JLMN-Journal of Laser Micro/Nanoengineering Vol. 10, No. 1, 2015

3D Laser Structure Modification of Photochromic Nanocomposites
Based on Porous Glass

Vadim VEIKO, Maksim SERGEEV and Galina KOSTYUK

ITMO University, 197101, 49, Kronverkskiy av., Saint Petersburg, Russia
E-mail: siriusmaks@gmail.com

3D laser densification of photochromic porous glasses by IR radiation of fiber laser (A = ~ 1.07
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1. Introduction

Laser-induced modification of silicate sol-gel materials [1,
2] and porous glasses (PG) [3, 4] is taking more and more
interest last years.

Direct surface densification of PG by CO,-laser action
was used for microlens arrays [4] and planar waveguides
[5] fabrication. Unfortunately this wavelength doesn’t al-
low realizing of 3D modification because of strong absorp-
tion by PG at 10,6 mcm wavelength.

Sugioka K. et al. proposed the 3D writing techniques for
fabrication of microfluidic channels and cavities in the bulk
of PG by femtosecond laser ablation [6, 7]. In this case an
ultrashort laser action leads to the destruction of PG struc-
ture. The direct formation of hollow microchannels and
square-shaped microfluidic chamber embedded in PG plate
immersed in water by femtosecond laser ablation was
demonstrated in [8, 9]. The formation of hollow micro-
structures in PG immersed in Rhodamine 6G dissolved in
water at a concentration of C = 6.0x10° mol/L by nano-
second laser ablation is reported in [10]. Such impregnation
of PGs leads to increasing of its optical absorption of laser
radiation. The authors note that the PG opens broad possi-
bilities for multifunctional integration by filling of pores by
various materials [8]. This might be important for creation
of novel devices based on laser micro- and nanofabrication.

The PGs immersed in nanoparticles of photosensitive el-
ements (Ag, Cu, Au, etc.) dissolved in a water at a certain
concentration is of great interest to the scientific communi-
ty due to their various potential applications in photonics
[11-13]. These glass composite materials with MAs which
were created in the bulk of material have unique linear and
nonlinear optical properties. The effect of a plasmon reso-
nance and a high optical response, as well as ferroelectric,
electro-optical and magneto-optical properties are ones of
the most important.

In this research we’ve used the fact that PG can be effec-
tively impregnated by different impurities to change their
optical properties [14, 15]. Such process was applied by
authors to increase an optical absorption for fiber laser ra-
diation (~A = 1.07) pm) in the bulk of PG [16, 17]. Finally
we’ve considered the possibility of 3D near infrared fiber
laser-induced modification of photochromic PG glass im-
pregnated with silver and copper halides.
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2. Experiments

Fabrication of PCPG consisted of two main chemi-
cal stages: a through-leaching of two-phase alkali-
borosilicate glasses and an impregnation of the received PG
according to the technique described in [18, 19]. The PCPG
plates with composition (by analysis, wt %): 0.61 Na,O —
3.36 B,0;—94.30 SiO, —1.22 Ag,0 - 0.04 CuO -0.47
K,0 [19] were received in the result.

The next processing stage of PCPG is a laser irradi-
ation. The modification of optical properties takes place in
the bulk of PCPG plates at chemical processing. The for-
mation of modified areas (MAs) in the bulk of PCPG was
realized by CW (power up to 15 W), as well as by pulsed
radiation (average power up to 10 W) of ytterbium fiber
laser at 1.07 um wavelength. The pulsed fiber laser has a
pulse duration #, = 100 ns and pulse repetition rate /' = 50
kHz.

The spherical MAs (with stationary laser beam), and cy-
lindrical MAs (with scanning laser beam) were formed
depending on the conditions of laser irradiation. The size
and shapes of the MAs were determined by laser power,
duration of action, and size of beam waist, which was ar-
ranged in the bulk of PCPG plate at a depth of 150-200 pm
from the surface. A 10x objective with a numerical aper-
ture of 0.25 (the focusing length is 4.75+0.25 mm) was
used for focusing the beam into the PCPG plate. Formation
of MAs with cylindrical shape was made at a motion of
PCPG plate with 18 um/s speed.

The optical power of the incident (P)) and transmit-
ted (P,) laser radiation was recorded with the use of a Gen-
tec Solo-2M optical power measuring instrument with a
UP19K-110F-H9 pyroelectric power detector. Measure-
ment of Py and P, allowed estimating of absorption ability
of PCPG during the formation of MA. The temperature in
the zone of a laser action on a surface of sample was rec-
orded with the use of a Flir Titanium 520 M thermal vision
camera. After laser processing the PCPG plates with MAs
were investigated with use of optical microscope Ax-
io Imager Carl Zeiss in transmitted light with a magnifica-
tion of 100x. The optical densities of PCPG and MAs in
the wavelength range of 350-900 nm were obtained by mi-
crospectrophotometer MSFU-K U-30.54.072.
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Highly developed structure of the PCPG determines
its unique adsorption properties. This fact causes a change
of its optical properties with time in the case of air storage
[3, 5]. After the laser irradiation, the PCPG plates with
MAs were sintered in electric furnace in air to close the
pores and to stabilize its properties. The sample of PCPG
was annealed at 870 °C for 4 hours to remove the pores.
Final optical characteristics of photochromic quartz-like
glass (PCQG) plates with MAs were formed by thermal
processing in a furnace [5].

3.1 Laser-induced bulk modification results

Laser-induced recording of spherical MAs was carried
out in the bulk of the fixed PCPG plate at the power of in-
cident CW radiation (Py): 4.4, 6, 8, 11.5 and 13 W and
corresponding exposure time (z.): 5, 10, 15 and 20 s. The
result of the experiments was determined by the irradiation
regimes, leading to formation of MAs with clear bounda-
ries and sizes in the range from 44 to 135 um. These arcas
were able to focus a transmitted radiation (Py=4.4 W at
t=15~20s, Py=6~11.5W at ¢,=5~20s and
Py=13 W at t,, =5 s). Further increase of the laser power
and exposure time resulted in formation of MAs with clear
boundaries and sizes in the range from 178 to 311 pm
(Pp=13 W atz,, = 10 ~ 20 s). Irreversible structural chang-
es in the beam waist were observed with further increase of
the radiation power and exposure time. These changes
leaded to a deterioration of optical characteristics, in par-
ticular to degradation of PCPG transparency and destruc-
tion at further irradiation. Spherical MA formed in the bulk
of PCPG at laser power P, = 13 W at ¢, = 15 s are shown
in fig. 1.

Fig. 1. Optical images of the spherical MA (after the sintering in
furnace) formed in the bulk of PCPG. a, b, ¢ - different positions
of the focal plane of the microscope in transmitted light: a - sur-
face of PCPG plate; b - the center of MA; ¢ - image of the con-
denser aperture of microscope illumination system.

The optical images of spherical MA in the bulk of PCPG
plate were obtained at different positions of the focal plane
of the microscope in depth of the glass plate in transmitted
light. The MAs are situated under the surface (fig. 1.a). The
region with brighter color which surrounded by a dark ring
was observed, when the fine focal plane of the microscope
intersected with center of MA (fig. 1.b). Thus, the light of
the microscope illumination system passed through the
central part of MA and strongly dissipates at its edges. At
this, the boundary layer of MA acted as a diaphragm, limit-
ing the light transmitted through MA. The image of the
condenser aperture of microscope illumination system was
obtained by means of MA (fig. 1.c). Thus, MA together
with microscope lens operated as an optical system with a
modified focal length. This fact can give evidence of the
different values of refractive index of MA and PCPG plate.
The size of MA decreased from 270 to 200 pm after the
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sintering and from 595 to 465 um considering the boundary
layer of the annular structure of MA. The optical properties
of MA in the bulk of PCPG plate after sintering in furnace
were saved.

The cylindrical MAs were recorded at the power of
incident CW radiation: 4.4, 5.2, 6.1 and 7.9 W for single
scan. Cross-sectional size of cylindrical MAs ranged from
38 to 68 um in dependence to an incident radiation power.
Formations of MAs were not observed at a smaller power
of laser radiation in a single scan. Reduction of cross-
sectional size of cylindrical MAs was achieved by decrease
of the incident CW radiation power down to 3.5 W and
increase of the number of scans up to 5 (fig.2.a). It is pos-
sible to receive MAs with the size of 8 um. Further reduc-
tion of MAs size was obtained with decrease of an incident
radiation power and with increase of number of passes by
deceleration of the sample movement and by applying a
pulsed radiation for the laser processing. Reducing of col-
loidal silver particles concentration in the PG channels con-
tributed to a reduction of cross-sectional size of cylindrical
MAs as well [16].

The MAs of cylindrical shape with cross-sectional
dimensions of 5-12 um were formed with the use of pulsed
radiation in the bulk of PCPG with lower concentration of
silver particles (fig. 2. b, ¢). Thus, the writing of MA with
transverse size of 11 pm was carried out at average power
of pulsed radiation 2 W and 3 scans (fig. 2. b). The MAs
with Y-shape and transverse size of 5-9 um was formed at
average power of pulsed radiation 3.25 W at single scan
(fig. 2. ¢).

Fig. 2. Optical images of the cylindrical MAs (a, b) Y-shaped MA
(c) was formed in the bulk of PCPG for several passes with scan-
ning rate of 18 pmy/s.

The surface temperature in the center of the processing
area was registered by thermal vision camera. Measured
values of temperature were ~ 750 — 850 °C, when the irra-
diation process at MAs formation was stationary. Such
relatively high value of temperature is provided by corre-
sponding laser exposure parameters and by relatively high
absorption of the PCPG (4). It can be evaluated by the ex-
pression [20]:

4 z(l—ZR){I—LZ
F, (1 - 2R)

where R is PCPG plate reflectance. At R ~ 0.04, 4 is equal

to ~0.37.

In the experiments the power density was changed in the
range of 0.97-2.85 MW/cm’ for the CW laser radiation and
the average power density was changed in the range 18.0-
54.0 kW/cm” for the pulsed radiation. The temperature in
the bulk of PCPG in the focal spot can be estimated as [14]:

1)
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where ¢ is a processing duration (from 5 to 25s); kis a
thermal conductivity of PCPG (~3.3 W/(m'K)); 6 is a
depth of light penetration (~ 1.5x10° m'); a is a thermal
conductivity (~ 10~ m?/s). Calculated value of temperature
is up to ~ 850—-1000 °C.

The absorption of incident radiation by silver halide par-
ticles and energy transfer to the glass network is the basis
of PCPG heating mechanism. It is known that the crystalli-
zation, change of optical properties and destruction of mul-
ticomponent glasses is affected by laser exposure [21].
These modifications are based on similar heating mecha-
nism. In our case, the modification of PCPG was imple-
mented through process of porous structure termodensifica-
tion at the beam waist without structural-phase transitions
and destruction of material.

Thus, the modification of optical properties of glass
without the destruction and the structural-phase transitions
in the exposed region becomes possible at definite tempera-
ture range and heating / cooling rates of glass. The regime
of heating is determined both by parameters of laser pro-
cessing and the concentration of metal particles in the glass
(and also by its distribution in the volume). The absorption
capacity of glass as well as its crystallization temperature
depends on the concentration of metal particles and its dis-
tribution in the glass, too.

3.2 Alteration of material properties after processing

Optical density (D) of PCPG plates and MA was
estimated by measurement of spectral transmittance (7) in
the photon energy range from 1.38 to 3.55 eV (or wave-
length range from 350 to 900 nm):

D=-lgr. 4)

In addition, the relative optical density 4D (fig. 3)
was determined. This value is equal to the difference of
optical density (D) of the objects under study (PCPG or
MA) and the optical density of fused quartz (Do) that was
chosen as the standard at the process of recording:

AD=D-D,. (5)

The additional absorption in photochromic glass can
be initiated under the action of UV or NIR radiation [22].
In irradiated regions the precipitation of colloidal silver
particles, which are the color centers with a typical size of
60 nm, occurs. The absorption band of these particles with
spherical shape corresponds to the range of £, = 2.48-2.59
eV. The formation of oblate ellipsoidal particles, which
give the absorption in the long-wave range of spec-
trum with lower photon energy, is possible together with
formation of spherical particles [23]. The UV laser irradia-
tion of the PCQG plates leads to the appearance of plasmon
resonance peaks (in the range of £, ~ 3.10-3.55 €V). These
peaks are characteristic for quasi metallic silver particles
[11, 22, 23]. Spectral dependences of the optical density of
investigated PCPG plates in irradiated (i.e. MA) and non
irradiated regions prove the presence of colloidal silver
particles (fig. 3, curve 1 and 2).
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Fig. 3. Spectral dependences of the optical density of (1) the
PCPG plate, (2) the MA, and the PCQG plate obtained after sin-
tering of (3) the PCPG and (4) the MA formed in the PCPG plate

(compared with the optical density of the fused quartz).

It can be seen from the comparison of the spectral
dependence of 4D of the PCPG plate and the MA in the
full examined range (£, = 1.38-3.55 V) that 4D of MA is
substantially lower than 4D of the PCPG plate (fig. 3,
curve 1 and 2). Probably, the cause of these changes is
smaller number of diffusers which are silver particles. The
decrease of the particles size to values less than wavelength
of the visible light after laser irradiation can be the cause
too. In addition, the spectral dependence of optical density
MA demonstrates a small (about 0.08-0.1 eV) displace-
ment of its peak in the direction to UV region. This fact
may be associated to the shape and orientation of the silver
particles [11].

The optical characteristics were investigated again
after the sintering of PCPG plates with MAs formed in the
bulk in furnace for a purpose of PCQG formation. A com-
parison between optical densities of PCQG (fig. 3, curve 3)
and PCPG plates (fig. 3, curve 1) suggests that, after sinter-
ing, the general character of the dependence did not change.
Nevertheless, the maximum value of the optical density
was reduced by a factor of 1.8 (from 2.4 to 1.3) and a peak
position was shifted to the near-UV range. A character of
optical density dependence for MA after sintering of the
PCPG with the MA barely changes (fig. 3, curve 4 com-
pared to curve 2). Dependences of the optical density of
both PCQG plate and MA are shown in fig. 3, curves 1 and
2. The shift of peaks to the same photon energy (wave-
length) is observed (£, = 2.55 eV). This fact can be at-
tributed to the reduction of silver particles quantity in the
irradiated region (i.e. MA) and in the entire PCPG plate
after sintering in a furnace.

4. Conclusions

3D laser modification of properties of PCPG plates im-
pregnated with silver halides is presented. The CO, laser
light is not suitable for modification in the bulk of PG, be-
cause it is not able to penetrate into the volume due to
strong absorption. Impregnation of PG plates with metal
particles (1.22-2.4% Ag) allowed an increase of absorptiv-
ity of photochromic porous glass (PCPG) up to 0.224 at a
wavelength (1.07 pm) for which initial PG is transparent. It
was enough for near IR light absorption enhancement, suf-
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ficient for modification in the bulk of PCPG which was
implemented by the example of volume thermal densifica-
tion under laser irradiation. Process of modification PCPG
properties takes place in the waist of laser beam and leads
to local densification of the glass network of PG. Laser-
induced thermal densification occurs due to a heating of
PCPG by metal particles which absorbs radiation within a
glass network.

The MAs were formed in the bulk of PCPG plates with
various shapes and sizes by NIR radiation of fiber laser
with a use both CW and pulsed irradiation. Regions with
spherical shape with diameters from 50 to 350 um and re-
gions with cylindrical shape with cross-sectional diameter
from 5 to 70 um were produced. Optical properties (trans-
mittance and optical density) of PCPG and MAs before and
after sintering of glass plate in furnace were investigated.
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