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The research on laser induced breakdownmechanism of charge coupled devices
(CCDs) brings new insights into photoelectric countermeasures. So far combined
laser irradiation has been proved to be a more effective measure to destroy CCD.
Due to the limitation of short-pulse laser combinationmethod, themechanismof
CCD damage caused by combined short-pulse laser remains unexplored. Here,
the distribution of temperature and stress field during the interaction between a
combined short-pulse laser and a CCD is analyzed. A nanosecond/picosecond
combined short-pulse laser system based on Stimulated Brillouin Scattering (SBS)
pulse compression technique is designed. The damage threshold (DT) and
properties of CCD by combined laser irradiation are characterized. The results
show that the complete DT of combined laser induced CCD breakdown is only
103 mJ/cm2, which is only 44% of that of picosecond laser. The main cause of
combined short-pulse laser induced CCD breakdown is short circuit (SC)
between silicon substrate and silicon electrode.
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1 Introduction

As core parts of the photoelectric detection systems, CCDs are widely applied in
detection, identification, recognition [1–4], because of their low noise, high resolution, and
low power consumption. However, CCDs are extremely vulnerable to be damaged due to
their high detection sensitivity, which makes them be the primary targets for radiation
source. Destroying the opponent’s detection systems and protecting own optoelectronic
equipment are of strategic significance in optoelectronic countermeasures. A variety of CCD
radiation sources have been reported, including X-ray [5–8]and plasma [9, 10] in recent
years. Compared to these radiation sources, laser has the advantages of high brightness,
small divergence angle, narrow wavelength range, long distance transmission. Laser can
switch pulse output mode during irradiation, with good controllability, and is a kind of
radiation source widely used to induce CCD breakdown. The laser-induced damages on
CCDsmainly include the following three steps: CCD temperature rise, heat conduction, and
thermal expansion. Specifically, the thermal stress increases with the raised temperature,
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which makes the internal structure of CCD constantly destroyed,
and eventually leads to the complete failure. There has been shown
that the induced breakdown effect of pulsed laser on photovoltaic
devices is obviously stronger than that of continuous laser [11].
Furthermore, the damage effect of the combined laser is more
significant than that of a single continuous laser or pulsed laser,
due to that the combined laser can improve the coupling efficiency
of the material to the laser, which is more conducive to damage to
the materials and optical devices.

The research work of pulsed laser induced breakdown CCD is
mostly based on long-pulse laser, due to the complexity of pulsed
laser combination and the lack of reasonable theoretical model. In
2017, Zhong [12] used a combined millisecond/nanosecond laser to
irradiate monocrystalline silicon and discovered the temperature
rise of crystal was relatively slow with the enhancement of
millisecond laser power density. In 2018, Zhang [13] established
a damage model of silicon substrate induced by combined
continuous/pulse laser. It was found that combined laser could
make a stronger damage to silicon substrate by comparing the
breakdown results of substrate. In the same year, by researching
the damage mechanism of silicon materials caused by nanosecond
and millisecond combined laser, it was found that the fusion DT of
silicon was significantly reduced by combined pulsed laser
irradiation, and the damage mechanism of combined pulsed laser
on silicon materials was closely related to the thermal effect of
millisecond pulsed laser and the thermal damage effect of
nanosecond pulsed laser [14, 15]. In 2021, Xia [16] studied the
damage mechanism of fused quartz under combined millisecond/
nanosecond laser irradiation, and proposed that the combined
millisecond and nanosecond pulsed laser can improve the
thermal stress damage efficiency of laser irradiated fused quartz,
which is caused by thermal effect and thermal stress effect. It is easy
to find that the most used laser compound mode is the combination
of millisecond laser and nanosecond laser, and there is no research
related to nanosecond/picosecond short pulse combination laser
irradiation CCD at present.

Compared with the combinedmillisecond/nanosecond laser, the
superposition of picosecond and nanosecond short pulses makes
peak power nonlinear sharp rise, and has a higher instantaneous
temperature rise intensity. The material expands and cracks under
the action of stress, and then produces serious damage in the
longitudinal direction of the silicon substrate. Accordingly, the
nanosecond/picosecond combined laser can effectively reduce the
DT of CCD. However, it is difficult to realize the research of
nanosecond/picosecond laser induced breakdown of CCD, due to
the complexity of nanosecond and picosecond laser combination,
and no reasonable theoretical model for the combined short-pulse
laser induced CCD breakdown. Consequently, the key technology of
short-pulse combined laser enhanced induced breakdown of CCD in
photoelectric countermeasures system needs to be further studied.

In this paper, the SBS pulse compression technique is used to
compress the nanosecond pulse into picosecond pulse at first, and
the nanosecond pulse and picosecond pulse are combined by
polarization beam combination and optical path compensation.
Then the damage mechanism of the CCD irradiated by the
nanosecond/picosecond combined laser is explained: the
combination laser destroys the insulation layer between the
silicon substrate and the silicon electrode, resulting in the failure

of the clock line between the silicon electrode responsible for
controlling signal transmission in a large area in a short time.
Finally, the characteristics of combined laser and single laser
induced CCD breakdown are compared. The complete DT of
CCD under combined laser irradiation is only 103 mJ/cm2, which
is far less than the complete DT under single picosecond laser
(233 mJ/cm2) or single nanosecond laser (567 mJ/cm2) irradiation.

2 Principles and methods

2.1 Thermal stress distribution

When the CCD is irradiated by a short-pulse laser, its
photosensitive region absorbs the laser energy and converts it
into heat. Herein, the laser acting as a heat source; while the
photosensitive region is heated in stages. Specifically, the heat
absorbed by the photosensitive region is diffused in the form of
heat conduction. Due to the difference of thermal conductivity, the
materials inside CCD demonstrate distinctive temperature field
distribution and thermal expansion, which generates different
thermal stress distribution [17].

In metal or plasma, the thermal equilibrium time between
electrons is about femtosecond magnitude, which is much less
than the time that electrons and ions exchange energy. Therefore,
the main mechanism of the interaction between nanosecond/
picosecond combined short-pulse lasers and CCDs is still thermal
damage. Here, we derive the thermal stress distribution equation of
CCD under the irradiation of short-pulse as in Eq. (1). We assume
that the laser energy distribution is uniform and the laser is vertically
incident on the target surface; while the material is uniform
and isotropic.
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(1)

Where σr is the stress component along the radial; σθ is the stress
component along the ring; σz is the stress component along the
z-axis; γ is the Poisson’s ratio; η is the Young’s modulus; β is the
material linear expansion coefficient; and R is the radial length of
the target.

2.2 Experimental setup

A nanosecond/picosecond combined short-pulse laser system
(shown in Figure 1) was designed based on SBS pulse compression
technique, polarization beam combination, and optical path
compensation. Stable nanosecond/picosecond combined laser
output could be achieved in this system. The P-state polarized
laser (1064nm, 13ns) was divided into a P-state polarized laser
and an S-state polarized laser by a half-wave plate and a polarization
beam splitter (PBS). The P-state polarized laser was compressed
through the SBS medium pool to obtain the circular-polarized laser
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with a wavelength of 1,064 nm and a pulse width of 841.5 ps. The
corresponding circular-polarized laser was transformed into a
S-state polarized laser by the quarter-wave plate. The SBS
medium pool could couple the pump pulse to the stokes pulse
front edge. The energy of the pump was absorbed by the stokes,
resulting in a rapid increase in peak power and pulse compression.
The uncompressed S-state polarized laser changed to P-state
polarized laser by a half-wave plate. The P-state polarized
nanosecond laser and S-state polarized picosecond laser were
combined with PBS. The delay between the two laser beams were
accurately regulated by adjusting the optical path between the two
beams, to ensure that the picosecond laser was triggered at the center
of the nanosecond laser pulse width. Moreover, the laser energy was
precisely controlled by an energy regulator consisting of a half wave
plate and a polarizer.

3 Results and discussion

3.1 Theoretical simulation of combined
laser-induced CCD breakdown

During the CCDs are irradiated by laser, the silicon substrate
absorbs the energy of the focused laser and conducts heat to the
surrounding area. When the laser is focused on the silica insulation
layer between the silicon electrode and the silicon substrate, the
ablation of the silica insulation layer generates a leakage current
from the silicon electrode to the silicon substrate. After the
insulation layer is completely ablated, the silicon electrodes on
both sides of the focal point are short-circuited, which makes the
clock confused and completely ineffective [18]. In general, the
complete failure of CCD mainly attribute to the following two
reasons [19, 20]: the SC between silicon substrate and silicon
electrode or the SC between silicon electrodes. In order to
investigate the main reasons of combined laser induced CCD
damage, we simulate the distribution of stress field and
temperature field of CCD in a certain irradiation time, and

obtain the expansion degree of transverse and longitudinal
regions under different energy densities. Our group has reported
numerical simulations of single nanosecond laser and picosecond
laser-induced CCD breakdown in previous work, which can work as
control groups to elaborate the breakdown effect of combined laser-
induced on CCD [21].

The finite element analysis method is used to obtain the thermal
stress and temperature distribution as shown in Figures 2A,B. The
distribution stress of and temperature field is not uniform inside the
CCD. The maximum values of stress and temperature occur on the
upper surface of the substrate, and the energy is diffused to the
periphery over time. Due to the low thermal conductivity of the silica
insulating layer, the heat is difficult to transfer through the
insulation layer to the periphery in the silicon substrate. Figures
2C,D show the axial and radial temperature rise rules of laser focus.
Nanosecond laser first begins to interact with CCD at Circle 1, and
the temperature of CCD begins to rise slowly. Then the picosecond
laser pulse reaches the silicon substrate at Circle 2, and the
temperature inside the CCD rises sharply in a very short time
with the action of combined nanosecond and picosecond lasers.
The effect of the picosecond laser pulse ends at 5 ns (Circle 3), at
which point the temperature begins to drop sharply until 7 ns. After
7 ns the temperature starts to drop slowly. Until the effect of
nanosecond laser pulse ends (Circle 4), the effect of combined
laser on CCD is completed. Finally, the CCD gradually returns to
room temperature.

The spot radius of nanosecond laser and picosecond laser are
been set to 400 μm and 100 μm, and the start temperature of the
model is 300 K. The influence region of combined laser is located at
0–100 μm in the radial direction; while the influence region of
nanosecond laser is located at 100–400 μm as shown in
Figure 2D. The temperature rise effect of combined laser on
CCD is significantly stronger than that of single nanosecond
laser, Combined laser can cause a sharp longitudinal temperature
rise in a very short time. At 400 μm, the radial temperature drops to
350 K, and the temperature conducts to the region beyond 400 μm.
This indicates that the damage caused by combined laser to CCD

FIGURE 1
Combined nanosecond/picosecond laser path diagram.
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gradually diffuses from the focusing center point to the periphery.
The temperature rises and stress caused by combined laser are much
stronger than the effect of single nanosecond laser or picosecond
laser. Therefore, combined nanosecond/picosecond laser brings
stronger damage effect with less energy when interacting with
CCD, which sharply reduces the threshold of damage to CCD.

3.2 Experiment study of laser-induced
CCD breakdown

The model of CCD chip selected in the experiment is SONY-
ICX811AL. The wavelength of nanosecond and picosecond laser is
1,064 nm, and the pulse widths are 13 ns and 841.5 ps, respectively.
The laser output mode is adjusted to single pulse output. The energy
is gradually adjusted from low to high. The beam is focused on the
leftmost position of CCD through the three-dimensional
displacement platform. Each pulse is adjusted a distance to the

right to eliminate the cumulative effect of multiple pulses and keep
measurement result correct. Above experimental results are shown
in Figure 3.

As the laser energy increases, four stages of damage are observed:
point damage, line damage, black and white screen, and complete
damage [21]. Table 1 shows the DTs corresponding to the four
damage stages. Compared with nanosecond laser, picosecond laser is
vulnerable to cause the initial damage to CCD with higher peak
power and narrower pulse width. The DT at each stage is obviously
below that of nanosecond laser. Compared with nanosecond laser,
the DT of CCD under combined laser irradiation is reduced by
about 3–4 times. Compared with picosecond laser, the initial point
damage threshold of combined laser on CCD is slightly lower.
However, the threshold of complete damage caused by combined
laser is only 44% of that of picosecond laser and 18% of that of
nanosecond laser, which indicates that combined laser is easier to
cause complete CCD failure than single nanosecond laser or
picosecond laser. Compared with single nanosecond laser or

FIGURE 2
(A) The temperature field distribution of CCD irradiated by combined laser; (B) The stress field distribution of CCD irradiated by combined laser; (C)
The change of temperature rises over time at the focal point of axial focus; (D) The change of temperature rises at the radial focal point.
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picosecond laser, the combined laser can make the internal
temperature rise of CCD more drastic, which can result in
greater stress difference and cause more serious damage.

The DT obtained by the simulation is lower than the
experimental results since the simulation process is established in
an ideal condition, which ignores the dynamic changes of the loss of
the beam in the propagation process and the material properties
with the internal temperature rise. But the change of the threshold in
every stage is consistent, indicating that the model of the interaction
between CCD and pulsed laser is reasonable. It can be employed to

predict the DT of the interaction between short-pulse laser and
different materials, which is of great significance for the future
photoelectric countermeasure equipment.

So as to study the damage mechanism of CDD caused by
combined laser, the morphologies of CCDs are investigated by
scanning electron microscope, as shown in Figure 4. Unlike the
CCD irradiated by the single nanosecond laser or picosecond
laser, the damage pit of the interaction between the combined
laser and the CCD can be clearly observed without removing the
microlens layer, as shown in Figure 4A. In the area outside the

FIGURE 3
Damage image and functional DT of CCD irradiated by (A) nanosecond laser; (B) picosecond laser; (C) combined laser. (D) Comparison of
experimental results and simulation results of CCD induced breakdown threshold caused by short-pulse laser.

TABLE 1 Thresholds of CCD induced breakdown effect induced by short-pulse lasers (mJ/cm2).

Point damage Line damage Black and white screen Complete damage

nanosecond laser 253 399 523 567

picosecond laser 63 149 170 233

combined laser 57 78 97 103
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damage pit, the microlens layers are still neatly arranged on the
surface, as shown in Figure 4B, which indicates that the combined
laser irradiation produces stronger thermal effect. The energy
and thermal stress diffusion reaches a deeper longitudinal
distance. In addition, many residual silicon electrodes can be
observed in the central area of the damage pit. After removing the
microlens, thickened layer and silicon nitride layer on the surface
layer, the silicon electrodes present a complete arrangement
under the protection of tungsten shielding. However, the

residual silicon electrodes in the central area of the damage
pit are seriously damaged and can hardly maintain a complete
morphology, as shown in Figures 4C,D. Since the spot size and
pulse width of picosecond laser are smaller than that of
nanosecond laser, the damage effect at the edge is equivalent
to that when the CCD is irradiated by single nanosecond laser.
The insulation layer and silicon substrate below the silicon
electrode have been severely damaged; while small damage
pits have appeared as shown in Figure 4F. It indicates that

FIGURE 4
(A)Damagemorphology in the area of interaction between combined laser and CCD; (B) Enlarged image of the boundary area of the damage pit; (C)
Damage pit appearance after removingmicrolens layer; (D) Enlarged image of damage pit edge in figure C; (E)Morphology of silicon electrode and silicon
substrate at the edge of damage pit; (F)Morphology of residual silicon substrate and silicon electrode in the central area of damage pit. The energy density
of the combined laser is 105 mJ/cm2 and the spot diameter of the combined laser is 500 µm.
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when the CCD is irradiated with combined laser, the silicon
substrate instantly absorbs the energy at the laser focus and
generates a large amount of heat. The drastic temperature rise
in a short period of time changes the material properties,
resulting in an extremely strong stress that damages the
silicon substrate from the inside out to the microlens layer.

After removing the blackout metal tungsten at the edge of the
damage pit, the silicon electrode below can be observed as shown in
Figure 5A. Although the blackout tungsten covering the silicon
electrode is not damaged, the silicon electrode below is fractured to
varying degrees. The above phenomenon indicates that the damage
of CCD caused by combined laser also starts from the inside. After
magnification of the intact silicon electrode outside the edge of the
damage pit, it is found that the insulation layer below has been
broken down, as shown in Figure 5B. After further removing the
electrode, the morphology of the insulation layer is observed as
shown in Figure 5C. The morphology of the area near the damage
center is shown on the left side of the picture. After magnification of
the central area of the irradiation point, it can be found that the
insulation layer has been completely ablated, and irregular small
damage pits are shown on the silicon substrate, as shown in
Figure 5D. The longitudinal temperature rise caused by the
combination laser irradiation of CCD is extremely strong, which

is enough to destroy the insulation layer and lead to the SC between
silicon electrode and silicon substrate.

4 Conclusion

In this paper, we demonstrate the breakdown mechanisms and
morphological features of CCD with combined nanosecond/
picosecond laser. Compared with the irradiation of single laser,
the combined laser can destroy CCD a lower energy. Moreover, the
intensity of temperature rises and diffusion ranges during combined
laser irradiation are much greater than that of single nanosecond or
picosecond laser. Through observing the morphology of damaged
CCD layer by layer, it is confirmed that the SC between silicon
substrate and electrode is the main cause of CCD breakdown
induced by combined laser. In addition, the fundamental reason
for the breakdown of CCD by combined short-pulse laser is thermal
effect. Combined laser destroys the insulation layer between silicon
substrate and silicon electrode, resulting in a large area of failure of
the clock line between silicon electrode which is responsible for
controlling signal transmission in a short time. This work provides
theoretical basis and technical support for the development of laser
countermeasure equipment.

FIGURE 5
(A)Morphology of the damaged silicon electrode; (B)Morphology of intact silicon electrode in the boundary region of damage pit; (C)Morphology
of the damaged silica insulation layer; (D) Morphology of silicon substrate in the central area of damage pit.
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