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Mopdonorns MOHOKpPUCTaIJINYECKOro KpeMHuUs,
00Ny4EeHHOro KOMOMHaUunen MUIJINCEeKYHAHbIX

N HAHOCEKYHAHbIX JTa3epPHbIX UMMY/IbCOB

NP N3MEeHEeHNN BPEeMEHN 3aAepPXXKNU MeXay HUMu
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JKCIePUMEHTAJBHO NCCIeTOBaHA MOP(OIOTHA MOHOKPHUCTAIIINYECKOTO KPEeMHUS IIPU 00Iy4eHU
B KOMOMHHPOBAHHOM PeKMMe MUJLIHCEKYHI—HaHOCEKYH . Bo BpeMsa dKcIiepuMeHTa OBIIN UCIOJIb30-
BaHBI IPEIIN3NOHHBIN TOUYEUHBIN TePMOMETP JJII MOHUTOPHHTA, TEHEBOH METOI U3MEPEHU A IBOIIOINHN
IJIa3MbI M MeTaJLIorpad)muecKas MUKPOCKOIINS JJIA aHAJIN3A COCTOSTHUA 00'hEKTa I0CJIe YKCIIEPUMEHTA.
H3yueHbl cCHATHOCTH ¥ MEXaHU3MBbI a0IAIUN MOHOKPHCTAIIINYECKOTO KPEMHUS P Pa3IUYHBIX ILIOT-
HOCTSX JIA3ePHOU JHEPTUH U U3MEHEeHU s BPEMEeHHOT0 B3aUMOPACIIOJIOKEeHU A HMITYJIFCOB. AHAIN3 MOKa-
3BIBAET, YTO MOP(}0JIOTH A JIa3ePHBIX IOBPEJKIEHU TP BO3IEHCTBUY HAHOCEKYH/THBIX MMITYJILCOB IIPe-
CTaBJIEHA B BUE HEOOJBIINX IMOK C aKKyPAaTHBIMH KPasMU, B TO BpeMs KaK ITO]I IeiCTBHEeM KOMOMHIPO-
BAHHBIX JIa3€PHBIX UMITYJIbCOB BOSHUKAIOT MHOK€CTBEHHbIE IIOBPEKIeHUS B BU/IE TPEIIWH, BKII0UAd KaK
peryJIsipHbIe CKOJIbI, TAK 1 00JIaCTH HEIPABUWIBHBIX TPpemuH. IIpu KoOMOUHUPOBAHHOM BO3IE€HCTBHY MUJI-
JIMCEKYHIHBII MMIIYJIBC OCYIIECTBJIAET IIPEABAPUTEIbHbIN HATPEB, B Pe3yJIbTaTe Yero H3MEeHIIOTCS Te-
o u3nYecKne CBOICTBA MOHOKPHUCTAJINYECKOTO KPEMHUS, B YaCTHOCTH, KO3()(DUITUEHT IOTIONIeHU .

IIpu nu3sMeHeHNN BpeMEHHU 3aqePKKH MEKTy MWIJINCEKYHIHBIM M HAHOCEKYHIHBIM HMITYJIbCAMU
MOSKHO BAPFHPOBATH YHEPreTHUECKOe B3aNMO/IeiiCTBHE MeSKIy KPEeMHUEM M HAHOCEKYHTHBIM UMITYJIb-
coM, BJIHSIA TeM caMbIM Ha 3((ekT noBpesxaenns. [losyyeHHbIE JaHHBIE MOTYT CIYSKUTH CIIPABOYHBIM
MATEepPHaJIoOM IO YCTONUYNBOCTH KPEMHUEBHIX MaTePHAJIOB 1 YCTPOICTB HA OCHOBE KPEeMHUS K JIa3ep-
HBIM IIOBPEKIEHUIM.

KnrouyeBbie cnoBa: KOMOWHMPOBAaHHbIV /1a3€P, MOHOKPUCTAI/INYECKUA KPEMHUI, TeMrepartypa, Mop-
gonorus

Morphology of monocrystalline silicon irradiated
by combination of millisecond-nanosecond lasers
with different delays

©2022 M. Guo* **, PHD (PHysics); Y. X. ZHANG***, MASTER (COMPUTER);
N. L* **, PHD (PHysics); Y. SH. FENG™ **, PHD (PHysICS);
J. X. Car****, PHD (PHysics); G. Y. JIN****, PHD (PHysics)

*Jilin Engineering Normal University, Changchun, China

“Jilin Engineering Laboratory for Quantum Information Technology, Changchun, China
***Changchun College of Electronic Technology, Changchun, China

“***Changchun University of Science and Technology, Changchun, China

E-mail: lasercust@sina.com
Submitted: 13.04.2021
DOI:10.17586/1023-5086-2022-89-01-82-91



Tom 89, Ne 1 /SIHBapb 2022/ OnTHUYeCcKui XypHa 83

Based on the millisecond-nanosecond combined laser mode, the irradiated morphology of
monocrystalline silicon was studied experimentally. During the experiment, a high-precision
point thermometer was used for monitoring, a shadow method to measure plasma evolution, and
a metallographic microscope to analyze after experiment were used, the cleavage and ablation
law and mechanism of monocrystalline silicon were studied under different laser energy densities
and delay time conditions. The analysis shows that when the combined laser acts on silicon, the
millisecond laser has the effect of preheating. The preheating effect will change the thermal physical
properties of monocrystalline silicon, such as the absorption coefficient. Controlling the delay time
can improve the energy coupling between silicon and nanosecond laser. Changing the delay time also

changes the effect of the damage.

Keywords: combined laser, monocrystalline silicon, temperature, morphology.
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INTRODUCTION

Monocrystalline silicon is the main material of
optoelectronic devices [1], and it is also an excel-
lent infrared window. It is often used as a sub-
strate and filter, and plays an important role in
highly integrated circuits and laser system de-
sign. The damage of monocrystalline silicon af-
ter being irradiated by laser will cause damage
to the function of the device and the degradation
of beam transmission quality, and even cause
the failure of the entire photoelectric system.
Therefore, the research on the characteristics,
laws and mechanism of laser irradiated crystal-
line silicon is very meaningful.

At present, the research of laser-acting mono-
crystalline silicon is mainly focused on a single
pulse width [2—3]. With the urgent needs of abla-
tion efficiency, the mode of combined laser has
been paid more and more attention by research-
ers [4-8]. Lehane C. et al. combined lasers with
pulse widths of 0.15 and 3.5 ms to study the effi-
ciency of laser drilling on stainless steel materi-
als under different time intervals. Studies have
shown that subsequent pulses will accelerate the
evaporation of molten stainless steel and have
a powerful effect on the solid position. Double
pulses are an effective means to improve the ef-
ficiency of laser drilling [9]. Jafarabadi M.A.
et al. used double-pulse lasers to act on metallic
aluminum to study the phase explosion thresh-
old and damage morphology. Studies have found
that the phase explosion threshold is lower un-
der the action of dual-pulse lasers, and when the
laser energy density is low, the shielding effect
of the plasma will affect the depth of the mol-
ten crater [10]. Lv X. et al. analyzed the damage

threshold of monocrystalline silicon by the com-
bined millisecond-nanosecond laser, established
a two-dimensional axisymmetric thermophysical
model, and studied the temperature distribution
in all directions after laser irradiation [11-12].
This work adopts the laser mode of milli-
second-nanosecond double pulse combination.
The millisecond pulse laser has a high output
energy but low power density and has a strong
thermal effect on monocrystalline silicon. The
nanosecond pulse laser has low energy but high
peak power density. The migration of molten
silicon has the effect of impact pressure. The
combination can take advantages to increase the
coupling efficiency of laser energy, accelerate
the damage speed, improve the morphology and
structure, and improve the damage efficiency.

EXPERIMENT SYSTEM

The experimental device of combined pulsed la-
ser damage to monocrystalline silicon is shown
in Fig. 1. The laser in the experiment is a product
of Lei Bao. The millisecond laser is a Melar-100
Nd:YAG pulsed laser with a wavelength of 1064 nm
and a pulse width of 1.0-3.0 ms adjustable. The
nanosecond laser is a Vlite-300 double-pulse la-
ser. The wavelength is 1064 nm, the pulse width
is 12 ns, and the millisecond laser output is split
by a spectroscope, and a part of it enters the en-
ergy meter of VEGA FL500A for energy mea-
surement, the other part is perpendicularly inci-
dent on the surface of the silicon sample through
a focal length of 500 mm focusing lens. Nanose-
cond pulsed laser energy is determined by taking
the average of multiple offline measurements.



84 Tom 89, Ne 1 /SlHBapb 2022/ OnNTUYECKNIA XYpHan

Fig. 1. Experimental system of combined pulse laser
damage to monocrystalline silicon. I — millisecond
laser, 2 — nanosecond laser, 3 — digital delay
controller, 4 — energy meter, 5 — pyrometer, 6 —
sillicon, 7 — semiconductor laser, 8 — high speed
camera.

High-precision point thermometer KMGA 740
is used to directly measure the surface tempera-
ture of monocrystalline silicon. The semiconduc-
tor probe laser source has a wavelength of 532 nm
and a line width of less than 0.7 nm. After pass-
ing through the beam expansion system, it is ver-
tically shot into the plasma expansion zone. The
high-speed camera is used to observe the com-
bustion wave expansion changes. The high-speed
camera has a frame rate of 200,000 fps and uses
digital pulses. The delay generator (model DG645)
is triggered synchronously with the laser. The si-
licon target material is clamped on a two-dimen-
sional translation table. In the experiment, the
crystal plane orientation of the monocrystalline
silicon target material is (100) type, one is single-
sided polishing, the radius is 12.7 mm, the thick-
ness is 4.0 mm, and the other is for double-sided
polishing, the side length square is 2.0 cm and
the thickness is 0.5 mm. The experiment was car-
ried out in an air environment, with an ambient
temperature of 19 °C, a relative humidity of 30%,
and an air pressure of 10° Pa.

RESULT ANALYSIS

The so-called combined laser uses millisecond
pulse laser and nanosecond pulse laser to act on
monocrystalline silicon. When the millisecond

laser acts before the nanosecond laser, the delay
time At is positive, and when it acts later than
the nanosecond laser, the delay time is negative.
The delay is zero when simultaneously acting.
Let us study the effect of the nanosecond laser
during and after the action of the millisecond
pulsed laser, and analyze the temperature evolu-
tion of the center point of the laser irradiation.

Figure 2 shows the temperature evolution at
the center point of monocrystalline silicon ir-
radiated by the combined pulse laser. The nano-
second laser power density is 5.7x10%8 W/ecm?,
and the millisecond laser energy density
is 817.4 J/cm?. It can be seen from Fig. 2 that

(1) With the increase of the millisecond laser
action time, the temperature of the center point
gradually increases, and there is no obvious de-
flection when the solid-liquid phase transition
occurs at the melting point of about 1687 K, be-
cause the higher millisecond laser energy makes
the temperature rise faster than the tempera-
ture falls, and the deflection will be submerged.
When the temperature reaches the vicinity of
the vaporization point, a vaporization plateau
occurs. At this time, the thermal conductivity
of monocrystalline silicon decreases, the heat
transfer rate is slower, and the duration becomes
longer.

(2) At the moment of nanosecond laser input,
there will be a sharp peak on the temperature
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Fig. 2. Temperature evolution of silicon center point
irradiated by combined pulse laser. The nanosecond
laser power density is 5.7x108 w/ cm?, the milli-
second laser energy density is 817.4 J /cmz. 1 —
At=0.1ms,2—At=0.3ms,3—At=0.Tms, 4 —
At=1.1ms,5— At=1.2ms.



evolution curve. The power density of nanose-
cond laser is relatively high, and the tempera-
ture of the target material increases rapidly af-
ter absorbing energy. The peak temperature will
increase with the increase of nanosecond laser
energy. Delay time is also a factor affecting the
peak temperature. The delay time determines
the initial temperature and performance of the
target when the nanosecond laser is input. The
peak temperature will increase with the increase
of the initial temperature. When the nanose-
cond laser stops working, the temperature drops
rapidly. Although the millisecond laser conti-
nues to work, the working conditions of the
nanosecond laser cannot be maintained. Energy
is transferred from the center to the outside, and
a new thermal balance is gradually established.

(3) When the delay time is greater than the
millisecond pulse width, it is equivalent to the
single millisecond action before the nanosecond
action. The nanosecond injection time is within
the millisecond pulse width time, which belongs
to the double pulse combined action. Although
the temperature will drop after the nanosecond
laser is applied, it will also increase the tem-
perature curve. Therefore, when the pulse delay
is greater than the millisecond pulse width, the
overall temperature curve of the vaporization
platform will decrease. If the millisecond laser is
used alone, this phenomena is more pronounced
when the generated temperature is between the
melting point and the vaporization point.

(4) After the action of the combined pulsed laser
is finished, because there is no energy injection, it
is in the thermal diffusion stage, and the tempera-
ture drops rapidly. It is found that when the delay
time is greater than the millisecond pulse width of
1.0 ms, the faster the temperature drops. At this
time, the millisecond laser has stopped, and the
nanosecond laser has broken the original tempera-
ture balance. The molten silicon surface is sub-
jected to impact force, which accelerates the heat
dissipation and heat dissipation. The effect of heat
convection makes the speed drop faster.

Figure 3 shows the changes in the ablation
morphology of monocrystalline silicon under
different delay conditions, including three cas-
es where the delay of the two beams is 0.0 ms,
the delay is within the millisecond pulse width,
and the delay is after the millisecond pulse
width. The millisecond laser energy density
is 227.0 J/cm?, and the nanosecond laser power
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density is 2.0x10° W/cm?. Under different delay
conditions, the damage morphology of mono-
crystalline silicon irradiated by the combined
laser is significantly different.

(1) When the millisecond and nanosecond la-
sers act at the same time, they only appear as
the superposition of the energy of the two beams,
which act together on the silicon wafer at room
temperature. After the silicon wafer absorbs en-
ergy, the temperature rises, and the heat trans-
fers out of the spot to generate a temperature
gradient, causing brittleness crack growth and
local peeling of the surface. The millisecond laser
action time is much longer than the nanosecond
laser, so the damage is mainly thermal ablation.

(2) As the delay increases, and within the mil-
lisecond pulse width, the millisecond laser acts
before the nanosecond laser and has a preheat-
ing effect on the target. With different delays,
the injection time of the nanosecond laser is dif-
ferent, the reached temperature of the preheated
and material properties are different. When the
delay is 0.2 ms, the monocrystalline silicon does
not reach the melting point and no molten liquid
is produced on the silicon surface. Nanosecond
laser injection is equivalent to irradiating a sili-
con wafer with a certain temperature distribu-
tion. The preheating of the laser increases the
absorption coefficient of the silicon material,
which enhances the absorption of nanosecond
laser energy and improves the coupling rate of
the laser energy and the material.

(3) When the delay time is 0.4-1.0 ms, and
the preheating of the millisecond laser has
made the silicon target material reach the melt-
ing point, the phase transition area becomes
larger, and the damage area increases. With
the increase of delay time, the increase of the
melting depth causes the increase of the liquid
silicon in the molten pool. When the nanosecond
laser is injected, the impact force of the nano-
second laser causes the liquid silicon to spray
and flow, and there will be splashes on the edge
of the damaged area. Under the action of grav-
ity and surface tension, the liquid silicon flows
back into the molten pool, and there will be par-
tially solidified silicon at the edge. The surface
splash is the most serious when the pulse de-
lay is 0.8 ms. Considering that this is related
to the millisecond pulse width, after 0.8 ms,
it is almost the end of the millisecond pulse
width. The laser energy in the subsequent milli-
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Fig. 3. Damage morphology under different delay time conditions. The millisecond laser energy density
is 227.0 J/cm?, the nanosecond laser power density is 2.0x10° W/cm?. (a) 0.0 ms, (b) 0.2 ms, (c) 0.4 ms,
(d) 0.6 ms, (e) 0.8 ms, (f) 1.0 ms, (g) 1.4 ms, (h) 1.8 ms, (i) 2.4 ms.

seconds has been significantly reduced, and the
ablation slows down.

(4) When the delay is greater than the milli-
second pulse width, the millisecond laser stops
working at this time, and the damage area is
smaller than when the nanosecond laser is input
within the millisecond pulse width. Nanosecond
laser has very short action time, low energy and
higher power density. It mainly plays a role in
ablation and impact. When the delay is 1.8 and
2.4 ms, the silicon target has been cured and has
a certain temperature. The surface morphology
is irregular, and the ablation is further aggra-
vated on this basis.

Figure 4 shows the evolution of combustion
waves induced by combined lasers with differ-
ent delays in monocrystalline silicon. The laser
parameters are the same as in Fig. 3. When the
delay time is 0.0 ms, the millisecond and nano-
second lasers act at the same time, and plasma
is generated instantaneously. At 0.5 ps, the
plasma expands to form a combustion wave. The
combustion wave front moves against the di-
rection of laser transmission. The millisecond
laser works continuously within 35 s, but the
laser energy density is low, only maintaining
plasma near the silicon surface, and the expan-
sion distance is short. The nanosecond laser has
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Fig. 4. Expansion and evolution of combustion waves induced by combination laser. The millisecond laser
energy density is 227.0 J/cm?, the nanosecond laser power density is 2.0x10° W/cm?. (a) At = 0.0 ms,
(b) At = 0.2 ms, (c) At = 0.4 ms, (d) At = 0.8 ms, (e) At = 2.4 ms.
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a higher power density, and after the plasma is
generated, it expands rapidly, forming a com-
bustion wave that moves forward. When the de-
lay time is 0.2 and 0.4 ms, due to the preheating
effect of the millisecond laser, the amount of
plasma induced by the silicon target increases,
and the expansion speed and expansion dis-
tance become larger. When the delay is 0.8 ms,
the nanosecond laser induces a small amount of
plasma, and the expansion speed is the smallest.
Because at the moment of nanosecond laser in-
jection, the silicon target has melted and there
is a large amount of liquid silicon on the surface.
Part of the energy of the nanosecond laser will be
lost through convection diffusion, and part of the
energy will be converted into the kinetic energy
of liquid silicon splashing, which induces the sili-
con to generate plasma. Energy becomes smaller.
When the delay time is 2.4 ms, the plasma expan-
sion state is similar to that when the delay time
is 0.2 ms, indicating that the solidification of the
molten silicon is basically completed.

The nanosecond laser power density is
2.0x10° W/cmz, and the millisecond laser ener-
gy is 227.0 and 390.2 J/cm?. It can be seen from
Fig. 5 that as delay time increases, the mono-
crystalline silicon damage area first increases
and then decreases, and the amount of change
is small after about 2.0 ms. Under the combina-
tion, the damage area reaches the peak value
when the delay is 0.4 ms. After measurement,
at 0.4 ms, the temperature at the center point
of laser irradiation is about to reach the melt-
ing point of monocrystalline silicon. Although
no melting occurs, the thermal physical proper-
ties of the silicon target have been changed. The
internal thermal movement of monocrystalline
silicon is intense, the energy of the millisecond
laser is mainly used for surface heating, and the
thermal diffusion depth is not large. At this mo-
ment, nanosecond laser is injected, and the sili-
con target material instantaneously melts and
vaporizes, and the surface layer damage range is
large. After a delay of 2.0 ms, the monocrystal-
line silicon has basically been cured, and when
the nanosecond laser is applied again, there is
little difference in damage morphology.

The nanosecond laser power density is
1.2x10° W/cmz, and the millisecond laser energy
density is 342.0 J/cmz. It can be seen from Fig. 6
that the morphological damage from exposure
to the combined laser radiation is more severe
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Fig. 5. Damage area of monocrystalline silicon
changes with delay time. The nanosecond laser pow-
er density is 2.0x10° W/cm?. (a) I, = 227.0 J/cm?,
(b) I, = 390.2 J/cm?.

than from the effect of only single nanosecond
laser alone, and the morphological characteris-
tics are also different. The nanosecond laser has
a higher power density, and the energy is quickly
deposited on the surface of the target to cause
ablation. The appearance is small ablation pits
and the edges are clean. Because the nanosecond
laser is incident at an oblique angle, the spot is
not regular circular. When combined laser ac-
tion, for the same total energy, the delay has a
significant effect on the damage morphology.
Obvious 90° cleavage cracks appear when the
delay time is 0.1 ms, mainly because the crys-
tal orientation of the silicon surface is (100). As
the time delay increases, the erosion and splash
damage increases, and when the time delay is
less than 0.4 ms or greater than 1.0 ms, in addi-
tion to ablation damage, there are more fracture
damage areas.
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Fig. 6. Comparison of damage morphology between nanosecond laser and combined laser. The nanosecond laser
power density is 1.2x10° W/ cm?, the millisecond laser energy density is 342.0 J / cm?. (a) single nanosecond,
(b) At = 0.1 ms, (c) At = 0.4 ms, (d) At = 0.8 ms, (e) At = 1.0 ms, (f) At = 1.3 ms.

The millisecond laser energy density is
342.0 J/cm?. Figure 7 shows the effect of nano-
second laser energy density on the combined la-
ser damage morphology. The nanosecond power
density of Figs. T(a—c) is 1.0x10° W/cm? and
Figs. 7(d-f) is 1.2x10° W/cm?. As the energy
density of the nanosecond laser increases, the
ablation damage increases. The statistics of 99
damaged silicon wafers with time delays of —0.1,
0.0, and 0.1 ms, 55 wafers showed peeling mor-
phology, and the peeling morphology acquisition
rate reached 55.6%. Counting 275 silicon wa-
fers with a delay of 0.2—1.3 ms (interval 0.1 ms),
69 damaged silicon wafers have peeled off, and
the peeling morphology acquisition rate is 25.0%.
When the pulse delay is extremely short or acts
simultaneously, the silicon at room temperature
is momentarily subjected to a large impact force

to cause brittle fracture, and the crack extension
causes local peeling. As the pulse delay increases,
when the preheated silicon is irradiated by the
nanosecond laser, the laser energy is more like-
ly to aggravate thermal ablation and splashing
through the convection of the molten silicon.
Figure 8 shows the relationship between
the single crystal damage area and the nano-
second laser energy density when the millise-
cond laser energy density is 734.3 J/cmz. With
a fixed millisecond laser energy, the damage
area of monocrystalline silicon increases with
the increase of nanosecond laser energy density.
‘When the nanosecond laser power density is be-
low 8.3x108 W/cm?, the damage area increases
gently, and when the energy density is greater
than the energy density, the damage area in-
creases rapidly. As the nanosecond energy in-
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Fig. 7. Combined laser damage morphology of nanosecond lasers with different energy densities. The millisecond
laser energy density is 342.0 J/cmz. (@) At =0.2ms, (b) At =0.7ms, (c) At =1.2ms, (d) At =0.2 ms, (e) At =0.7 ms,
(f) At = 1.2 ms. The nanosecond power density of (a—c) is 1.0x10° W /cm? and (d—f) is 1.2x10° W/cmz.
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creases, the thermal diffusion radius increases,
thereby increasing the damage area. With the
energy density of the millisecond laser and
nanosecond laser fixed, the damage area de-
creases with the increase of delay time.

CONCLUSIONS

In this article, the morphology of monocrystalline
silicon was experimentally studied using a milli-
second-nanosecond combined laser, the mecha-
nism of damage of various morphologies was an-
alyzed, and the influence of damage morphology,
laser energy density, power density and delay time
on the damage effect were investigated. When
combined with the laser function, the millisecond
laser has the effect of preheating, and the prehe-
ating effect will change the physical characteris-
tic parameters such as the absorption coefficient
of monocrystalline silicon, and improve the ener-
gy coupling rate of the nanosecond laser. When
the time delay is greater than zero, the millisec-
ond laser preheats the monocrystalline silicon.
When the millisecond laser preheating temper-
ature reaches near the melting point, the dam-
age area is the largest when the nanosecond pulse
laser is injected. When the nanosecond laser is
injected in the millisecond pulse width, the peak
temperature of the monocrystalline silicon in-
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