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Irradiation effects of CO5 laser parameters
on surface morphology of fused silica*
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To understand the surface morphology evolution of fused silica induced by 10.6-um COg laser irradiation at

different parameters, this paper reports that optical microscopy, profilometry, and hydrophilicity tests are utilized to

characterize the surface structure and roughness of the laser irradiated area. The results show that three typical surface

morphologies and two typical hydrophilicity test images are observed at different laser powers and pulse durations. The

correlations between surface temperature and surface morphology as well as hydrophilicity behaviours are presented.

The different hydrophilicity behaviours are related to surface structures of the laser-induced crater and thermal diffusion

area. The thermal diffusion length monotonously increases with increasing laser power and pulse duration. The crater

width is almost determined by the laser beam size. The crater depth is more sensitive to the laser power and pulse

duration than the crater width.

Keywords: CO; laser irradiation, fused silica, surface structure, hydrophilicity

PACS: 42.70.Ce, 78.20.—e, 78.55.Qr, 79.20.Eb
1. Introduction

Fused silica is a preferred optical material for
high-fluence optics in many laser applications because
its high bulk purity leads to low absorption in a wide
spectral range, resistance to laser damage, and good
thermal and mechanical stability. Although the di-
electric breakdown threshold of pure bulk fused sil-
ica is very high, the laser-induced damage threshold
(LIDT) of the surface is much lower. Due to the sur-
face and subsurface defects induced by grinding and
polishing, the interaction of high-power laser radia-
tion with optical-material surfaces is distinctly differ-
ent from interaction with the material’s bulk in light
absorption, intensity pattern formation, and absorbed
energy dissipation.! =4 The surface damage resistance
of fused silica optics has been the subject of exten-
sive studies in high-power laser facilities, such as the
National Ignition Facility (NIF) in the USA and the
megajoule laser in France. Although the surface dam-
age initiated at 3w on NIF silica optics will encompass
only a fractional area, studies have shown that the
damage can grow rapidly with the number of shots
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at a laser fluence of 5 J/cm? to 6 J/cm?, which is
just a factor of two below the LIDT of a pristine sil-
ica surface.6] Therefore, mitigation of surface dam-
age growth is essential for the lifetime extension of
the expensive large-scale laser optics when the surface
damage is small.

Four methods for mitigating surface damage
growth on fused silica optics have been studied, in-
cluding wet chemical etching, cold plasma etching,
COg laser processing, and microflame torch process-
ing. Among them, CO2 laser processing is the best
mitigation method, which gives the most consistent

and convincing results.!”8!

Much attention is thus paid
to studies on surface damage mitigation of fused sil-
ica by a COy laser. The theoretical studies focus
on the simulations of temperature and stress distri-
butions generated by CO, laser processing.®~11] In
most experimental investigations, the mitigation tech-
nique has been improved for engineering purposes.
For instance, Bass et al. reported the mitigation of
damage sites larger than 100 pm with a galvanome-
ter scanned COs laser and a vacuum nozzle assembly

designed to reduce the amount of evaporated fused sil-
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ica that re-deposits or re-condenses as debris on the
surface during the mitigation process.'213] During et
al. presented a new set-up to study the mitigation of
laser damage by varying the spatial profile of the COq
laser beam to increase the efficiency of the mitigation
technique.l" Guss et al. also investigated the damage
mitigation by using a CO4 laser operating at 4.6-pm
wavelength. The damage sites as large as 500 um in
diameter with cracks extending to 200 um in depth

were successfully mitigated. ']

In this work, the evo-
lution of surface morphology has been investigated at
different COs laser parameters by optical microscopy,
profilometry, and hydrophilicity tests. Three types
of surface morphologies and two types of hydrophilic-
ity test images are observed at different laser powers
and pulse durations. The thermal diffusion length, the

crater width and the depth are also studied.

2. Experimental

Optically polished fused silica flat substrates,
40 nm x40 nm x5 mm, are used in this work. The
material is Corning 7980 synthetic amorphous silicon
dioxide, with low concentration oxygen vacancies and
good transparency in the UV-visible waveband. The
polished samples have root-mean-square roughness of
0.53 nm and 16 nm. Before laser irradiation, the sam-
ples are ultrasonically cleaned with deionized water
and chemically etched with a buffered hydrofluoric
acid (1% HF, 15% NH,4F) solution in order to remove
surface contamination and re-deposited polishing ma-
terials.

A continuous wave carbon dioxide laser (Coher-
ent GEM-100L) with a 100-W maximum power is
used for the laser irradiation of fused silica substrates.
The emission wavelength is 10.6 pwm, which is mostly
absorbed by silica with an absorption fraction of
85%.1% The spatial mode of emission is a TEMgg near-
Gaussian beam and it is focused on the fused silica
The
beam at the sample plane is an elliptical spot, with

sample with a commercial Zinc Selenide lens.

a long axis 700 pm and short axis 500 um at 1/e?
as measured by the knife edge method. The laser
frequency, power, and pulse duration are externally
adjusted by a computer. In this experiment, the fre-
quency is kept at 100 Hz and the power control is
achieved by changing the duty cycle. The correla-
tion between the duty cycle and the laser power is
measured by a coherent power meter and plotted in
Fig. 1.
duty cycle. In this work, the laser power is controlled

The laser power increases linearly with the

below 30 W (corresponding to a duty cycle of 20%)
and the pulse duration ranges from 100 ms to 250 ms.
After laser irradiation, a circular crater is created on
the fused silica surface. To understand the laser pa-
rameter dependence of the crater size, a Nikon opti-
cal microscope and a Zygo profilometer are utilized to
characterize the surface morphology and roughness.
The surface structure evolution induced by laser ir-
radiation is characterized by the hydrophilicity. The
irradiated samples are mounted on a beaker with boil-
ing water inside and then observed by an optical mi-
croscope immediately to obtain the water—vapour ad-
sorption images.
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Fig. 1. Measured laser power as a function of duty cycle
of the COx2 laser used for experiments.

3. Results and discussion

Various CO- laser powers and pulse durations re-
sult in different surface morphologies. In this work,
three typical surface morphologies are observed in the
laser irradiated areas of fused silica, as shown in Fig. 2.
When the laser power is small, there is no visible
distortion on the surface, even after long irradiation
time, e.g., 4% duty cycle and 200-ms pulse duration
(Fig. 2(a)). Although 85% CO. laser energy can be
absorbed by fused silica,®! the thermal convection be-
tween the sample surface and ambient air keeps the
temperature below, or at, the softening point of sil-
ica (T" < Tg). In this way, laser irradiation hardly
induces obvious surface distortion except heating of
the sample. With an increase in laser power, the sur-
face distortion occurs due to softening silica substrate
induced by COg laser irradiation (Fig. 2(b), 7% and
170 ms). In other words, the surface temperature is
above the softening point of fused silica and below the
evaporation point (T < T < T,). When the pulse du-
ration is longer, the surface distortion becomes clearer
and a black ring appears around it (Fig. 2(c), 7% and

200 ms). Similar distortion surrounded by a black
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ring can also be observed when the laser power in-
The black ring has been identified as the
debris re-deposited or re-condensed from evaporated
fused silica.l'? The debris is composed of the SiO,

(0 < z < 2) species with a nonstoichiometric formula,

creases.

which could induce a decrease in LIDT by absorbing
photons in the visible region and local enhancement of
roughness.[%! The optical properties of the nonstoichio-
metric SiO, species have also been studied in previous
work.[16:171 Anyway, the black ring indicates that the
surface temperature is above the evaporation point of
fused silica (T > T,).

4%-+200 ms

7%+170 ms

7%4190 ms

Fig. 2. Three typical surface morphologies observed in
the laser irradiated areas of fused silica: (a) T' < Ts, (b)
Ts < T <Te, (c) T > Te.

The hydrophilicity test results indicate two kinds
of typical water-vapour adsorption images shown in
Fig. 3. The images correspond to Figs. 2(a) and 2(c).
The water-vapour adsorption image of Fig. 2(b) is sim-
ilar to that of Fig. 2(c). The un-irradiated area is
uniformly covered by a large number of very small
water droplets. More water vapour condenses around
the defects, which can be observed in Figs. 2(a) and
2(c). In Fig. 3(a), an elliptical area covered with
larger water droplets appeared in the laser irradi-
ated zone. The long axis is about 800 pm and the
short axis 600 pm. In Fig. 3(b), a water droplet ring
(1450 pm x 1200 pm) is also observed around the el-
liptical area (630 um x 420 pum). In addition, a water
film forms between the elliptical area and the droplet
ring. The results show that the surface structure evo-
lution occurs when different laser power and irradi-
ation times are used. According to all hydrophilic-
ity test images in this work, it could be deduced that
there is only one elliptical area covered with larger wa-
ter droplets when the surface temperature is below, or
at, the softening point of silica (T" < Ty). When the
temperature is above T, an elliptical area and a water
droplet ring are observed.

7%-+190 ms

Fig. 3. Two typical water-vapour adsorption images by
a hydrophilicity test of the laser irradiated areas: (a)
T <Ts, (b) T >Ts.

044208-3



Chin. Phys. B Vol. 20, No. 4 (2011) 044208

In order to understand the correlation between
different hydrophilic behaviours and surface mor-
phologies, the corresponding depth profiles of the laser
irradiated areas measured by the profilometer are
given in Fig. 4. After laser irradiation, a crater formed
in the substrate surface, whose depth depends on the
laser parameters. The crater depth will be discussed
later. Here, attention is focused on the crater width.
For the crater created by the laser at 4% duty cycle
and 200-ms pulse duration, the depth is about 25 nm
and the horizontal width is 500 pm (Fig. 4(a)). At a
7% duty cycle and 200-ms pulse duration, the crater
depth and horizontal width increase to ~130 nm and
650 pm, respectively (Fig. 4(b)). It seems that the
crater width is related to the long axis of the ellipti-
cal area in Fig. 3(b). Actually, by comparison of hy-
drophilicity test images and depth profiles of all laser
irradiated areas, it is found that the horizontal width
of the elliptical area is almost the same as the width of
the crater when the surface temperature is larger than
Ts. In addition, the crater width nearly keeps con-
stant at different laser powers and irradiation times,
as shown in Fig. 5. Therefore, the elliptical area in
Fig. 3(b) corresponds to the directly irradiated area
by the elliptical laser spot (700 pm x 500 pm), i.e.,
the crater width is determined by the laser beam size
and shape. In the crater area, the surface roughness
induced by distorted morphology is large, where the
larger water droplets tend to accumulate to form an
elliptical area. As for the droplet ring whose size is
larger than the laser spot size, it should be the bound-
ary of the thermal diffusion area. It is known that a
COg laser can be strongly absorbed by silica, so it is
often used for surface polishing!'®9 besides soften-
ing or vaporizing the offending materials in a fused
silica surface. The thermal diffusion area is actually
polished by the diffused CO4 laser energy. Therefore,
the area becomes smoother than the pristine substrate
surface. As a result, a layer of uniform water film ap-
pears between the crater area and the droplet ring
(Fig. 3(b)). After comparing Fig. 3(a) with Fig. 4(a),
one can find that the width of the droplet-covered el-
liptical area (800 pm) is larger than the laser spot
(700 um) and crater width (500 pm). This is because
both the crater depth and the thermal diffusion length
are small at low laser power and short irradiation time.
In other words, when the surface temperature T < Tj,
the laser irradiated area and thermal diffusion area
mix together, so only one droplet-covered area is ob-
served.
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Fig. 4. Depth profiles of laser irradiated areas correspond-
ing to Fig. 3.
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Fig. 5. Crater width and thermal diffusion length as a
function of (a) pulse duration (duty cycle = 7%) and (b)
duty cycle (pulse duration = 170 ms and 200 ms).

The crater width and thermal diffusion length are
analysed at different duty cycles (laser powers) and
irradiation times by the hydrophilicity test images.
Figure 5(a) shows the relationships between pulse du-
ration and crater width as well as thermal diffusion
length when the duty cycle is 7%. At this duty cy-
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cle, the crater and diffusion areas can be separated
when the pulse duration > 150 ms. The crater width
is almost constant when the laser parameters used
are those shown in Fig. 5(a). The fluctuation may
be due to the measurement error or laser power sta-
bility. This is consistent with Palmier’s study,?% in
which the crater diameter is independent of the pulse
length. The thermal diffusion length monotonously in-
creases with the pulse duration when the laser power
does not change. Figure 5(b) shows the correlations
between duty cycle and crater width as well as ther-
mal diffusion length when the pulse duration is 170 ms
and 200 ms, respectively. The crater width also keeps
constant and the diffusion length increases with the
increasing duty cycle. When the duty cycle is less
than 5%, the crater width cannot be separated from
the thermal diffusion length, so there is no crater
data for 3% and 4%.

the crater diameter increases linearly with the laser

Palmier et al. reported that
power, and the COs laser beam diameter also in-
creased when the power increased in their work.2%
However, in this work, the laser beam size remains
stable at 700 um x 500 pm, and there is no obvious
increase in crater width observed when the laser power
increases. Therefore, the crater width is mostly deter-
mined by the laser beam size.

Besides the transverse dimension, the crater
depth profile is also studied at different duty cycles
In the

laser irradiated area, the peak-valley (PV) roughness

and irradiation times by the profilometer.

could be regarded as the crater depth. Figure 6 shows
the PV roughness data at different duty cycles and
pulse durations. The results show that both duty cy-
cle and pulse duration have a significant influence on
the crater depth. This is not the same as the crater
width, which almost keeps constant at different pa-
rameters (Fig. 5). But the trend is consistent with
previous experimental and calculated results.!??) Ac-
tually, both the crater width and depth are up to the
laser energy deposition as well as temperature distri-
bution on the transverse and longitudinal directions
of the silica substrate, respectively. In the transverse
direction, because of the silica’s poor thermal conduc-
tivity (1.38 W/(m-K) at 20 °C and 2.68 W/(m-K)
at 900 °C), most deposited energy and high tempera~
ture are probably restricted within the laser spot area.
However, in the longitudinal direction, besides ther-

mal conductance, the refractive index and absorption

coefficient also contribute much to the energy depo-
sition and temperature distribution. McLachlan and
his co-workers reported that the absorption depth of
the COs laser radiation varies significantly with tem-
perature, from 34 pm at 25 °C to 4 pm at 1800 °C.[21
According to the calculations by Feit et al., high tem-
peratures (3500 °C) could extend 40 pm into silica at a
laser energy of 28 J/cm? and pulse length of 50 ps.[%1%]
This may be why the crater depth is more sensitive to
the laser power and pulse duration than the crater
width.

60001 —— 5% duty cycle ;
g o 6% duty cycle ///
g
% 4000 1 -2- 10% duty cycle S
]
g
=
2
8 2000 1
>
[a
0 4
170 190 210 230
Pulse duration/ms
60004 200 ms
g
=
& 4000 A
3
g
<
2
S 2000 1
>
[
0 4
’ > 7 9 11

Duty cycle/%

Fig. 6. Surface PV roughness of the laser irradiated area
as a function of (a) pulse duration and (b) duty cycle.

4. Conclusion

Three typical surface morphologies and two typi-
cal hydrophilicity test images are observed at different
surface temperatures induced by various laser powers
and pulse durations on the fused silica. The different
hydrophilicity behaviours are related to surface struc-
tures of the laser-induced crater and thermal diffusion
area. The thermal diffusion length monotonously in-
creases with increasing laser power and pulse dura-
tion. The crater width is almost determined by the
laser beam size. The crater depth is more sensitive
to the laser power and pulse duration than the crater
width.
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