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Abstract: In order to understand the ultrafast laser-induced damage mechanisms of typical imaging sensor’s
film structures, the damage characteristics of Si-based multi-layer films irradiated by a femtosecond pulsed la-
ser were investigated, and the laser pulse fluence ranges and threshold conditions corresponding to various
damage phenomena were evaluated. Si-based multi-layer films that were similar in structure of CCD were pre-
pared by electron beam deposition. The damage characteristics of these films irradiated by a femtosecond
pulsed laser with wavelength of 800 nm and pulse width of 100 fs under different pulse fluences and numbers
were investigated using a metallurgical microscope. Experimental results showed that the laser-affected zone
size increased linearly with pulse fluence in the range of 1. 01 to 24.7 J/cm’. Surface damage caused by oxi-
dation/amorphization, non-thermal ablation, and laser-induced plasma ablation could be observed in the laser
irradiated zone, which tightly depended on the pulse fluence. Multi-layer damage could be observed and the
damage probability increased from 1% to 51% in the pulse fluence range from 2. 42 to 24.7 J/cm’. Irradiated
by sequent pulses at a fluence of 1. 01 J/cm’, the laser affected zone remained almost unchanged and the ab-
lated depth increased with the pulse number. From the single pulse damage experiment data, the femtosecond
pulse laser-induced surface damage threshold was evaluated to be 0. 543 J/cm” and laser-induced multi-layer
stress damage threshold was linearly fitted to be 2. 16 J/cm’. Sequent pulse irradiation with low fluence ( <
1.01 J/em®) also could lead to deep damage on the multi-layer film.
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1 Introduction

Silicon-based materials have a wide range of
applications in the field of visible and near-infrared
imaging. It is of great practical value to study the
damage and destruction effects on silicon-based ma-
terials and the corresponding mechanisms under dif-
ferent laser parameters, including thermal effects,
mechanical effects, and electric field effects, and so
on'"*!. In the research on the interactions between
ultrashort pulse laser and silicon-based materials,
many theoretical and experimental studies on the
effects of irradiation damage have been carried out
both domestically and abroad. In 2002, Bonse et al.
studied the modification threshold and morphology
changes of silicon ablated by femtosecond laser and
found that the surface of materials will undergo a se-
ries of phenomena such as amorphization, melting,
recrystallization, nucleation and burning as the laser

energy flux increases”> . In 2004, Jia et al. studied

the effects of femtosecond lasers on single crystal sil-
icon film. The results show that when the laser in-
tensity is lower than the ablation threshold, enough
heat can still cause the silicon material to be amor-

phous'®’.

In 2005, Amer et al. compared the stress
and structural changes of silicon wafers induced by
femtosecond and nanosecond lasers'”’. In 2008,
Guo Chunfeng et al. studied the thermoelasticity of
ultra-short pulse laser irradiated silicon film'®'. In
2008, Crawford et al. studied the damage of laser-
irradiated multi-layer film composed of metal, oxide
and silicon. Through cross-section testing, it was
found that the inner silicon was damaged while the
surface protective layer metal was intact’’. 1In
2011, Yang Hongdao et al. studied variations in sil-
icon surface characteristics induced by nanosecond
pulsed lasers in different gas environments and dis-
cussed the influences of laser pulse accumulation on
the morphology of silicon materials'®’. In 2012,
Rublack et al. used pulsed lasers between 20 fs and

2000 fs to irradiate silicon wafers with different
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transparent materials. The damage was studied using
spectral analysis, atomic force microscopy, scanning
electron microscopy, transmission electron microsco-
py, etc. The results show that the damage is derived
from the electron hole plasma generated by the ultra-
short pulse laser in the surface region of the silicon
layer®'. In 2013, Ma Pengfei and others studied the
effects of femtosecond laser irradiation from various
laser energy fluxes on single crystal silicon'"'. In
2014, Qi Litao measured the damage energy thresh-
old of single-crystal silicon with different wavelengths

121 In the same

of nanosecond laser in a vacuum
year, Shao Junfeng et al. studied the thermal dam-
age and non-thermal damage mechanism of femtosec-
ond laser on silicon and analyzed the cumulative
damage effect of femtosecond laser' "’ .

However, the laser parameters used and the
preparation methods for the silicon-based materials
were different and the damage threshold and mecha-
nism were dissimilar. Of special significance, the
reports on laser irradiation characteristics and dam-
age mechanisms for a typical detector’s film structure

*). In preliminary work, this

are still relatively few''
laboratory has studied the damage and failure mech-
anisms of charge coupled devices (CCD) under ul-
trafast laser irradiation' """ but the physical mecha-
nisms of the interaction between CCD film structures
and ultrafast lasers have not yet been made clear.
Based on the above, this paper studies the
effects of damage on Si-based multi-layer film under
femtosecond pulsed laser irradiation and focuses on
the damage mechanisms of Si-based multi-layer film
irradiated by a femtosecond pulsed laser, as well as

the laser energy flux range and threshold conditions

corresponding to the various damage effect.

2 Experiment

A Si-based multi-layer film prepared by elec-
tron beam deposition was used as the research ob-

ject. The thickness and composition of each layer of

the Si-based multi-layer film were simplified with
reference to the parameters of a typical back-illumi-
nated CCD photosensitive zone, as shown in Fig. 1.
(100) plane single crystal silicon with a thickness of
2 mm was selected as the substrate and high purity
silicon ( purity 99.999% to 99.999 9% ) was used
as a film material. 300 nm polysilicon, 200 nm sili-
con dioxide, and 15 pm single crystal silicon were

sequentially deposited under a vacuum of 3 x 10~

Pa.
v A
Mono-Si: 15 um
SiO,: 200 nm
Poly-Si: 300 nm
Mono-Si: 2 mm
0 X

Fig.1 Sketch of structure for Si-based multi-layer film
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Fig.2 Schematic of femtosecond laser-induced damage
experiment setup , including a Glan prism(G) ,
a half wave plate(HWP) , a beam splitting mir-
ror(BS), a power meter(PM) , an off-axis par-
abolic mirror( L), a translation stage (TS) and
a sample(S)
B2 ®EEOLSERI R E R EE L E A
Fit% 2B (G) E ¥ (HWP) | 3 W8
(BS) O3 (PM) | B il i 2 4 852 (L) F
B (TS) FIRES (S)

Fig. 2 shows a schematic diagram of the experi-
mental setup of femtosecond laser-induced damage

experiment. The laser system used in this experi-
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ment was an ultrafast Ti: sapphire amplifier ( Coher-
ent Libra). The output laser had a full-width half-
height of 50 fs, a wavelength of 800 nm, a repetition
rate of 1 kHz or a single trigger, and a maximum
single-pulse energy of about 4 mJ. Its beam energy
distribution is close to the Gaussian distribution. The
laser energy was attenuated to the required level
using a pair of grand prisms and half-wave plates
and then monitored with an energy meter. Finally,
an off-axis polishing mirror was used to focus the la-
ser beam to a spot diameter of approximately 100 pm
onto the sample’s surface. The sample was mounted
on a three-dimensional translation stage that could
be programmed by a computer to ensure that each la-
ser pulse acted on a new surface. During the experi-
ment, each time the laser energy was adjusted, 100
ablation points were applied to calculate the proba-
bility of damage.

The surface damage of the film was observed
using a metallographic microscope. The test equip-
ment used was an EB-4 metallographic microscope
from Taiwan Haoye International Co. , Ltd. The to-

tal magnification of the system was 400 x .

3 Experimental Results and Analysis

3.1 Study of the surface ablation damage effect
3.1. 1  Comparison of typical radiation damage
morphology

Fig. 3 shows a micrograph of the damage on a
single-pulse laser irradiated Si-based multi-layer
film's surface. No obvious thermal damage was ob-
served throughout the tunable energy range, confir-
ming that the femtosecond laser is of non-thermal ab-
lation characteristics, which are significantly differ-
ent from those of the nanosecond laser. Generally,
the melting phenomenon can be observed at the cen-

[17

ter of the nanosecond laser action zone''”’ and mol-

ten splatters can be observed around the action are-

a'™. Fig.3(a) is a laser damage diagram of an en-

ergy flux of 1.34 J/cm’.

As can be seen from the

figure, the damaged area is elliptical due to the
slight tilt of the focused beam relative to the target’s
plane. The laser damage points show annular regions
of different colors, indicating that as the Gaussian
laser energy flux distribution changes from the center
to the edge, different physical processes occur on
the Si surface. Possible damage mechanisms include

ablation, sintering and oxidation/amorphization

I Fig. 3(b) is a laser damage diagram of an

eic.
energy flux of 11.6 J/cm’. The laser-affected zone
is essentially circular. The ablation zone and the
sintering zone can still be observed and the ablation
zone is obviously enlarged and sintered. The width
of the area remains essentially the same. When the
laser energy flux was greater than or equal to 10.3
J/em® | the oxidized/amorphous region could not be
observed, indicating that under this condition, the
laser energy flux at the edge of the spot had excee-

ded the threshold of the oxidation/amorphization

process.

Fig.3  Micrograph of Si-base multi-layer film irradiated

by femtosecond single-pulse laser with energy
densities of ( a ) 1.34 J/cm® and
(b)11.6 J/cm®

K3 fesE R (a)l.34 J/em* (b)) 11.6)/cm’ 1y
FAL O B R 2 R L R

3.1.2 Comparison of different laser energy flux ir-
radiation morphology

In order to further study the evolution of the

femtosecond laser ablation effect from laser energy

fluxes, the long and short axis lengths of different la-

ser energy flux irradiation damage areas were meas-

ured and plotted as curves, as shown in Fig. 4. The

ablation zone size basically increased linearly with
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the laser energy flux, a trend similar to that of the
532 nm nanosecond laser ablation polysilicon'"’.
During the experiment, the minimum irradiation en-
ergy flux was 0.076 J/cm” and no irradiation trace
was observed corresponding to the irradiated sur-
face, so the irradiation area was set to 0 pm. It can
be seen from Fig. 4 that the changes in the long and
short axes of the ablated region are basically the
same and that there are two distinct growth trends of
grown in the size of the ablated region as energy flux
increases. For example: (1)In the range of 0. 076 —
1.01 J/em®, the long axis of the ablation region in-
creases rapidly from 0 pm to 128 wm ( slope is
137); (2)in the range of 1.01 —24.7 J/cm’, the
long axis of the ablated region increases from
128 pm to 377 pum(slope is 9.48). The difference
in slope is a result of the spatial distribution of the
pulse energy. The output waveform of the Ti; Sap-
phire femtosecond laser is generally quasi-Gaussian
and the spatial distribution of the energy will dictate
the morphology of the ablation in the film (including
the ablation depth) or the damage effect. Ulira-laser
energy flux irradiation experiments on the polished
single crystal silicon surface ( experimental results not
shown ) show that in the range of 0.022 -
1.24 J/em’, single pulse irradiation can only form a
small diameter of 7 — 100 pm in the center of the
spot. At a laser energy flux greater than
1.24 J/em®, the ablation effect can be observed
gradually increasing on the irradiated surface ( slope
of 17.4). Comparing the results of single crystal sil-
icon irradiation experiments, it can be inferred that
in the range of 0. 076 — 1. 01 J/cm”, oxidation and/
or amorphization play a dominant role in the damage
effect of Si-based multi-layer film materials; while

within the 1.01 —24.7 J/cm’® range, laser ablation

plays a dominant role in material damage effects.

[20-21]
9’

According to the damage threshold definition
the maximum laser energy flux at which no damage

is observed and the average of the minimum laser

energy flux at which damage is observed can be
taken as the damage threshold. The surface damage
threshold under the current conditions of this experi-
ment can be calculated to be 0. 543 J/cm”, which is
equivalent to the damage threshold of the femtosec-
ond laser for single crystal silicon reported in other
literature' """

In addition, as the laser energy increases, the
ablated region gradually become more circular and
the laser damage and ablated regions gradually
grow, even exceeding the size of the spot. During
the laser irradiation experiment, it was found that
when the single pulse energy exceeds 6.24 J/cm’,
plasma flash can be detected, which then becomes
stronger as the energy is increased. This phenome-
non is basically synchronous with the gradual roun-
ding and enlargement of the damaged area observed
by the microscope. Therefore, by comparing the
effects of different laser energy flux damage, it is de-
duced that in the range of 1. 01 —6.24 J/cm’, the
main portion of Si-based multi-layer film damage is
due to the absorption of non-thermal laser energy; in
the range of 6.24 —24.7 J/cm’, this is mainly
caused by laser-induced plasma ablation damage.
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Fig.4 Laser ablated zone sizes vary with pulse fluence
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3.2 Study on the Deep Damage Effect
3.2.1 High Laser Energy Flux Single Pulse Stress
Damage

When the single-pulse laser energy flux reaches
2.42 J/em” or more, the laser irradiation has some
probability of causing deep damage to the Si-based
multi-layer film. This damage effect is shown in
Fig. 5. The main aspect of this damage is the sheet-
like peeling of the film. The underlying single crys-
tal silicon substrate and the green polycrystalline sil-
icon film under visible light irradiation can be ob-
served on the surface of the sample after peeling off
the film layer. At the same time, sheet-like peeling
and cracking can be observed on the surface of the
substrate and polysilicon due to stress but no com-
mon thermal damage is observed from the continuous
laser or the long pulse laser. Therefore, the main
mechanism that causes the femtosecond laser to dam-
age the Si-based multi-layer film is the stress damage

caused by laser-induced shock waves.

Si-base 24.7 J/cm? Polysilicon 21.7 J/cm?

19.1 J/ecm?

ﬁlm! !

13.8 J/cm?

16.8 J/cm?

7.77 J/em?

Fig.5 Stress-induced damage at different pulse fluences
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As the energy flux of the irradiated laser de-
creases, the area and probability of exfoliation de-
crease. By recording the number of times the sheet
peels in 100 irradiation points, the variation of the
damage with respect to the laser energy flux was cal-
culated, as shown in Fig. 6. It can be seen from
Fig. 6 that the laser energy flux is in the range of
2.42 —24.7 J/em’, the stress damage probability
increases linearly with the laser energy flux and the

damage probability increases from 1% to 51% . Re-

ferring to the Optical Surface Laser Damage Thresh-
old Test Method ( GB/T 16601-1996) , the threshold
for stress damage in the Si-based multi-layer film u-
sing a femtosecond laser single pulse under pre-ex-
isting conditions can be calculated to be
2.16 J/cm®. Previous studies have shown that there
is a probable relationship between the destruction of
the film and the size of the laser beam spot. The lar-
ger the spot, the greater the probability of destruc-

. . 2017
tion, and vice versa

. The effect of the spot on
film destruction is related to the impurities and de-
fects of the film. A defect is more likely to absorb
laser energy, resulting in an uneven distribution of
temperature or stress in the spot, which is ideal for
ablation damage. For identical films, the larger the
spot size, the higher the number of defects contained
in the spot, and the more likely there is to be dam-
aged. In this experiment, the relationship between
the size of the ablated area and the stress damage
probability with respect to laser energy flux can be
found in Fig.4 and Fig. 6, wherein the rate of
change and threshold range of the two are essentially
identical, further confirming the relationship be-
tween the probability of stress failure and the size of

the ablated region.

0F Probability
Fitting curve

401

Damage probability/%
(5
(=]

0 A : : :
0 5 10 15 20 25
Fluence/(J - cm™2)
Fig. 6  Stress-induced damage probability varies

with pulse fluence
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3.2.2 Low laser energy flux ablation cumulative
damage

In order to study the failure mechanism of fem-
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tosecond pulsed lasers on Si-based multi-layer film,
the lowest laser energy flux that produces observable
ablation (1. 01 J/em®) was used to irradiate the
same location multiple times to investigate the de-
structive effect of multiple pulse accumulation. The
experimental results are shown in Fig. 7. The num-
ber of irradiation pulses were 1, 2, 4, 8, 16, 32,
64, 128, 256, and 512. As the number of pulses
increased, the center of the ablated region became
darker, indicating that the ablation depth was gradu-
ally increasing. By comparison, it was found that
under continuous laser energy flux irradiation, the
size of the ablated region of each sample remained
essentially the same. When the number of pulses

reached 5 1 2 | the single crystal silicon substrate

x256 x512

Fig.7 Images of damage from continuous pulse ablation
with fluence of 1. 01 J/cm’
E7 REOGREEE R (1,01 J/em®) i S0 las 1
K%
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could be observed in the ablation center and a large
amount of ablated particles were deposited around
the ablation region. This result indicates that the
main mechanism of Si-based multi-layer film damage
under continuous irradiation at lower laser energy
flux is the cumulative effect of surface ablation, and

no obvious stress damage is observed.

4 Conclusion

In this paper, the damage characteristics of
femtosecond pulsed lasers on Si-based multi-layer
film was studied. The damage effect and mechanism
of Si-based multi-layer film under different laser en-
ergy fluxes and different pulse accumulations were
discussed. The experimental results showed that
when the incident laser’s single-pulse energy flux
was in the range of 1. 01 J/cm” to 24.7 J/cem’, ob-
vious surface damage could be observed on the sur-
face of Si-based multi-layer film depending on
whether the laser energy flux distribution was low or
high. The observed damage mechanisms were oxida-
tion/amorphization, energy deposition and laser-in-
duced plasma ablation. When the single-pulse laser
energy flux reached 2. 16 J/cm’ or more, laser irra-
diation had a probability causing deep damage or the
Si-based multi-layer film where the damage was the
overall peeling of the surface sheet layer caused by
laser-induced stress. Continuous irradiation with low
laser energy flux ( <1.01 J/cm”) pulses could in-

crease the ablation depth but avoid stress damage.
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