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We experimentally analyze the real-time formation of periodic surface patterning resulting from laser-driven
photochemical deposition in liquid solutions. Using photochemical deposition of chromium hydroxide layers
driven by a continuous Ar+ laser wave in a potassium chromate solution, we analyze the kinetic formation of
three different types of patterning: dot array, periodic line writing, and holographic grating formed by inter-
fering beams. Results are also presented for both flat and curved substrates. In each case, the deposit growth
laws are measured and they show the emergence of scaling regimes that are predicted by our model[E.
Hugonnot and J. P. Delville, Phys. Rev. E69, 051605(2004)]. Data taken from literature are also confronted
to the model. The observed agreement suggests that a unified picture of the processes involved for photodepo-
sition driven by a one-photon absorption can be devised, whatever the initial photosensitive medium is. This
kinetic control of photodeposition, associated to the versatility in monitoring the geometry of laser/medium
interaction and the flexibility in deposited materials by various photochemical reactions, offers a valuable level
of development in substrate patterning for lithographic or holographic applications.
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I. INTRODUCTION

Laser-writing technologies become the corner stone of nu-
merous emerging technologies in material processing[1], be-
cause the desired structures are builtin situ in one step, while
lithographic techniques derived from microelectronics, are
usually based on a multiple mask process involving different
stages. The resulting rapid prototyping makes laser direct
writing very appealing and challenging in a wide range of
applications. For example, microelectronic components[2]
and interconnects[3] are successfully realized by laser writ-
ing of numerous materials. The main advantages of laser-
beam writing are the small lateral features, of the order of
microns, that can be achieved with simultaneous control of
the depth structure. Moreover, laser pencils create near-
continuous and smooth profiles rather than stepped structures
generated with masks. These aspects are thus very appealing
in micro-optical applications that use beam splitters and
shapers, diffractive microelements, or microlens array for
telecom and datacom.

Among the different laser-writing techniques(photoelec-
trochemical etching[4], photodoping[5], laser ablation[6],
laser machining[7], photo-diagnostics[8], chemical process-
ing with lasers[9], for instance), photodeposition of thin
films from liquid solution[10] is very attractive because light
excitation is generally efficient and experiments are easy to
manage. Indeed, the writing beam is injected through an op-
tical window into a cell that contains a photoactive solution.
Photons are absorbed and trigger a photochemical reaction to
produce a new species. Above some onset in concentration,
classically the solubility of this new species, nucleation oc-
curs and solid nanoparticles are deposited on the internal

face of the entrance window. Then, these particles grow, coa-
lesce, and form a continuous film in the illuminated area
[11]. Consequently, by illumination with a spatially well-
defined laser excitation, various dots, lines, or more intricate
patterns can be directly deposited in a single step on a solid
substrate in contact with the photoactive solution. While this
writing procedure is very easy to implement, the optimiza-
tion of the induced patterns requires a perfect tailoring of the
material deposited because the performances of the final de-
vices strongly depend on the size, shape, and distribution of
these deposits. That is why we develop in a companion paper
[12] (referred to from now on as Part I) a thermodynamic
description of the kinetics of deposition under exposition to a
continuous laser wave.

Considering a reaction/diffusion scheme involving the
one-photon excitation of a two-level system, we analyzed the
thermodynamic behavior of the field variation of the photo-
reaction product, and deduced the coarsening of the resulting
deposit in presence of the light intensity distribution. Beyond
predictions on radial and axial growth, our main goal was to
describe how the kinetics of photodeposition can be effi-
ciently used to build holographic gratings and tailor their
optical phase and amplitude properties. We focused our at-
tention to dot and line arrays created by a serial procedure,
and periodic structures produced by the interference field of
two exciting beams(parallel procedure). Moreover, to
present a universal description of the involved processes, we
extended coarsening theories of phase transitions[13] and
demonstrate scaling behaviors in photodeposition driven by
diffusion and solute adsorption. While such an approach is
usually presented in a fundamental context, it has also im-
portant drawbacks toward very practical situations because a
unified view of photodeposition is presented, whatever the
photosensitive mixture used is.

The present study is devoted to an experimental investi-
gation of these predictions. We experimentally analyze the*Email address: jp.delville@cpmoh.u-bordeaux1.fr
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kinetics of surface patterning by the photochemical deposi-
tion of chromium hydroxide layers driven by a continuous
Ar+ laser wave in a potassium chromate solution. Results are
confronted to the model developed in Part I. We also con-
sider the three procedures mentioned above to build periodic
patterns, i.e., dot and line array, and periodic modulation
deposited by interfering beams, and analyze in each case the
deposit growth as a function of the exciting parameters.

The paper is organized as follows. We present in Sec. II,
the medium we choose for the investigation, its properties,
and the general aspects of the experimental scheme. The
mechanisms at the origin of the photochemical production of
a new species from the photosensitive mixture are discussed
and we illustrate how this production can easily lead to pho-
todeposition when concentration reaches solubility. Then, the
radial growth of a circular deposit is described in Sec. III. We
show that growth laws are monitored by the competition
between two length scales: the beam waist and the attenua-
tion length within the medium due to light absorption. By
defining a rescaled optical absorptionW using these two
quantities, we analyze photodeposit growth in the two oppo-
site regimesW@1 andW!1, as well as for the crossover in
W. In the two first cases, we find scaling laws that are in
agreement with expectations. Scaling is also investigated for
deposition on both flat and curved substrates. Moreover, we
show in each case how the observed behaviors can be used to
build periodic patterns. We also analyze the late stage growth
of the deposit thickness using data published in the literature.
Section IV is devoted to line writing by extending the previ-
ous results to optical excitation by a scanning beam. We
particularly explore the influence of the scanning velocity on
the transverse line growth under illumination. Using the
same formalism, Sec. V is entirely devoted to the growth of
surface relief gratings monitored by two interfering pump
beams. We show that the analysis of the temporal behavior of
the diffraction pattern of a probe beam is particularly effi-
cient to retrieve the thickness dynamics of the induced de-
posit. We finally conclude in Sec. VI. Considering the good
agreement observed between theory and experiments, the
present investigation offers the opportunity to show that pho-
todeposited patterns can be confidently devised when driven
by a one-photon photochemical reaction.

II. THE PHOTOACTIVE MEDIUM AND ITS OPTICAL
EXCITATION

Experiments are performed at room temperature in an
acidic liquid mixture composed of potassium chromate, eth-
anol, hydrochloric acid, and water. This choice is motivated
by the well-known photoreduction of CrsVI d ions into CrsIII d
ones used for hologram recording in dichromated gelatins
[14]. The mass composition of our sample is: potassium
chromate K2CrO4 s10 wt %d, ethanols8 wt %d, 10N hydro-
chloric acid HCls10 wt %d and ultrapure waters72 wt %d. It
is chosen to be below the solubility threshold. The stability
of the solution was probed by absorption spectra during a
one month period; no variation was detected. The mixture is
prepared according to the following procedure. In a first step,
potassium chromate, ethanol, and pure water are mixed to-

gether. ThepH of the solution is then adjusted by adding
hydrochloric acid. Indeed, different form of CrsVI d ions exist
in aqueous solutions, either HCrO4

− or CrO4
2−, according to

the acid-base equilibrium HCrO4
−
CrO4

2−+H+ spK=6.49d
[15]. We worked atpH=3 in order to have HCrO4

− as the
major species in the solution, since it corresponds to the
hexavalent form of chromium that is activated by light in the
blue-green wavelength range of a continuous Ar+ laser. An
organic compound, here an alcoholsROHd, is also necessary
to enhance the photoreduction of HCrO4

− to a CrsIII d product.
The composition of the mixture has also been chosen to ob-
tain a photoproduced CrsIII d species of low solubility in or-
der to increase the photodeposition yield. X-ray photoelec-
tron spectroscopy and low angle x-ray diffraction show that
photodeposited films of CrsIII d are mainly constituted by
amorphous CrsOHd3 [16], as expected from the classical for-
mation of chromate conversion coatings[17]. On the other
hand, it is now well established that the major pathway from
the CrsVI d to the CrsIII d form starts from a light-induced
excitation of CrsVI d followed by a reduction to a CrsVd in-
termediate and a dark reaction from CrsVd to CrsIII d [14].
One has

CrsVI d + hn
 CrsVI d* ,

CrsVI d* + ROH→ “ CrsVd ” → ¯ → CrsIII d, s1d

wherehn represents the energy of the absorbed photon.
The photochemical reaction is driven by a linearly polar-

ized TEM00 Ar+ laser(wavelength in vacuum:l0=5145 Å).
In a single wave excitation, the beam intensity along
the propagation axis z is written as Isr ,zd=P/
spa0

2dexps−r2/a0
2dexps−szd in cylindrical coordinatessr ,zd,

whereP, a0, ands are, respectively, the incident power, the
beam radius, and the absorption of the initial liquid mixture.
We treat here the beam widtha0 as constant because experi-
ments in resonant liquids require thin samples, and the wave
symmetry can be considered as almost cylindrical around the
propagation axis for axial distanceszøzd=2pna0

2/l0 from
the beam-waist location, wheren is the index of refraction of
the liquid mixture. The mixture is enclosed in a homemade
tight cell composed of a glass slide and a cover slip separated
by 30 or 100mm thick Mylar spacers to prevent disturbing
thermal overheating resulting from light absorption at the
wavelength used. The cover slip is also silanized to avoid
any photochemical deposition on both cell windows. With
s=1.33104 m−1 and a thermal conductivity Lth
<1 W K−1 m−1, the temperature rise induced by the beam
(Sec. III A in Part I) is typically DT.30 K for P=30 mW
and a0=150mm (i.e., for the largest ratioP/a0 used in the
present study). Boiling and convection are then prevented.
Moreover, we did not see any variation of the precipitation
onset of the CrsIII d species produced because its solubility is
almost constant over a wide range in temperature around the
room temperature for the concentration investigated[18].
Consequently, thermal couplings do not affect noticeably the
photochemical deposition described in the present work, and
can be discarded.
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According to Eq.(1), the production in CrsIII d increases
versus optical excitation. As soon as its solubility is locally
reached within the illuminated area, photoprecipitation of
CrsIII d occurs. As already discussed in a series of studies on
amorphous selenium film deposition[19], a rather complex
dynamics is observed. Three main regimes are generally ex-
pected. At short time, spheroids are heterogeneously nucle-
ated on the substrate and grow independently. In a second
stage, aggregation between growing spheroids, followed by
internal restructuring inside the whole structure, leads to the
formation of a porous layer of increasing compactness. Re-
organization is still present during the late-stage growth of a
photodeposit, but growth mainly occurs by the irreversible
adsorption of the diffusing particles photoproduced, here
CrsIII d molecules. In the following, we essentially focus our
experimental investigation onto this late stage when the de-
posit is compact and large compared to any molecular length
scale involved in the process. Some digressions on the two
other regimes will be nevertheless presented to illustrate how
these regimes can strongly influence the late-stage growth in
some special situations.

III. GROWTH OF CIRCULAR PHOTODEPOSITS

A. Theoretical background

In this section, we briefly summarize the main stages in
the derivation of the deposit growth rate for circular photo-
deposits driven by a one-photon photochemical reaction
(Sec. III of Part I). According to Eq.(1), one can assume that
production in CrsIII d is driven by a reaction-diffusion pro-
cess involving a one-photon photochemical reaction. Within
this framework, the reaction scheme is reduced to its two
main steps:

A + hn

k↓

k↑
A*fCrsVI dexcitation/relaxationg,

A* + B

kA*B

CfCrsIII dproduction/decompositiong, s2d

where A, A* , B, and C are, respectively, CrsVI d, excited
CrsVI d, ethanol, and CrsIII d species andk↑, k↓, andkA*B are
the reaction rates associated to the different processes. As-
suming that the kinetics of excitation/relaxation of CrsVI d is
much faster than any mass diffusion involved in the dynam-
ics of photoprecipitation, the volume fractionsFA andFA* ,
respectively, in CrsVI d and CrsVI d* are estimated at steady
state, and are simply related byFA* =sk↑ /k↓dFA. We consider
a one-photon electronic transition to calculate the ratiok↑ /k↓,
and use the standard Einstein coefficients for the one-photon
absorption and the spontaneous and stimulated emissions.
For a pump intensityI smaller than the saturation intensityIS
for the one-photo transition, the concentrationFC in CrsIII d
is described by a field-modified reaction-diffusion equation:

] FCsr,z,td
] t

= DC¹2FCsr,z,td + K* Isr,zd, s3d

where DC is the mass diffusion constant of the product
CrsIII d and K* is the normalized reaction rate for the

CrsVI d* →CrsIII d reaction; it can be noticed thatK* ~s.
Moreover, since the measured deposit is incomparably larger
than any molecular size involved in the process, we assimi-
late its shape to a spherical cap of heighth on beam axis and
radius Rd on the substrate, and build a “droplet growth”
model driven by the diffusion and the adsorption of CrsIII d
molecules produced in the illuminated area. The radial
growth rate is then obtained by equating the flux in CrsIII d at
the surface of the deposit with its volume variation. As the
radius of the deposit is measured atr =Rd and z=h=0, we
finally find

drd

dT
= cossqd

K*P

2DC
E

0

`

J0sQrddFsT,Qdexps− Q2/4dQdQ,

s4d

whereJ0sxd is the zeroth-order Bessel function andq is the
contact angle of the deposit on the substrate. In this equation,
we have also rescaled all the length and time variables by
using, respectively, the beam radiusa0 and the mass diffu-
sion time scale overa0. Definitions are thus:rd=Rd/a0, W
=sa0, and T=DCt /a0

2. Finally, Q represents the conjugate
Fourier-Bessel mode associated to the rescaled radial vari-
ableR=r /a0. FsT,Qd, given by,

FsT,Qd =
1

Q2 − W2h− W+ Q erfsQÎTd

+ W expf− sQ2 − W2dTgerfcsWÎTdj, s5d

describes the temporal behavior of the diffusive flux normal
to the deposit. Note that contrary to the diffusive mecha-
nisms that govern the kinetics of laser-induced liquid/liquid
phase transitions in nonabsorbing liquid mixtures[20],
where the droplet feeding is ensured by the radial mass flux,
the deposit growth is here totally controlled by the diffusive
flux along the beam axisDCs]FC/]ZdH because the solute
adsorption condition impliess]FC/]RdH=0 at the deposit
boundary. While Eq.(4) gives the general expression for the
growth rate after the nucleation stage, experiments are gen-
erally conducted in adiabatic conditions[21]. This means
that growth is analyzed over a period much larger than the
mass diffusion time scale to consider that the solute concen-
tration around the growing deposit is almost stationary. Then,
FsT,Qd reduces toFsT,Qduadiab=1/sQ+Wd, and we find

Udrd

dT
U

adiab
= cossqd

K*P

2DC
E

0

` J0sQrddexps− Q2/4d
Q + W

QdQ.

s6d

Practically, photodeposition requires in any case a “reason-
ably” important optical absorptions. Then, we see from Eq.
(6) that the rescaled absorptionW plays a major role in the
growth rate. However, at a given absorptions, W can be
made large or small compared to one depending on the beam
size. Then, different growth regimes are expected to occur
according to the amplitude of the rescaled optical absorption.
Analysis of these regimes is the purpose of the following
sections.
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A second important and complementary aspect is the de-
scription of the deposit heighthd=hsr =0d. Two different ap-
proaches disserve investigation to probe experimentally the
temporal behavior ofhd. At first, considering our spherical
model, the heighthd of the deposit on beam axis is related to
its radiusRd and to the contact angleq by the relationhd
=fs1−cosqd /sin qgRd. Since this expression is deduced
from a droplet growth model, it means that wetting and sur-
face tension dominate the deposit shape. While these as-
sumptions can be reasonable for vanishing deposit heights,
this reasoning becomes disputable for larger deposit thick-
ness because the exciting beam is usually attenuated within
the deposit. Consequently, we need to take into account the
optical absorption of the deposit and remove any surface
tension forcing. Doing this, and assuming that the shape of
the deposit at nonvanishing height is represented by a beam
centered surface of revolution, the temporal behavior of the
deposit thickness on beam axis becomes

Hd =
1

W8
lnF1 +

K*W8P

2DC
SE

0

` exps− Q2/4d
Q + W

QdQDTG , s7d

where Hd=hd/a0 is the reduced deposit height, andW8
=s8a0 is the rescaled optical absorption of the deposit. Equa-
tion (7), which shows a behavior at variance from that pre-
dicted for the deposit radius, is also known as the Elovich
growth equation[10]; it was empirically used to describe the
growth of thin amorphous selenium film photodeposited
from colloidal solutions under laser excitation[22].

B. Radial growth at large rescaled optical absorption

The experimental setup and an example of late stage ra-
dial growth of a photodeposit are presented in Fig. 1. The
sample is horizontally mounted in thesx,yd plane and illu-
minated with a white light source. The exciting beam is in-
jected vertically(z direction) within the sample by a first
beam splitter and rejected by a second one to protect the
charge coupled device(CCD) video camera from laser radia-
tion. The induced deposit is observed with the CCD video
camera using an ocular of focal length 35 mm. The photode-
posit evolution is also digitized in logarithmic time scale, by
means of a frame grabber for the acquisition. A third lens
(not shown) is located before the first beam splitter to focus
the beam at the entrance face of the cell; lenses with different
focal distances are used to vary the beam waist[23].

Nucleation of a CrsIII d precipitate occurs as soon as the
solubility limit is reached, and a photodeposit starts to coat
the substrate(entrance glass slide) intercepted by the laser
beam; silanization of the cover slip prevents any deposition
on the exit window of the cell. While we will not analyze
nucleation processes of a photodeposit, the second stage of
the growth, i.e., the fractal aggregation between growing
spheroids and their internal restructuring inside the whole
structure is illustrated in Fig. 2; we present binary images to
enhance the involved mechanisms. When looking at the time
associated to pictures, we see that the fractal structure rapidly
disappears to give birth to a compact layer.

Due to the observed internal reorganization and the result-
ing increase in compactness, the image processing used to

analyze the late-stage growth regime of the photodeposit
consists in approximating the surface coverage measurement
by the area of a circular domain of mean radiusRdstd. Note
that such a procedure cannot be implemented at earlier time.
Using this procedure, Fig. 3 shows measurements over a
wide region of the optical parameter space: 7ø Pø42 mW
and 81øa0ø345 mm (i.e., over almost two orders of mag-
nitude in incident beam intensity). Growth is clearly an in-
creasing function of the exciting beam intensity. While no
particular scaling seems to emerge from these measurements,
two growth regimes are nevertheless evidenced. A large
growth rate regime at early time is followed by a short cross-
over to a slow late-stage growth. Considering the pictures
given in Fig. 2 in relation to their associate time, we can
confidently relate the first regime to the early stage growth,
where the reorganization of the growing fractal deposit
dominates.

To interpret these data, we apply our “droplet growth”
model to the large rescaled optical absorption case. Due to
the exps−Q2/4d term appearing in the expression of the de-
posit growth rate given by Eq.(6), the integral contribution
for Q.2 is almost negligible. Consequently, if we rescale
time by takingt=cossqdsK*P/DCWdT, instead ofT, the late
stage growth rate forW@1 reduces to a very simple univer-
sal form:

Udrd

dt
U

W@1
= exps− rd

2d. s8d

Interest in this new form of the growth rate is that the entire
dependence in exciting beam parameters is transferred to

FIG. 1. Schematic representation of the experimental setup
implemented to analyze the radial growth of circular photodeposits.
An example is presented below for an incident beam powerP
=12.8 mW and a beam waista0=143mm.
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both the rescaled deposit radius and the new time scale
which now behaves ast~ Pt/a0

3.
According to this model, the data set should therefore

point out a single-scaled dynamics of the late-stage growth if
the radius of the deposit is rescaled witha0 and the time with
a0

3/P. This data reduction is shown in Fig. 4 for the whole set
of experiments presented in Fig. 3. The scaling is robust
from the early to the late stage of the growth. It also en-
hances and demonstrates the existence of the well-defined
crossover between the two regimes. From a quantitative
point of view, the expected late-stage behavior is recovered
experimentally. We use the growth ratesa0

3/Pddrd/dt
=a expf−sbrdd2g, with the initial condition for integration
rdst=0d=0, to fit the whole data set. We finda
=10±2 mm3/mJ andb=1.1±0.1 by taking into account er-
rors onP anda0 that areDP/P=Da0/a0<5%. The value of
b is very close to one, in agreement with the Gaussian de-
pendence of the growth rate predicted by Eq.(8). On the
other hand, forrd&0.5 our droplet model is obviously not
appropriate to fit the transient acceleration of the kinetics
driven by the fractal aggregation stage. Moreover, the use of
our experimental procedure for fractal deposits leads neces-
sarily to an overestimation of the amplitudea compared to
that predicted for pure solute adsorption on a single seed.
Nevertheless, the fact that a data reduction is also observed

for the fractal structure during the aggregation and reorgani-
zation stage strongly suggests that particle adsorption is the
main driving mechanism for photodeposit growth. Then, un-
like laser-induced liquid-liquid phase separation[20], the
Gibbs-Thomson effect[21] is no more required to drive the

FIG. 2. Temporal behavior of the deposit compactness by fractal
aggregation between growing spheroids and internal restructuring.
Insets are enlargements to observe the evolution of the fractal struc-
ture. The incident beam power and the beam waist values are re-
spectivelyP=3 mW anda0=155mm.

FIG. 3. Photodeposit growth for large values of the rescaled
optical absorption. The region of the optical parameter space
scanned(7ø Pø42 mW and 81øa0ø345 mm) leads to an inci-
dent beam intensity variation within the range 1.9 W/cm2 to
170 W/cm2.

FIG. 4. Plot in reduced variablessrd=Rd/a0,Pt/a0
3d of the fif-

teen experiments presented in Fig. 3. The separation between the
aggregation regime and the late-stage growth is clearly enhanced by
the scaling. The solid line represents the best fit of the late-stage
deposit growth performed according to Eq.(8).
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growth of a photodeposit after the nucleation of spheroids.
For practical applications, this unified description is of

particular interest because the agreement between theory and
experiments shows that one can confidently control the dy-
namic organization of photodeposition, and even predict its
evolution. Moreover, bearing in mind that our model con-
tains basic ingredients of photochemical deposition, it should
be extended to any photodeposit driven by a one-photon ab-
sorption, such as photochemical deposition of noble metals
[24] or semiconductors[25].

C. Radial growth at small rescaled optical absorption

To illustrate an application of laser-driven photodeposi-
tion, we investigate the growth regime associated to a small
rescaled optical absorption by analyzing the kinetic control
of the partial coating of microparticles, instead of describing
the more classical situation of deposition onto a flat sub-
strate; the flat substrate case is simply illustrated at the end of
the section. This approach also shows how deposition meth-
ods can be extended to curved surfaces. The experimental
setup is presented in Fig. 5. As in the preceding experiment,
the photochemical reaction is driven by a linearly polarized
TEM00 Ar+ laser. Microparticles are now added and dis-
persed in the liquid mixture. We used 10-mm NUCLEOSIL®

silica beads for liquid phase chromatography purchased from
Macherey-Nagel. Samples are enclosed in a very thin tight
homemade cell, composed of a glass slide and a cover slip
separated by 30-mm thickness mylar spacers, to prevent dis-
turbing thermal effects induced by the light absorption. The

cover slip was as well silanized to eliminate any photochemi-
cal deposition on the entrance face of the cell. The cell is
horizontally mounted to keep the beads at rest on the bottom
plate. A computer controls translation stages, with step accu-
racy of 0.5mm, to move the holder in the three directions. To
observe the growth of a deposit on top of a bead, the experi-
mental setup is reverted compared to that presented in the
preceding section. The incident beam powerP is adjusted
with a rotating half-wave plate(not shown) located before
the first beam splitter. Laser-assisted microphotochemical
deposition is monitored by a long working distance350
microscope lens(numerical aperture NA=0.5) that focuses
the beam on the top hemisphere of a bead; at the focus, the
beam radius isa0=0.42mm. Note that, despite the curvature
of the substrate, the relative position of the focus versus the
microsphere surface intercepted by the beam is not very criti-
cal because the cylindrical wave symmetry along the propa-
gation axis can be assumed for axial distancesuzuøzd
=pnv0

2/l0<3 mm from the focus. Imaging of the coating
photodeposited on a bead is made by the conjugation of the
350 microscope objective with a second lenssf =20 cmd on
the CCD video camera which is coupled to a computer for
the frame acquisition.

An example of photodeposit growth on top of the bead
hemisphere intercepted by the beam is also presented in Fig.
5. Since the substrate is curved and growth mechanisms in-
volve solute flux along the axial direction, the image pro-
cessing approximates the measured cross section of the cov-
ered hemisphere by a circular area of radiusRdstdinstead of
considering the surface really covered by the deposit[26].
The inset of Fig. 6 shows measurements carried out ata0
=0.42mm over almost one order of magnitude in incident

FIG. 5. Schematic representation of the experimental setup
implemented to analyze the radial growth of a circular coating pho-
todeposited on one hemisphere of a microparticle, as that illustrated
by the side view of a 10-mm-silica bead centered on the beam. An
example is presented below. The incident beam power and the beam
waist values are respectivelyP=35 mW anda0=0.42mm.

FIG. 6. Plot in reduced variablessrd=Rd/a0,Pt/a0
2d of the

growth of the coating deposited on top of a beam centered
10-mm-silica beads presented in the inset for increasing beam
power excitations. The solid line represents a fit of the linear regime
rdstd~ Pt/a0

2 expected at the very beginning of the growth when the
deposit does not feel yet the Gaussian nature of the exciting wave.
The dashed line corresponds to the power law fitrdstd~ÎPt/a0

2

expected forrdstd@1.
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beam power 7ø Pø56 mW. While they show that growth
rate is an increasing function of the optical excitation, the
transient acceleration expected at the early stage growth is
not evidenced, contrary to the large optical absorption case.

To interpret these data, we continue to apply our “droplet
growth” model, but now to the small optical absorption case.
Then,W is neglected in Eq.(6). In this case, if we rescale
time by takingt8=cossqdsÎpK*P/2DCdT, instead ofT, the
radial growth rate reduces to a very simple universal form:

Udrd

dt8
U

W!1
= exps− rd

2/2dI0srd/2d, s9d

where I0 is the zeroth-order modified Bessel function. The
new time scale now behaves ast8~ Pt/a0

2. According to Eq.
(9), the data set should point out a second single-scaled dy-
namics of the late-stage growth if time is rescaled witha0

2/P
while the radius of the deposit is still normalized bya0. This
data reduction on a master curve is shown in Fig. 6. Note
that a very simple asymptotic regime emerges in this low
optical absorption case. Indeed, using the relationI0sxd
<expsxd /Î2px for rd@1, we findrduW!1~Ît8 at large res-
caled deposit radius in good agreement with observations(a
power law fit leads tordu

rd@1
W!1 =2.65sPt/a0

2d0.56 whenPt/a0
2 is

expressed in mJ/mm2). This leads toRd~ÎssPtd, which
shows that growth does not feel the influence of the beam
waist a0 when the deposit radius becomes much larger than
that of the excitation size, and simply depends on the energy
deposited in the medium. Agreement is also observed at
smallerrd for which the regimerduW!1~t8 is predicted. In-
deed, ifPt/a0

2 is expressed in mJ/mm2, then a power law fit
of the concerned data leads tordu

rd@1
W@1 =2.88sPt/a0

2d1.1. On the

other hand, to get some insight on the growth amplitude we
perform a fit of the whole data set according to the following
growth rate:

sa0
2/Pddrd/dt=a expf−sbrdd2gI0f−sbrdd2g, with the initial

condition for integrationrdst=0d=0. However, we finda
=3.2 mm2/ mJ andb=0.07 which are at variance with expec-
tations. Since we recovered the right growth exponents, this
discrepancy could as well be explained by the existence of a
transient growth acceleration at the very early stage. As we
now evidence therduW!1~t8regime, this means that tran-
sient acceleration occurs at a time much smaller that that
observed forW@1, but still exists.

From the practical point of view, this low rescaled absorp-
tion regime is more appealing to pattern surfaces because it
leads to the realization of the finest structures. See, for ex-
ample, the different periodic patterns realized on one hemi-
sphere of a microparticle[Figs. 7(a) and 7(b)] or the kinetic
control of a dot grating deposited on a flat substrate[Figs.
7(c) and 7(d)]. As in the previous case, the agreement ob-
served between theory and experiments strongly suggests
that these photodeposited patterns can easily be controlled
externally. Consequently, using a serial procedure, Figs. 7(c)
and 7(d) show that one can totally tailor the spatial arrange-
ment of a holographic grating as well as its optical phase and
amplitude properties by controlling growth of the different
deposited patches. Applications of the asymmetric patterning

of microspheres can as well be devised in numerous emerg-
ing areas. A direct extension of the previous point is the
tailoring of the phase and the amplitude of microlens coating
in optoelectronics devices[27]. Another important feature is
the chemical anisotropy resulting from dissymmetrization of
microparticle hemispheres. Indeed, the induced coating can
be further functionalized or used as a mask to chemically
modify the uncoated surface. In a second step, the deposit
can be removed allowing a further different functionalization
of the previously covered surface[28]. Unsymmetrical mi-
crospheres can finally be used as “rectified” elements which
can self-assemble in a privileged fashion to build organized
architectures, such as photonic crystals[29].

D. Radial growth at intermediate rescaled optical absorption
and discussion

The experimental setup used to analyze this regime was
either that presented for theW@1 study or that implemented
to coat microparticles, where the microscope objective is
changed to obtain intermediate beam waists. Figure 8 shows
rescaled measurements for 0.9ø Pø7 mW and 5øa0
ø11 mm. To interpret these data, we cannot apply any
asymptotic regime inW (experiments correspond to 0.07
øWø0.14) and we must use the general form of the deposit
growth rate given by Eq.(6). In this case, no particular re-
scaled time, neithert~ Pt/a0

3 nor t8~ Pt/a0
2, emerges to re-

duce the data set to a master curve; we are typically in a
crossover regime.

To get a global view and discuss some general properties
of radial growth driven by laser photochemical deposition,
we also plot in Fig. 8 a representative sampling of the full
experimental set in reduced variablessrd=Rd/a0,Pt/a0

3d ob-
tained for all the regimes in rescaled optical absorption. The
main interest in such a presentation is that temporal behav-
iors of growth laws in different regimes are not sufficient to
understand growth. Amplitudes of growth rates and the com-
parison between these amplitudes are also of great impor-
tance to characterize growth mechanisms. It clearly appears

FIG. 7. Periodic photodeposition atW!1 performed by a com-
puted matrix addressing of thex andy translation stages.(a) and(b)
Micro arrays deposited on 10mm-silica beads. The incident beam
power, the beam waist, and the exposition time values are, respec-
tively, P=28 mW, a0=0.42mm, and te=5 s. The dot size is ap-
proximately 1mm. (c) and (d) Dot grating deposited on glass sub-
strate at two successive exposition times. The incident beam power
and the beam waist areP=0.3 mW anda0=0.9 mm while the ex-
position time values are respectivelyte=2 s (c) and te=10 s (d).
Bare scales are 10mm.
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in Fig. 8 that the two asymptotic situationsW!1 and W
@1 are well separated in reduced time and that the interme-
diateW regime is in between the two others. An increase in
W leads to a shift towards smallerPt/a0

3. This behavior is in
qualitative agreement with predictions. However, from a
quantitative point of view, when data are plotted versus
Pt/a0

2 as illustrated in Fig. 6 of Part I, instead ofPt/a0
3, this

situation should revert. Indeed, when time is rescaled accord-
ing to the mass diffusion time scale, growth in theW!1
sW@1d regime becomes the fastest(slowest). However,
while the intermediateW case and theW!1 regime revert
together as expected, our experimental data show that the
W@1 case still corresponds to the fastest regime, which is in
contradiction with our model. This discrepancy regarding the
full data set could be understood from the growth mecha-
nisms observed at early time(see Fig. 2). Indeed, the tran-
sient fractal aggregation between growing spheroids and the
internal restructuring inside the whole structure observed at
largeW considerably accelerate the kinetics of deposition at
its early stage. While we have seen that there is no obvious
reason to remove this process in theW!1 case, its influence
is nevertheless strongly attenuated becauseW!1 experi-
ments are realized by decreasing the beam waist instead of
reducing the optical absorption of the initial photosensitive
solution. Consequently, at the very early stage of the growth,
the number of spheroids nucleated in the illuminated area is
much smaller than that obtained forW@1, which leads to a
strong decrease of the transient acceleration due to the rear-
rangement of the initial fractal deposit. So, even if we are
mainly interested here in the late stage growth of a photode-
posit, this analysis clearly shows how it can be influenced by
the preceding stages.

E. Late stage growth of the deposit thickness

As our experimental setup does not allow reliablein situ
measurements of the kinetic behavior of the height of single
deposits, the confrontation between theory and experiments
presented in this section is based on data already published
in the literature. Even if we found several analyses devoted
to kinetic behaviors of photodeposition in various systems
(cadmium [30], gold [31], selenium[19], or tungsten[32]
spot deposition for instance), very few can be used to check
our model for the following reasons. At first, most of them
investigate the early growth stage where the deposit height
varies almost linearly in time[30,31]. To investigate this
issue, we proposed two different approaches, one based on
the radial growth usinghd=fs1−cosqd /sin qgRd and the
other leading to the Elovich equation given by Eq.(7). How-
ever, both descriptions lead to a linear temporal variation of
the height at the early stage growth, and thus prevent us to
make a clear-cut choice. On the other hand, our model con-
sider a Gaussian excitation at a given optical wavelength.
Therefore, experiments performed under optical excitation
by spectral lamps[19,31] cannot be interpreted as far as the
intensity distribution of the light source is not known. Con-
sequently, to illustrate deposit height growth, we consider the
case of laser-induced tungsten deposition analyzed in Ref.
[32] and presented in Fig. 16.2.3a of Ref.[9], where mea-
surements are presented over three orders in magnitude in
time. Data are shown in Fig. 9. Excitation is performed with
a dye laser operating atl0=680 nm. The incident beam
power and waist are, respectively,P=270 mW and a0
=5 mm. To compare these measurements to our model, we
perform two fits. The first one is realized according to Eq.
(8), which gives the radial growth rate predicted for large
rescaled optical absorption(the precursorWCl6 is supposed
to strongly absorb light) and by replacingRd by Rd

FIG. 8. Plot in reduced variablessrd=Rd/a0,Pt/a0
3d of the pho-

todeposit growth laws measured for theW!1, the intermediateW
(eight experiments), and theW@1 regimes.

FIG. 9. Temporal behavior of the height of a tungsten spot pho-
todeposited by excitation of aWCl6 vapor with a dye laser operat-
ing at l0=680 nm. The incident beam power and the beam waist
values are respectivelyP=270mW and a0=5 mm. The solid and
the dashed lines correspond to fits, respectively, performed accord-
ing to Eq.(7) (Elovich equation) and Eq.(8) (droplet growth model
at large rescaled optical absorption).

HUGONNOT et al. PHYSICAL REVIEW E 69, 051606(2004)

051606-8



=fsin q / s1−cosqdghd. As illustrated in Fig. 9, this hypoth-
esis cannot fit data at all. The second approach considers the
Elovich form given by Eq.(7). By usinghstd=a lns1+btd,
we find a=1/s8=1 mm and b=4.8 s−1 with 10% errors.
Note that thea value leads to a deposit absorptions8
=106 m−1 that is in qualitative agreement with that of pure
tungstenssW=303106 m−1d. Consequently, it seems that the
temporal behavior of the height of high optical absorption
deposits is governed by an Elovich equation as already pos-
tulated in selenium film deposition analyses[22]; the droplet
growth model, which supposes that surface tension governs
the shape of the deposit, fails to predict the height behavior
at late stage. Further investigations are nevertheless required
due to the fact that we did not fit a large set of data.

IV. GROWTH OF PHOTODEPOSITED LINES

A practical extension of the developments presented in the
preceding sections consists in describing the effect of a scan-
ning beam in order to write continuous patterns on the sub-
strate instead of dot assemblies. Indeed, the use of laser
beams to build interconnects[3], to repair microelectronic
circuit defects[4], or to create continuous patterns of sur-
faces with microscopic features[33,34], constitutes an ap-
pealing alternative to conventional lithography. Examples of
such surface patterning on 10-mm-silica beads and glass sub-
strate are presented in Fig. 10 for theW!1 regime.

The most interesting situation for application purpose
concerns the deposition of narrow lines[35], as those shown
in Fig. 10. However, to give an overview of the properties of
line writing by photochemical deposition, we present in the
following experiments realized at largerW but still in the
W!1 regime. By denoting withVS the beam scanning ve-
locity, the normalized characteristic time of deposition is
given by TS=DCtS/a0

2, wheretS=2a0/VS corresponds to the
time required to scan a beam diameter. For scanning veloci-
ties of the order of a few microns per second, one hasTS

!1. Photodeposition duringTS is thus described by the early
stage growth regime where the adiabatic approximation does
not apply yet. One should therefore take into consideration
the time dependence ofFsT,Qd in the general growth rate
equation[Eq. (4)]. The expression ofFsT,Qd, given by Eq.
(5), reduces toFsT,Qd <

T!1
s2/ÎpdÎT for T!1. So, as far as

line writing is performed during a scanning timeTS!1, the
conditionrd!1 is verified and the line radius is given by

rS <
TS!1

cossqdK* 8Î2

3Îp
ÎDC

P

sa0VSd3/2, s10d

whererS=rdsT=TSd. Equation(10) shows that, if the beam
waist a0 is held constant as in most experiments, the wide-
ness of the written line can be dynamically monitored in a
very smart way by the ratioP/VS

3/2 where two external pa-
rameters, i.e.,P and VS, can be adjusted independently ac-
cording to the experimental conditions. In highly absorbing
media it is preferable to choose low laser power excitations
to prevent any alteration induced by thermal decomposition
and adjust the amplitude of the scanning velocity, while in
the opposite case larger variations inP are confidently
achievable. In fact, experiments are much more sensitive to
the choice of the couplesP,VSd than expected. At low pow-
ers and/or high scanning velocities, lines are discontinuous
and bubbly due to the influence of nucleation. In the opposite
case(large powers and/or small velocities) disturbing ther-
mal effects become rapidly dominant, leading to a blurring of
the line writing process. Thus, the investigable window in
sP,VSd to observe well-written lines as those presented in
Fig. 10(c) is narrow. Figure 11 presents experiments realized
in these conditions ata0=11 mm for 1øVSø100 mm and
0.15ø Pø0.75 mW.

While experiments are in reasonable agreement with pre-
dictions at low scanning velocities[for which the linear
variation predicted by Eq.(10) is recovered], a saturation in
rescaled line width occurs at largerVS (typically for VS

FIG. 10. Periodic photodeposition atW!1 performed by com-
puted continuous scanning of thex andy translation stages.(a) and
(b) Microarray deposited on 10-mm-silica beads. The incident beam
power, the beam waist, and the scanning rate values are respectively
P=42 mW and a0=0.42mm, and VS=1 mm/s. Features slightly
smaller than 1mm are observed.(c) Line array deposited on a glass
slide. The incident beam power, the beam waist, and the scanning
rate values are respectivelyP=0.3 mW, a0=0.9 mm, and VS

=5 mm/s. Bare scales are 10mm.

FIG. 11. Rescaled width of photodeposited lines versus incident
power P and scanning velocityVS at W=0.15. The solid line rep-
resents a linear fit of the expected behavior forVS=1 mm/s and
VS=2 mm/s. The dashed line is a guide for the eye to point out a
saturation of the linewidth observed at largerVS.
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ù5 mm/s), i.e., for smaller exposition timetS=2a0/VS. This
disagreement could originate in part from the processing of
images captured from optical microscopy because diffraction
effects increase drastically for decreasing line widths and
prevent any reliable measurement of widths smaller than
2 mm. However, a physical origin can also be stressed be-
cause for our particular system, we have seen above that
growth at the early stage is fractal, which leads to an over
estimation of the mean deposit size. To avoid this effect and
retrieve the expected scaling, deposited lines must therefore
be compact. But at short time, such a restrictive situation
requires a strong increase in beam power excitation, which
unfortunately leads to liquid boiling and destruction of the
deposit.

V. GROWTH OF SURFACE RELIEF GRATINGS

A. Theoretical background

To build surface relief gratings by photochemical deposi-
tion, we consider two linearly polarized TEM00 Gaussian
beams of same intensity that interfere on the substrate with
an anglec. The light intensity distribution that excites the
photosensitive liquid mixture is written as

IsX,Zd =
P

pa0
2f1 + cossQ0Xdgexps− WZd, s11d

whereQ0=2pa0/L0 is the rescaled Fourier wave vector as-
sociated to the fringe spacingL0=l0/ f2n sinsc /2dg forced
by the two interfering beams.P corresponds to the total
power injected in the medium. In experiments, we fulfill the
condition Q0@1 to justify the plane wave approximation
used to write Eq.(11). Then, the temporal behavior of the
relief of the induced deposit is obtained by extending the
calculation of the growth rate of the deposit thickness driven
by one beam[Eq. (7)] to a two-wave excitation(Sec. V in
Part I). We showed that the dynamics of the scaled height of
the modulated depositHdsTd is described by a logarithm
variation of the sum of two contributions: a background rep-
resented by theQ=0 mode, which corresponds in fact to the
contribution of the Gaussian envelop of the pump waves, and
a modulation driven by the forced modeQ=Q0. However,
when working with holographic gratings it is useful to sepa-
rate as much as possible the background contribution to that
of the modulation because the former often acts as an ampli-
tude pedestal(its optical phase shift is constant) while the
latter gives the phase shift required to characterize the dif-
fraction properties. To do so, we use the properties of the
function FsT,Qd. As FsT,Qd <

T!1
s2/ÎpdÎT!1 at the early

stage growth andFsT,Q=Q0d!FsT,Q=0d at later time, the
influence of the logarithmic variation ofHd is in fact weak.

Hd can then be decomposed asHdsX,Td< H̄dsTd
+fDHdsTd /2gcossQ0Xd, where the background and the
modulation contributions are, respectively, given by

H̄dsTd =
1

W8
lnF1 +

K*W8P

DC
E

0

T

FsT8,Q = 0ddT8G ,

DHdsTd =
2K*P

DC

E
0

T

FsT8,Q = Q0ddT8

1 +
K*W8P

DC
E

0

T

FsT8,Q = 0ddT8.

s12d

As experimentally illustrated below, this separation is of par-
ticular importance when deposits become thick and the num-
ber of diffraction orders increases because classical models
[36] are generally based on thin sine profiles and first-order
diffraction response.

B. Results and discussion

The experimental setup is illustrated in Fig. 12. The
modulated deposit is now created by splitting the beam into
two parts of equal intensity and path length. These two pump
beams are then recombined and intersect at the entrance win-
dow of the sample with an anglec, building up a spatially
periodic intensity distribution characterized by the spatial
wave vectorq0=2p /L0. The center of the induced grating is
optically probed by a continuous He-Ne laser(wavelength in
vacuumlp=633 nm) of sufficiently low power to avoid any
coupling with the deposition process. The beam waista0
=90 mm of the probe is smaller than that of the pumps inside
the samplesa0=156mmd. An example of photodeposited
grating dynamics, as well as the associated diffraction pat-
tern[37], is also presented in Fig. 12. The temporal evolution
of the diffraction pattern is digitized by means of a charge
coupled device video camera coupled to a frame grabber.

FIG. 12. Experimental setup used to induce a photodeposited
surface relief grating and probe its optical characteristics. The angle
c between the two pump beams is adjusted by moving the two-
prism system along thez direction. The beam waist at the entrance
of the cell sa0=156mmd is monitored by imaging the beam waist
generated at the focus of the lensL1 with the afocal systemL2-L3.
The beam waist of the probe beam isa0=90 mm. The lensL4 is
used to image the dynamics of the diffraction pattern of the probe
on the CCD video camera. An example of surface relief grating
evolution at the emergence onset of the first, the second, and the
third order of diffraction is presented below. The incident beam
power and the fringe spacing between the pump beams are respec-
tively P=35 mW andL0=6 mm. The bare scale is 50mm.
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As suggested by Fig. 12, dynamic characterizations of
grating relief can be realized by analyzing the evolution of
the resulting laser probe diffraction pattern. In Fraunhoffer
conditions, the probe amplitude diffracted by the photode-
posit in theu direction is given by the Fourier transform of
the modulation transfer functionf transsx,td=hsx,tdeiwsx,td,
where hsx,td=expf−s8hdsx,tdg and wsx,td
=2pDnhdsx,td /lp are, respectively, the absorption and the
phase shift contributions(Dn is the refractive index differ-
ence between solution and deposit). The phase shift induced

by the pedestalh̄dstd is constant in space; it can be discarded.
On the other hand, according to Eq.(12), the beam attenua-
tion associated with the modulationDhd is negligibly small
compared to that of the pedestal. So, as the amplitude of the
waveEm=0,±1,±2,. . .diffracted by the relief grating is given by
the mth Fourier component of the modulation transfer func-
tion Emstd=sEp/L0d/e0

L0f transsx,tdeim2px/L0dx [38], whereEp

is the incident field amplitude of the probe, one finally finds
that the diffraction efficiency«m of themth order is given by

«m = uEmu2/uEpu2 < e−2s8h̄dUJmS2pDn

lP

Dhd

2
DU2

, s13d

whereJmsxd is themth order Bessel function. Two examples
of mean temporal evolution of the first three diffraction order
efficiencies are illustrated in Fig. 13 for two values of the
fringe spacingL0.

Note that, contrary to the growth of photodeposited circu-
lar patches(Sec. III), we observe an ignition timetignition
associated with the delay required to reach the solubility of
CrsOHd3 before deposition occurs. This is not surprising
since optical diffraction analyses are always more sensitive

than direct observations. Using Eq.(13) to fit the set of ex-
periments presented in Fig. 13, we findDn=1, s8=6
3104 m−1, andK* =8310−9 m2/J. A reasonable agreement
is observed at the early stage growth. The deviations that
appear at later time could be explained by the fact that our
model deals with a compact and homogeneous deposit while
atomic force microscopy(AFM) characterizations presented
in Fig. 14 show that it is composed of aggregated submicro-
spheroids. Consequently, light is also scattered by this inter-
nal structure and the associated losses, illustrated by the halo
observed in the diffraction patterns shown in Fig. 12, were
not considered.

To increase accuracy, experiments were thus reiterated
over a larger set of beam power. The same values of index
contrast, deposit absorption, and normalized reaction rate
were found from the fit of whole the runs. We can thus de-
duce from Eq.(12) the corresponding mean temporal behav-

ior of h̄dstd andDhdstd. As illustrated in Fig. 15, the station-
ary value ofDhdstd is in very good agreement with that found

from AFM imaging (see Fig. 14) and h̄stdd@Dhstdd as al-
ready observed in photodeposition of selenium gratings
[36,39,40]. Moreover, as expected for a nonlocal coupling

(i.e.,FCsQd, IsQd /Q2), the backgroundh̄dstd is mainly a
function of the injected power(this is an intrinsic property of
the associatedQ=0 mode), while the modulationDhdstd is
extremely sensitive toL0. Finally, using the amplitudes
given by the fit, we find that the sine approximation of the
logarithmic variation of the profile is justified fort!15
3103 s, which clearly validates our description over the il-
lumination time investigated.

These experiments, as well as the good agreement ob-
served with theory, suggest the way to monitor dynamically
the amplitude of the modulation of photodeposited surface
relief gratings. Moreover, while we only studied periodic
deposition on surfaces driven by two interfering pump
beams, the method can easily be extended to multiwave ex-
citation to pattern substrates on demand, as illustrated in Fig.
16.

FIG. 13. Measured efficiency of surface relief gratings deposited
by two pump beams interfering for a total incident beam powerP
=35 mW and two values of the fringe spacing:(a) L0=4.8 mm and
(b) L0=8.2 mm. Fits are performed according to Eq.(13).

FIG. 14. Atomic force microscopy determination of the station-
ary relief of a grating photodeposited with an incident beam power
P=7 mW and a fringe spacingL0=4.8 mm. The inset presents the
associated picture. The bare scale is 5mm.
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C. The ignition time

As illustrated in Fig. 13, photodeposited gratings start to
diffract the probe beam after a time delaytignition that can
become significant at low beam power excitation. This effect
can be understood from the temporal behavior of the concen-
tration variation in CrsOHd3 driven by the two interfering
pump beams. Indeed, deposition cannot occur beforeFC
reaches solubilityFS of CrsOHd3 on intensity maxima of the
fringe pattern. The expression ofFC is given by Eq.(23) of
Part I for excitation by two interfering pump beams. By ne-
glecting the modulation contribution compared to the back-

ground, in agreement with results presented in Fig. 15, the
condition sFCdmaxùFS leads to

P ù W2SFSDC

K* DYF 2
Îp

WÎT − 1 + expsW2TderfcsWÎTdG ,

s14d

where equality corresponds to onset, i.e.,T=Tignition, and
gives the expected variation ofTignition versusP. All the pa-
rameters are known from the fitting of the grating efficien-
cies, exceptFS. Then, the fit of the set of ignition times
measured for the experiments presented above, and illus-
trated in Fig. 17, leads toFS=0.3. This value, which seems
large, is in fact in good agreement with the solubility varia-
tion of CrsOHd3 versuspH [18].

VI. CONCLUSION

We have experimentally explored the kinetics of periodic
surface patterning resulting from laser-induced photochemi-
cal deposition in liquid solutions. Our goal was to understand
the different steps involved in the optical excitation of pho-
tosensitive liquid mixtures to form surface relief gratings.
Two questions are important here. At first, is it possible to
build models that are system-independent—which was the
purpose of Part I of this investigation—and are these models
sufficiently relevant to experimentally retrieve a majority of
the predictions? This second part constitutes the corpus of
the present work. Then, if agreement between theory and
experiments is good, is it possible to use a model to control
in situ the dynamics of the desired pattern and to devise its
properties? We investigate these two aspects considering the
kinetics of surface patterning by the photochemical deposi-
tion of chromium oxide layers. All the results were con-
fronted to the model developed in Part I. We have considered
the three main ways to build periodic patterns: dot and line
arrays, and surface relief modulation deposited by interfering
beams. In each case, we analyzed deposit growth as a func-
tion of the set of exciting parameters: waist and power of the
exciting beam, irradiation time, and scanning velocity or

FIG. 15. Dependence on total incident beam powerP of the
temporal behavior of the pedestal(a) and the modulation(b) heights
of photodeposited surface relief gratings deduced from the fit of the
measured diffraction efficiencies. To illustrate the influence of the
fringe spacing, results are presented forL0=4.8 mm and L0

=8.2 mm.

FIG. 16. Surface relief gratings photodeposited using four two-
by-two (a) and three 60° oriented(b) interfering pump beams and
corresponding diffraction pattern of the probe beam. The incident
beam power, the beam waist, the fringe spacing, and the exposition
time are, respectively,(a) P=56 mW,a0=156mm, L0=5 mm, and
te=25 s,(b) P=50 mW,a0=156mm, L0=5 mm, andte=20 s.

FIG. 17. Dependence on total incident beam powerP of the
ignition time tignition required to observe diffraction of the probe
beam by photodeposited gratings.
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fringe spacing when relevant. We found good agreement
with predictions. In the case of patch deposition under the
excitation by a classical Gaussian laser wave, we have seen
that its late-stage radial growth is clearly characterized by
different scaled laws depending on the ratio between the
beam waist and the optical absorption length associated with
the mixture. Beyond a simple comparison between theory
and experiments, the observed agreement strongly suggests
that coarsening theories of first-order phase transitions at late
stage can easily be extended to laser-assisted photochemical
deposition. We also explored the height growth of the in-
duced deposit in order to check the validity of our spherical
cap model to characterize thickness. We showed that this
trivial comparison fails for thick deposits, and used an exten-
sion of our model that predicts an Elovich’s formulation of
the height growth. Good agreement with experimental data is
found. We then extended our investigation to dynamic line
writing by photochemical deposition. While we found rea-
sonable agreement at intermediate beam scanning velocities,
our experiments show a significant sensitivity of the depos-
ited lines to this new variable. This analysis clearly deserves
further investigation to get a clear cut view of the mecha-
nisms that can disturb line writing, particularly when the
rescaled absorption is not totally negligible. Since our analy-
sis is devoted to periodic surface patterning, we also describe

experimentally the dynamic building of holographic gratings
photodeposited by two interfering pump beams. We showed
that the induced relief is composed of a pedestal and a modu-
lation and we characterized quantitatively these two compo-
nents by analyzing the diffraction pattern kinetics of a probe
beam.

As a conclusion, in view of the agreement observed be-
tween experiments and predictions, our study shows how the
dynamics of photochemical deposition can be devised for
applications in periodic patterning. This is of particular inter-
est in material and optical sciences because this agreement
suggests that it becomes possible to strongly reduce the num-
ber of characterizations when laser excitation or material is
changed. A major point in this direction is the observation of
scaling regimes. They can be used to predict the properties of
the desired patterning and its optical performances whatever
the excitation properties are. Due to the role played by pho-
todeposition in surface patterning, lithography, or holography
such a universal description furnishes valuable insights to the
underlined physics for the design and the control of photo-
deposited microelements. Experimental extensions to chro-
mium hydroxide deposits in presence of other acids or at
different optical wavelengths, as well as deposition of man-
ganese dioxide layers[41], abound in this direction.
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