond laser is 1064 nm (the laser was self-developed by our research group,
and the pulse width is 1-5 ms and is tunable), and the pulse repetition rate could be varied
manually from 1 Hz to 10 Hz by changing the firing rate of the flash lamp. An attenuator
with an attenuation rate of 10 was located at the exit of the laser; the 2:1 Beam:Split was
placed after the attenuator. The TEMO0O mode laser beam was focused by a lens with
a 20-cm focal length. The beam spot size determined by the slit-scan technique was of the
order of 360 um at the focal spot and was independent of the pulse repetition rate, and the
error of the spot size was about 5% [11,12]. The Si-APD was biased with 180 V when it was
irradiated by the millisecond pulse laser.
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Figure 1. Schematic of the experimental configuration.

The test samples were Si-APDs with the reach-through structure shown in Figure 2.

The surfaces of these detectors are coated with a standard antireflection film, and the active

area is 0.5 mm?2.

Figure 2. Cross-section of the Si-APD with a reach-through structure.

The experimental system consists of a sampling resistor, current limiting resistor,
Si-APD, high-voltage DC power supply, oscilloscope, etc., of which the sampling resistance
is 50 KQ), the current limiting resistor is 1 M(Q) and the working voltage is 180 V. The
sample is a drawing-type silicon-based APD detector, which is mainly composed of four
layers of N*-P~—n—P*. When a higher reverse bias voltage is applied to the outside,
the depletion region passes through and reaches the P* region, and the reverse bias
voltage, which exceeds the multiplication voltage, falls all in the m-region; moreover, the
collision ionization occurs when the carrier is in the high field region, and they can obtain
a sufficiently high average velocity. Since the m-region is much wider than the P-region, the
field intensity in the high field region (P-region) and the multiplication rate of the carrier,
which are above the avalanche voltage, increase slowly with the reverse bias. Under the
working conditions, although the electric field in the m-region is much weaker than in the
high field region (P-region), it is sufficient to keep the carrier at a certain drift velocity and
transit the 7-region in a short time. The faster the carrier drifts, the shorter the transit time
is, and the more avalanche ionization occurs when entering the P-region.
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3. Results and Discussion

Figure 3 shows that the sampling current with time is divided into three stages: the
photogenerated current stage, conduction stage and recovery stage. During the first stage,
the peaks of the photocurrent are decreased while the laser energy density increases, and
the peak time is basically the same. However, in the conduction stage, the photocurrent is
a constant under the action of a laser with different energy densities, and its value depends
on the external resistance. In the recovery phase, the recovery time increases with the
increase of the laser energy density.
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Figure 3. The time-varying diagram of a 1-ms pulse width and 180-V bias voltage at the different
energy densities between the sampling current.

The reason for this phenomenon can be explained as follows: with the increasing of
the laser energy density, the number of photogenerated electron-hole pairs increased in
the m-region, owing to the action of the m-region electric field, the photogenerated carriers,
which resulted from avalanche ionization that swept fast into the P-region (multiplication
region), and then the inverse current, which is the photocurrent generated in the Si-APD.
Unfortunately, due to the external resistance limit, not all of the photogenerated carriers
can be quickly exported into the external circuit, and the excess carriers are accumulated,
which results in the cumulative effect of a charge at both ends of the PN junction. The
accumulated charge forms a photomotive electromotive force at both ends of the PN
junction, thereby pulling down the built-in electric field of the 7t and P regions. Thus, the
increase of the reverse current is hindered. With the increase of the incident laser light
intensity, the number of electron hole pairs increases at the same time, and the photo-
generated electromotive force increases in order to further pull down the barrier in the
junction area [13,14]. The schematic diagram of the barrier change is shown in Figure 4.
That is to say, the decrease of the potential barrier between the PN junctions in APD is
the basic reason that the peak value of the photocurrent decreases with the increase of the
laser intensity.



Crystals 2021, 11, 884

40f5

(a) V1>> V0

e e 00 0 o oll 0 00 o0o0oO0O
eese 00 sflocoo0o0o0o0o0
® e e e o o oll ©00O0OOO
ee o0 0 0 ol 000O0CO0OCO
..ooooo\}iooooooo
© e 00 0 o 0O 0O0O0O0O0O
ooooooo‘;looooooo
e e e e 0o 8 0 0 000O0O0O0
e e oo o 8 0,0 000000
\ A v
0 Vl
V(l
(b) V1> V0 (c) V1=V0

Figure 4. Schematic diagram of the PN junction barrier in APD changing when the light intensity increases.

As the potential barrier between the PN junctions is further lowered, the external
electric field at both ends of APD is further reduced until it is zero and APD is in a reversed-
conduction state. At this time, the current flowing through APD is a constant, which is
equal to the ratio of voltage and resistance in the external circuit. With the continuous
action of the laser, the temperature of APD increases gradually. When the temperature is
higher than 500 K, APD will go into a failure state [15]. At this time, the current flowing
through APD is still equal to the ratio of voltage and resistance in the external circuit.

When the laser action is over, APD enters the stage of heat recovery, which is dom-
inated by heat dissipation. With the increase of laser energy density, the temperature in
APD needs more time to recover to the initial temperature. During this period, the built-in
electric field gradually returns to the original state, and the carriers in APD still form
a photocurrent due to the external electric field, which leads to a prolongation of the time
when the photocurrent drops to zero. The internal mechanism of generating a photocurrent
when a millisecond pulse laser irradiates APD can be explained by the following flowchart,
as shown in Figure 5 [16].
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Figure 5. The internal mechanism of generating a photocurrent when the millisecond pulse laser
irradiates APD.

4. Conclusions

In this paper, the sampling current characteristics of APD irradiated by a millisecond
pulse infrared laser were studied, and the internal generation mechanism of the current
characteristics was analyzed. It was found that the sampling current can be divided into
a photocurrent stage, conduction stage and recovery stage. In the photocurrent generation
stage, the peak current decreases with the increase of the laser energy density, which is
mainly due to the decrease of the potential barrier between the PN junctions caused by the
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accumulation of charges at both ends of the PN junctions. When the barrier between PN
junctions dropped to zero, the APD turned on in reverse, and the current value is a certain
value, which is equal to the ratio of voltage-to-resistance in the external circuit. In the
recovery phase, built-in electric field recovery and temperature recovery are carried out
simultaneously; thus, the higher the energy density of the incident laser, the longer it takes
for the current to fall to zero.
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