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Kinetic control of surface patterning by laser-induced photochemical deposition in liquid
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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 Arlaser 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 oylEmodel
Hugonnot and J. P. Delville, Phys. Rev.@, 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 face of the entrance window. Then, these particles grow, coa-

Laser-writing technologies become the corner stone of nul_esce, and form & continuous film in the illuminated area
9 9 [11]. Consequently, by illumination with a spatially well-

Merous emerging technologies in .mater!al proces[slmgog— defined laser excitation, various dots, lines, or more intricate
cause the desired structures are bnikituin one step, while  n4tterns can be directly deposited in a single step on a solid
lithographic techmques_denved from m|Cr_0€|EC_tr0ﬂl(?S, ar&ybstrate in contact with the photoactive solution. While this
usually based on a multiple mask process involving differentyyiting procedure is very easy to implement, the optimiza-
stages. The resulting rapid prototyping makes laser direGion of the induced patterns requires a perfect tailoring of the
writing very appealing and challenging in a wide range ofmaterial deposited because the performances of the final de-
applications. For example, microelectronic compond@is vices strongly depend on the size, shape, and distribution of
and interconnectf3] are successfully realized by laser writ- these deposits. That is why we develop in a companion paper
ing of numerous materials. The main advantages of lasei12] (referred to from now on as Parf & thermodynamic
beam writing are the small lateral features, of the order oflescription of the kinetics of deposition under exposition to a
microns, that can be achieved with simultaneous control ofontinuous laser wave.
the depth structure. Moreover, laser pencils create near- Considering a reaction/diffusion scheme involving the
continuous and smooth profiles rather than stepped structur@e-photon excitation of a two-level system, we analyzed the
generated with masks. These aspects are thus very appealiigrmodynamic behavior of the field variation of the photo-
in micro-optical applications that use beam splitters and€action product, and deduced the coarsening of the resulting
shapers, diffractive microelements, or microlens array fordeposit in presence of the light intensity distribution. Beyond
telecom and datacom. predictions on radial and axial growth, our main goal was to
Among the different laser-writing techniquéshotoelec- describe how the kinetics of photodeposition can be effi-

trochemical etching4], photodoping[5], laser ablatior{6], ciently used to build hqlographic grgtings and tailor their
laser machining7], photo-diagnosticgs], chemical process- optical phase and amplitude properties. We focused our at-

: . : o - tention to dot and line arrays created by a serial procedure,
:‘Hr%sv?rtgn:elli?qiriz[ggluft(i)gr:[r]lsot]aigc\?érSg?tt:)adc?i[\)/zstlfgzguosfetlri]gljrr]]t and penqt_jlc structures produced by the interference field of
S o . two exciting beams(parallel procedure Moreover, to
excitation is generally efficient and experiments are €asy tQ,oqant 5 universal description of the involved processes, we

manage. Indeed, the writing beam is injected through an 0psyiendeqd coarsening theories of phase transitjdss and
tical window into a cell that contains a photoactive solut|0n.demonstrate scaling behaviors in photodeposition driven by
Photons are absorbed and trigger a photochemical reaction

. . ) usion and solute adsorption. While such an approach is
produce a new species. Above some onset in concentratiof)g

lassicallv th lubilitv of th ; leati ually presented in a fundamental context, it has also im-
classically the Solubility of this new Species, nuciealion 0C-qant grawbacks toward very practical situations because a
curs and solid nanoparticles are deposited on the intern

nified view of photodeposition is presented, whatever the
photosensitive mixture used is.

The present study is devoted to an experimental investi-

*Email address: jp.delville@cpmoh.u-bordeaux1.fr gation of these predictions. We experimentally analyze the
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kinetics of surface patterning by the photochemical deposigether. ThepH of the solution is then adjusted by adding
tion of chromium hydroxide layers driven by a continuous hydrochloric acid. Indeed, different form of Gfl ) ions exist
Ar* laser wave in a potassium chromate solution. Results ar@ aqueous solutions, either HCy@r CrQ;, according to
confronted to the model developed in Part I. We also conthe acid-base equilibrium HC{@=CrO} +H* (pK=6.49
sider the three procedures mentioned above to build periodigL5]. We worked atpH=3 in order to have HCrDas the
patterns, i.e., dot and line array, and periodic modulatiommajor species in the solution, since it corresponds to the
deposited by interfering beams, and analyze in each case th@xavalent form of chromium that is activated by light in the
deposit growth as a function of the exciting parameters.  blue-green wavelength range of a continuous Kser. An
The paper is organized as follows. We present in Sec. llorganic compound, here an alcoliB®OH), is also necessary
the medium we choose for the investig_ation, its propertiesyo enhance the photoreduction of HGr® a CAlll) product.
and the general aspects of the experimental scheme. Thege composition of the mixture has also been chosen to ob-
mechanisms at the origin of the photochemical production ofgin a photoproduced Q) species of low solubility in or-
a new species from the photosensitive mixture are discussgfby 1o increase the photodeposition yield. X-ray photoelec-
and we illustrate how this production can easily lead to phoygn spectroscopy and low angle x-ray diffraction show that
todeposition when concentration reaches solubility. Then, thgpatodeposited films of Cill) are mainly constituted by
radial growth of a circular deposit is described in Sec. Ill. Weamorphous QOH); [16], as expected from the classical for-
show that growth laws are monitored by the competitionyaiion of chromate conversion coatinils7]. On the other
b_etween two _Iength scales_: the beam waist and th(_a attenuﬁénd, it is now well established that the major pathway from
tion length within the medium due to light absorption. By the CVI) to the Cflll) form starts from a light-induced

defining a rescaled optical absorptidd using these two L ; L
quantities, we analyze photodeposit growth in the two Oppo_excnatlon of C(V1) followed by a reduction to a ) in

site regimedV>1 andW<1, as well as for the crossover in g;@iﬂgte and a dark reaction from(€y to Cr(lll) [14]
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 Cr(VI)" +ROH— “Cr(V)” — --- = Cr(lll), (1)

of the deposit thickness using data published in the literature.

Section IV is devoted to line writing by extending the previ- wherehv represents the energy of the absorbed photon.

ous results to optical excitation by a scanning beam. We The photochemical reaction is driven by a linearly polar-
particularly explore the influence of the scanning velocity onized TEMy, Ar* laser(wavelength in vacuumk,=5145 A).

the transverse line growth under illumination. Using theln a single wave excitation, the beam intensity along
same formalism, Sec. V is entirely devoted to the growth ofthe propagation axisz is written as I(r,z)=P/
surface relief gratings monitored by two interfering pump(wag)exq—ﬂ/ag)exp(—gz) in cylindrical coordinategr,z),
beams. We show that the analysis of the temporal behavior qfhereP, a,, and are, respectively, the incident power, the
the diffraction pattern of a probe beam is particularly effi- peam radius, and the absorption of the initial liquid mixture.
cient to retrieve the thickness dynamics of the induced dewe treat here the beam wid# as constant because experi-
posit. We finally conclude in Sec. VI. Considering the goodments in resonant liquids require thin samples, and the wave
agreement observed between theory and experiments, tgmmetry can be considered as almost cylindrical around the
present investigation offers the opportunity to show that phopropagation axis for axial distance§zd=27rna§/)\0 from
todeposited patterns can be confidently devised when drivefhe beam-waist location, whereis the index of refraction of

Cr(Vl) + hv= Cr(VI)",

by a one-photon photochemical reaction. the liquid mixture. The mixture is enclosed in a homemade
tight cell composed of a glass slide and a cover slip separated
Il. THE PHOTOACTIVE MEDIUM AND ITS OPTICAL by 30 or 100um 'FhICk Myla_r spacers _to prevent cﬁsturbmg
EXCITATION thermal overheating resulting from light absorption at the

wavelength used. The cover slip is also silanized to avoid
Experiments are performed at room temperature in amny photochemical deposition on both cell windows. With

acidic liquid mixture composed of potassium chromate, etho=1.3x10* m™* and a thermal conductivity Ay,
anol, hydrochloric acid, and water. This choice is motivated=1 W K™! m™, the temperature rise induced by the beam
by the well-known photoreduction of Grl) ions into Cflll)  (Sec. lll A in Part ) is typically AT=30 K for P=30 mwW
ones used for hologram recording in dichromated gelatinand a;,=150 um (i.e., for the largest ratid®/a, used in the
[14]. The mass composition of our sample is: potassiunpresent study Boiling and convection are then prevented.
chromate KCrO, (10 wt %), ethanol(8 wt %), 10N hydro-  Moreover, we did not see any variation of the precipitation
chloric acid HCI(10 wt %) and ultrapure wate72 wt %). It onset of the Qilll ) species produced because its solubility is
is chosen to be below the solubility threshold. The stabilityalmost constant over a wide range in temperature around the
of the solution was probed by absorption spectra during aoom temperature for the concentration investigaf&8)].
one month period; no variation was detected. The mixture i€£onsequently, thermal couplings do not affect noticeably the
prepared according to the following procedure. In a first stepphotochemical deposition described in the present work, and
potassium chromate, ethanol, and pure water are mixed t@an be discarded.
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According to Eq.(1), the production in Qitll) increases Cr(VI)"—Cr(lll) reaction; it can be noticed thd{ = o.
versus optical excitation. As soon as its solubility is locally Moreover, since the measured deposit is incomparably larger
reached within the illuminated area, photoprecipitation ofthan any molecular size involved in the process, we assimi-
Cr(lll') occurs. As already discussed in a series of studies olate its shape to a spherical cap of heiglin beam axis and
amorphous selenium film depositi¢fh9], a rather complex radius Ry on the substrate, and build a “droplet growth”
dynamics is observed. Three main regimes are generally exaodel driven by the diffusion and the adsorption ofIC)
pected. At short time, spheroids are heterogeneously nuclenolecules produced in the illuminated area. The radial
ated on the substrate and grow independently. In a secorgtowth rate is then obtained by equating the flux itlICy at
stage, aggregation between growing spheroids, followed bshe surface of the deposit with its volume variation. As the
internal restructuring inside the whole structure, leads to theadius of the deposit is measuredratR; and z=h=0, we
formation of a porous layer of increasing compactness. Refinally find
organization is still present during the late-stage growth of a g P [
photodeposit, but growth mainly occurs by the irreversible 0pq _ KrF A2
adsorption of the diffusing particles photoproduced, here dT _Coiﬁ)zDCJO Jo(Qpa)F (T, Qexp(- Q74)QdQ,

Cr(lll) 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 lengtyhere J,(x) is the zeroth-order Bessel function afds the
scale involved in the process. Some digressions on the tWepntact angle of the deposit on the substrate. In this equation,
other regimes will be nevertheless presented to illustrate hoye have also rescaled all the length and time variables by
these regimes can strongly influence the late-stage growth ifsing, respectively, the beam radiag and the mass diffu-

some special situations. sion time scale ovea,. Definitions are thuspy=Ry/ay, W
=ga, and T:Dctlag. Finally, Q represents the conjugate
ll. GROWTH OF CIRCULAR PHOTODEPOSITS Fourier-Bessel mode associated to the rescaled radial vari-
A. Theoretical background ableR=r/ay. F(T,Q), given by,
In this section, we briefly summarize the main stages in 1 =
the derivation of the deposit growth rate for circular photo- F(T,Q = m{— W+Q erf(Q\T)
deposits driven by a one-photon photochemical reaction _
(Sec. lll of Part ). According to Eq(1), one can assume that +W exd- (Q2-WA)TlerfdWAT)},  (5)

production in C(lll) is driven by a reaction-diffusion pro-
cess involving a one-photon photochemical reaction. Withi
this framework, the reaction scheme is reduced to its tw
main steps:

rflescribes the temporal behavior of the diffusive flux normal
do the deposit. Note that contrary to the diffusive mecha-
nisms that govern the kinetics of laser-induced liquid/liquid
phase transitions in nonabsorbing liquid mixturg20],
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 axi®(dd/JZ),; because the solute
Kasg adsorption condition impliegd®./JR),=0 at the deposit
A" +B= C[Cr(lll )productioridecompositioh  (2) boundary. While Eq(4) gives the general expression for the
« . . growth rate after the nucleation stage, experiments are gen-
where A, A, B, and C are, re_spectlvely, @v1), excited erally conducted in adiabatic conditioi2l]. This means
Cr(V1), ethanol, and GHI) species and, k|, andkxg are  yhat growth is analyzed over a period much larger than the
the reaction rates associated to the different processes. Agass diffusion time scale to consider that the solute concen-
suming that the kinetics of excitation/relaxation of @) is  tration around the growing deposit is almost stationary. Then,

much faster than any mass diffusion involved in the dynam£(T Q) reduces taF(T, Q)| agian=1/(Q+W), and we find
ics of photoprecipitation, the volume fractiods, and ® .,

k

T * . . .
A+ hv=A"[Cr(VI)excitatiorrelaxation],
ky

respectively, in QiV1) and C(VI)" are estimated at steady dpg - codd K'P [ Jo(Qpgexp— Q¥4) q
state, and are simply related By = (k;/k,)® . We consider ~ =codd) QdQ.
. ) U ; dT | adiap 2DcJo Q+W
a one-photon electronic transition to calculate the ratidx|,
and use the standard Einstein coefficients for the one-photon (6)

absorption and the spontaneous and stimulated emissio
For a pump intensity smaller than the saturation intensity
for the one-photo transition, the concentratidg in Cr(lll)
is described by a field-modified reaction-diffusion equation:

r‘\§ractically, photodeposition requires in any case a “reason-
ably” important optical absorptioa. Then, we see from Eq.
(6) that the rescaled absorptidi plays a major role in the
growth rate. However, at a given absorption W can be
Idc(r,zt) ) . made large or small compared to one depending on the beam
ot DcVede(r,zt) +K'I(r,2), (3)  size. Then, different growth regimes are expected to occur
according to the amplitude of the rescaled optical absorption.
where D¢ is the mass diffusion constant of the productAnalysis of these regimes is the purpose of the following
Cr(lll) and K* is the normalized reaction rate for the sections.
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A second important and complementary aspect is the de-
scription of the deposit heighiy=h(r=0). Two different ap-
proaches disserve investigation to probe experimentally the —
temporal behavior ofy. At first, considering our spherical Beam Splitter
model, the heighly of the deposit on beam axis is related to —>
its radiusRy and to the contact anglé by the relationhy
=[(1-cos®)/sin ¥]Ry. Since this expression is deduced Photodeposit ~=— Lens (=35 mm)
from a droplet growth model, it means that wetting and sur- 4
face tension dominate the deposit shape. While these as- y Optical Cell
sumptions can be reasonable for vanishing deposit heights,
this reasoning becomes disputable for larger deposit thick- X -2 = | .ens
ness because the exciting beam is usually attenuated within
the deposit. Consequently, we need to take into account the c. w. Ar* {aser Beam Splitter
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 White Light Source
deposit thickness on beam axis becomes

1 K'WP/([ [* exp(- Q%4) 100 jum
d—W,Inl1+ 2D (Jo QrW QdQ>T}, () *

where Hy=hy/ay is the reduced deposit height, aml’ ;
=¢'a, is the rescaled optical absorption of the deposit. Equa- =30s =300
tion (7), which shows a behavior at variance from that pre- FIG. 1. Schematic representation of the experimental setup

dicted for the_ depo.sllt radius, 'S.‘ .also known as the_ EIOV'Chmplemented to analyze the radial growth of circular photodeposits.
growth equat'.odlo]’ it was emplrlcglly us,ed to describe t_he An example is presented below for an incident beam poRer
growth of thin amorphous selenium film photodeposited_15 g mw and a beam waiah =143 um.

from colloidal solutions under laser excitati¢®?].

C.C.D. Video Camera

—s———— Light Condenser

H

=2600s

analyze the late-stage growth regime of the photodeposit
B. Radial growth at large rescaled optical absorption consists in approximating the surface coverage measurement

The experimental setup and an example of late stage rd& the area of a circular domain of mean radiygt). Note
dial growth of a photodeposit are presented in Fig. 1. Théhat such a procedure cannot be implemented at earlier time.
sample is horizontally mounted in th,y) plane and illu- Using th_ls procedure,_ Fig. 3 shows measurements over a
minated with a white light source. The exciting beam is in-Wide region of the optical parameter spaces <42 mW
jected vertically(z direction within the sample by a first and 81<ag=345um (i.e., over almost two orders of mag-

beam splitter and rejected by a second one to protect th@ltude in incident beam intensityGrowth is clearly an in-
charge coupled deviq€CD) video camera from laser radia- '€aSing function of the exciting beam intensity. While no

tion. The induced deposit is observed with the CCD videgParticular scaling seems to emerge from these measurements,

camera using an ocular of focal length 35 mm. The photodetW® growth regimes are nevertheless evidenced. A large

posit evolution is also digitized in logarithmic time scale, by 9r0Wth rate regime at early time is followed by a short cross-

means of a frame grabber for the acquisition. A third lensOVer 10 @ slow late-stage growth. Considering the pictures
(not shown is located before the first beam splitter to focus91VeNn in Fig. 2 in relation to their associate time, we can

the beam at the entrance face of the cell: lenses with differeffOnfidently relate the first regime to the early stage growth,
focal distances are used to vary the beam WisL where the reorganization of the growing fractal deposit

Nucleation of a Gll) precipitate occurs as soon as the dominates. hese d I dron] .
solubility limit is reached, and a photodeposit starts to coat Lo Ilr:temrelt these atla,dwe tf’:lpl? ybour " roplet grolslvt i
the substraté€entrance glass sligientercepted by the laser model 1o e large rescaled oplical absorption case. DU 1o

—02 ing i i i
beam; silanization of the cover slip prevents any depositionjihe 'exm Q*/4) term appearing in the'expressmn O,f thg de
on the exit window of the cell. While we will not analyze POSit growth rate given by Eq6), the integral contribution

nucleation processes of a photodeposit, the second stage fgf @2 is almost negligible. Consequently, if we rescale

the growth, i.e., the fractal aggregation between growind'Me Py takingr=cod9)(K'P/DcW)T, instead off, the late

spheroids and their internal restructuring inside the wholeStage growth rate fow>1 reduces to a very simple univer-
structure is illustrated in Fig. 2; we present binary images to>al form:
enhance the involved mechanisms. When looking at the time dpg
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 resultnterest in this new form of the growth rate is that the entire
ing increase in compactness, the image processing used dependence in exciting beam parameters is transferred to

ar = exp(- pj). (8)
T lws1
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ao=124 pm, P=7 mW
4 a0=156 pm, P=42 mW
s a0=156 pm, P=35 mW
a0=156 pm, P=28 mW
a0=156 pm, P=21 mW
a0=156 pm, P=14 mW ]
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a0=156 pm, P=3.5 mW
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.
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>
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FIG. 3. Photodeposit growth for large values of the rescaled
optical absorption. The region of the optical parameter space
scanned7<P=42 mW and 8k ay=<345um) leads to an inci-
dent beam intensity variation within the range 1.9 W#cto
170 W/cnf.

t=106 s t=386 s for the fractal structure during the aggregation and reorgani-
ation stage strongly suggests that particle adsorption is the
aggregation between growing spheroids and internal restructuring. an derlr_]g mechanlsr_n f_or photodepOSIt growth. Then, un-
Insets are enlargements to observe the evolution of the fractal strudk€ laser-induced liquid-liquid phase separatif0], the

ture. The incident beam power and the beam waist values are r&2iPbs-Thomson effedi21] is no more required to drive the
spectivelyP=3 mW anday=155 um.

FIG. 2. Temporal behavior of the deposit compactness by fractaf

10' . . . . .
both the rescaled deposit radius and the new time scale W>>1
which now behaves asx Pt/aj,
According to this model, the data set should therefore
point out a single-scaled dynamics of the late-stage growth if <10°

eeReeuE
((((l(((l(((l(;g_(.((ﬂr 1t

- a0=81 pm, P=35 mW
© a,=81pm,P=14mW J

=a exd—(Bpgy)?], with the initial condition for integration 2,=156 pm, P=7 mW

the radius of the deposit is rescaled wathand the time with 2, o a,=81pm, P=7 mW
a3/ P. This data reduction is shown in Fig. 4 for the whole set ﬁF‘ * 2124 pm, P=35 mW
of experiments presented in Fig. 3. The scaling is robust By © a=124 pm, P14 mW
from the early to the late stage of the growth. It also en- B 7 8124 pm, P7 mW
hances and demonstrates the existence of the well-defined E 10 s . :"::?m,:::x-
crossover between the two regimes. From a quantitative g ¥ v ,‘;lsﬁz:Hmw
point of view, the expected late-stage behavior is recovered g v a:=156um,P=21mW
experimentally. We use the growth rat(ag/P)dpd/dt E 10 X 2,=156 pm, P=14 mW

pd(t=0)=0, to fit the whole data set. We findy aax 3,=156 pm, P=3.5 mW
=10+2 um3/ nd andB=1.1+0.1 by taking into account er- “of:::"“":”‘sv‘;‘w
rors onP anda, that areAP/P=Aay/ay~5%. The value of -o—:;tmm h

B is very close to one, in agreement with the Gaussian de- 10° L L L L L
pendence of the growth rate predicted by E8). On the 10° 10* 10° 107 10" 10" 10
other hand, forpy=<0.5 our droplet model is obviously not pt/a03 (mJI/pm®)

appropriate to fit the transient acceleration of the kinetics

driven by the fractal aggregation stage. Moreover, the use of E|G. 4. Plot in reduced variablepy=Ry/ag, Pt/a3) of the fif-

our experimental procedure for fractal deposits leads necegeen experiments presented in Fig. 3. The separation between the
sarily to an overestimation of the amplitudecompared to  aggregation regime and the late-stage growth is clearly enhanced by
that predicted for pure solute adsorption on a single seedhe scaling. The solid line represents the best fit of the late-stage
Nevertheless, the fact that a data reduction is also observetposit growth performed according to E§).
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1
C.C.D. Video Camera 10 T T
—pl(t)"’(waoz) ""' W<<1
~+— Lens(=20cm) @ [____. 2,05
. pLO~(Pa)
c. w. Ar* Laser Beam Splitter 5\
Silica Beads x50 Objective 2 = ;
g 10° S
10 - .
z & s ‘P f 3
Cell 2 g spof ]
g E - . l0=0.4lem,P=7]lw
bt ¥ e o 8 =042pum,P=14 W
Light Condenser & £ sk’ " s =042pm, P=28pW ]
= O a =042 pm, P=56 W
0 TR b
0 20 40 60 80 100 120
1 Time £ (s}
10 1 1
—— 10" 10’ 10! 10°
White Light Source Pt/a; (mJ/pm?)
..- FIG. 6. Plot in reduced variable&)d:Rd/aO,Pt/ag) of the
growth of the coating deposited on top of a beam centered
t=0s t=2s t=4s t=8s  t=16s  t=22s 10-um-silica beads presented in the inset for increasing beam

power excitations. The solid line represents a fit of the linear regime

_ FIG. 5. Schematic represe_ntation of the _experiment_al Sem%d(t)ocPt/aSexpected at the very beginning of the growth when the
implemented to analyze the radial growth of a circular coating pho'deposit does not feel yet the Gaussian nature of the ex

citing wave.
todeposited on one hemisphere of a microparticle, as that iIIustrateﬁ:Ihe dashed line corresponds to the power IaWpJ(tt)oc\s’ng
by the side view of a 1Qsm-silica bead centered on the beam. An expected fopy(t)> 1

example is presented below. The incident beam power and the beam Pd '

waist values are respectiveRy=35 uW andag=0.42 um. cover slip was as well silanized to eliminate any photochemi-

cal deposition on the entrance face of the cell. The cell is
growth of a photodeposit after the nucleation of spheroids. horizontally mounted to keep the beads at rest on the bottom
For practical applications, this unified description is of plate. A computer controls translation stages, with step accu-
particular interest because the agreement between theory apsty of 0.5.m, to move the holder in the three directions. To
experiments shows that one can confidently control the dyobserve the growth of a deposit on top of a bead, the experi-
namic organization of photodeposition, and even predict itsnental setup is reverted compared to that presented in the
evolution. Moreover, bearing in mind that our model con-preceding section. The incident beam povieis adjusted
tains basic ingredients of photochemical deposition, it shoulgyith a rotating half-wave platénot shown located before
be extended to any photodeposit driven by a one-photon alihe first beam splitter. Laser-assisted microphotochemical
sorption, such as photochemical deposition of noble metalgeposition is monitored by a long working distanzes0
[24] or semiconductor§25]. microscope lengnumerical aperture NA=0)5that focuses
the beam on the top hemisphere of a bead; at the focus, the
beam radius is®;=0.42 um. Note that, despite the curvature
of the substrate, the relative position of the focus versus the
To illustrate an application of laser-driven photodeposi-microsphere surface intercepted by the beam is not very criti-
tion, we investigate the growth regime associated to a smaftal because the cylindrical wave symmetry along the propa-
rescaled optical absorption by analyzing the kinetic controbation axis can be assumed for axial distan¢zssz,
of the partial coating of micropatrticles, instead of describing= wnwé/hoz3 pum from the focus. Imaging of the coating
the more classical situation of deposition onto a flat subphotodeposited on a bead is made by the conjugation of the
strate; the flat substrate case is simply illustrated at the end of 50 microscope objective with a second I&fis 20 cm on
the section. This approach also shows how deposition meththe CCD video camera which is coupled to a computer for
ods can be extended to curved surfaces. The experimentdie frame acquisition.
setup is presented in Fig. 5. As in the preceding experiment, An example of photodeposit growth on top of the bead
the photochemical reaction is driven by a linearly polarizedhemisphere intercepted by the beam is also presented in Fig.
TEMg, Ar* laser. Microparticles are now added and dis-5. Since the substrate is curved and growth mechanisms in-
persed in the liquid mixture. We used 1@n NUCLEOSIL®  volve solute flux along the axial direction, the image pro-
silica beads for liquid phase chromatography purchased fromessing approximates the measured cross section of the cov-
Macherey-Nagel. Samples are enclosed in a very thin tighered hemisphere by a circular area of radR4&)instead of
homemade cell, composed of a glass slide and a cover sligonsidering the surface really covered by the depfsi.
separated by 3@m thickness mylar spacers, to prevent dis-The inset of Fig. 6 shows measurements carried owyat
turbing thermal effects induced by the light absorption. The=0.42 um over almost one order of magnitude in incident

C. Radial growth at small rescaled optical absorption
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FIG. 7. Periodic photodeposition #{<1 performed by a com-
puted matrix addressing of thkandy translation stagesa) and(b)
Micro arrays deposited on 1@m-silica beads. The incident beam
power, the beam waist, and the exposition time values are, respec-
wherel, is the zeroth-order modified Bessel function. Thetively, P=28 uW, a;=0.42um, andte=5s. The dot size is ap-
new time scale now behaves #s< Pt/a3. According to Eq. ~ Proximately 1um. (c) and(d) Dot grating deposited on glass sub-
(9), the data set should point out a second single-scaled dys_trate at two successive exposition times. The |nC|de_nt beam power
namics of the late-stage growth if time is rescaled vaghP ~ @nd the beam waist af=0.3 mW anday=0.9 um while the ex-
while the radius of the deposit is still normalized @y This ~ Position time values are respectively=2 s (¢) and t=10 s (d).
data reduction on a master curve is shown in Fig. 6. Notdare scales are 10m.
that a very simple asymptotic regime emerges in this low
optical absorption case. Indeed, using the relatigix) of microspheres can as well be devised in numerous emerg-
~exp(x)/V2mx for pg>1, we findpglw<i 7 at large res- ing areas. A direct extension of the previous point is the
caled deposit radius in good agreement with observatians _tallormg of the phase a_md the amplltud_e of microlens coa_mng
power law fit leads tq)d|w<;i:2.65(Pt/a§)°-56 whenPt/aZis N optoelectronics devicg27]. Another important feature is

Py

. ; . the chemical anisotropy resulting from dissymmetrization of
2 /
expressed in mym?). This leads toRyya(PD), which  nicronarticle hemispheres. Indeed, the induced coating can

shows that growth does not feel the influence of the beamyg fyrther functionalized or used as a mask to chemically
waistay when the deposit radius becomes much larger thap,qify the uncoated surface. In a second step, the deposit
that of the excitation size, and simply depends on the energy,, e removed allowing a further different functionalization
deposited in the medium. Agreement is also observed &t the previously covered surfag@g]. Unsymmetrical mi-
smallerpq fog which the reg_'m@d|W<<21°‘T, is predicted. In- crogpheres can finally be used as “rectified” elements which
deed, ifPt/a; is expressed in mum®, then a power law fit - ¢ seif-assemble in a privileged fashion to build organized
of the concerned data Ieadsﬁgirgllzz.SaPt/ao)l-l. Onthe  architectures, such as photonic crysfs].

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

beam power EP=<56 uW. While they show that growth
rate is an increasing function of the optical excitation, the
transient acceleration expected at the early stage growth i
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 taking7' =cog9) (V7K 'P/2D)T, instead ofT, the
radial growth rate reduces to a very simple universal form:

dpg

G | = exB=py2lolpd2), 9)
T lw<1

D. Radial growth at intermediate rescaled optical absorption

growth rate: ) i
(a§/P)dpg/ dt=a ex~(8py)?]lo[~(Bpa)?], with the initial and discussion
condition for integrationpy(t=0)=0. However, we finda The experimental setup used to analyze this regime was

=3.2 um? uJ andB=0.07 which are at variance with expec- either that presented for ttw> 1 study or that implemented
tations. Since we recovered the right growth exponents, thito coat microparticles, where the microscope objective is
discrepancy could as well be explained by the existence of ahanged to obtain intermediate beam waists. Figure 8 shows
transient growth acceleration at the very early stage. As weescaled measurements for &®<7 mW and 5<aq
now evidence thepy|w<i> 7'regime, this means that tran- <11 um. To interpret these data, we cannot apply any
sient acceleration occurs at a time much smaller that theasymptotic regime inW (experiments correspond to 0.07
observed foW=>1, but still exists. <W=0.14) and we must use the general form of the deposit
From the practical point of view, this low rescaled absorp-growth rate given by Eq6). In this case, no particular re-
tion regime is more appealing to pattern surfaces because staled time, neither= Pt/a3 nor 7'« Pt/a3, emerges to re-
leads to the realization of the finest structures. See, for exduce the data set to a master curve; we are typically in a
ample, the different periodic patterns realized on one hemicrossover regime.
sphere of a microparticlgFigs. 1a) and 7b)] or the kinetic To get a global view and discuss some general properties
control of a dot grating deposited on a flat substfdtigs.  of radial growth driven by laser photochemical deposition,
7(c) and Td)]. As in the previous case, the agreement ob-we also plot in Fig 8 a representative sampling of the full
served between theory and experiments strongly suggesexperimental set in reduced variablgg=Ry/ao, Pt/a3) ob-
that these photodeposited patterns can easily be controllddined for all the regimes in rescaled optical absorption. The
externally. Consequently, using a serial procedure, Fi@3. 7 main interest in such a presentation is that temporal behav-
and 7d) show that one can totally tailor the spatial arrange-iors of growth laws in different regimes are not sufficient to
ment of a holographic grating as well as its optical phase andnderstand growth. Amplitudes of growth rates and the com-
amplitude properties by controlling growth of the different parison between these amplitudes are also of great impor-
deposited patches. Applications of the asymmetric patternintance to characterize growth mechanisms. It clearly appears
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=156 pm, P=14 mW Time 7 (5)

l'=345 pm, P=10.5 mW

Reduced Radius pd=R /a

J—
=
()
T

v
g 55% hﬁ&m L‘-M;; n_\,km <Q

3 8,=345 pm, P=7 mW FIG. 9. Temporal behavior of the height of a tungsten spot pho-
10 5 = "_3 N ‘_1 — 1 = "3 todeposited by excitation of WClg vapor with a dye laser operat-
10 10 12 10 10 ing at \g=680 nm. The incident beam power and the beam waist
Pra; (mJ/pm’) values are respectivelp=270 uW and a,=5 um. The solid and
the dashed lines correspond to fits, respectively, performed accord-
FIG. 8. Plot in reduced variableﬁpd:Rd/aO,Pt/ag) of the pho-  ing to Eq.(7) (Elovich equationand Eq.(8) (droplet growth model
todeposit growth laws measured for é<1, the intermediat&V at large rescaled optical absorptjon
(eight experiments and thews>-1 regimes.

E. Late stage growth of the deposit thickness

o . As our experimental setup does not allow reliainlesitu

in Fig. 8 that the two asymptotic situatioW<1 andW — oaqrements of the kinetic behavior of the height of single
>1 are well separated in reduced time and that the intermeyenasits, the confrontation between theory and experiments
diate W regime is in between the two others. An increase ingresented in this section is based on data already published
W leads to a shift towards smallett/ag. This behavior is i in the literature. Even if we found several analyses devoted
qualitative agreement with predictions. However, from ato kinetic behaviors of photodeposition in various systems
quantitative point of view, when data are plotted versuscadmium[30], gold [31], selenium[19], or tungsten[32]
Pt/a3 as illustrated in Fig. 6 of Part I, instead Bt/a3, this  spot deposition for instangevery few can be used to check
situation should revert. Indeed, when time is rescaled accordsur model for the following reasons. At first, most of them
ing to the mass diffusion time scale, growth in thé<1 investigate the early growth stage where the deposit height
(W=>1) regime becomes the faste&tlowesj. However, varies almost linearly in timg30,31. To investigate this
while the intermediat&V case and th&/<1 regime revert issue, we proposed two different approaches, one based on
together as expected, our experimental data show that thbe radial growth usinghy=[(1-cos®)/sin 9]Ry and the
W=>1 case still corresponds to the fastest regime, which is imther leading to the Elovich equation given by Ef). How-
contradiction with our model. This discrepancy regarding theever, both descriptions lead to a linear temporal variation of
full data set could be understood from the growth mechathe height at the early stage growth, and thus prevent us to
nisms observed at early tim{see Fig. 2 Indeed, the tran- make a clear-cut choice. On the other hand, our model con-
sient fractal aggregation between growing spheroids and thsider a Gaussian excitation at a given optical wavelength.
internal restructuring inside the whole structure observed aTherefore, experiments performed under optical excitation
large W considerably accelerate the kinetics of deposition aby spectral lamp$19,31 cannot be interpreted as far as the
its early stage. While we have seen that there is no obvioumitensity distribution of the light source is not known. Con-
reason to remove this process in ihe<1 case, its influence sequently, to illustrate deposit height growth, we consider the
is nevertheless strongly attenuated becaws&l experi- case of laser-induced tungsten deposition analyzed in Ref.
ments are realized by decreasing the beam waist instead {82] and presented in Fig. 16.2.3a of Rgd], where mea-
reducing the optical absorption of the initial photosensitivesurements are presented over three orders in magnitude in
solution. Consequently, at the very early stage of the growthtime. Data are shown in Fig. 9. Excitation is performed with
the number of spheroids nucleated in the illuminated area ia dye laser operating at,=680 nm. The incident beam
much smaller than that obtained fdf> 1, which leads to a power and waist are, respectivelff=270 mW and a,
strong decrease of the transient acceleration due to the reat5 um. To compare these measurements to our model, we
rangement of the initial fractal deposit. So, even if we areperform two fits. The first one is realized according to Eq.
mainly interested here in the late stage growth of a photode®), which gives the radial growth rate predicted for large
posit, this analysis clearly shows how it can be influenced byescaled optical absorptiaithe precursoiVClg is supposed

the preceding stages. to strongly absorb light and by replacingR; by Ry
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FIG. 10. Periodic photodeposition ¥ <1 performed by com- 10° 102 10" 10°
puted continuous scanning of tReandy translation stagega) and o .
(b) Microarray deposited on 1pm-silica beads. The incident beam PV ™ (PinmW, V in um/s)

power, the beam waist, and the scanning rate values are respectively ) _ ) o
P=42 W and ay=0.42um, andVs=1 um/s. Features slightly FIG. 11. Rescaled width of photodeposited lines versus incident

smaller than Jum are observedc) Line array deposited on a glass POWer P and scanning velocitys at W=0.15. The solid line rep-
slide. The incident beam power, the beam waist, and the scanninigsents a linear fit of the expected behavior ¥e=1 um/s and
rate values are respectivelP=0.3 mW, a,=0.9um, and Vg  Vs=2 um/s. The dashed line is a guide for the eye to point out a
=5 um/s. Bare scales are Jom. saturation of the linewidth observed at largéy

=[sin 9/(1-cos9]hy. As illustrated in Fig. 9, this hypoth- <1. Photodeposition durins is thus described by the early
esis cannot fit data at all. The second approach considers ti§age growth regime where the adiabatic approximation does
Elovich form given by Eq(7). By usingh(t)=« In(1+8t),  not apply yet. One should therefore take into consideration
we find a=1/0"=1 um and B=4.8 s with 10% errors. the tw_ne dependence &(T,Q) in the general_ growth rate
Note that thea value leads to a deposit absorptieri ~ €duation[Eq. (4)]. The expression of(T,Q), given by Eq.
=10° m™! that is in qualitative agreement with that of pure (5), reduces to=(T,Q) = (2/vm)\T for T<1. So, as far as
tungsten(ay,=30x 10° m™). Consequently, it seems that the line writing is performed during a scanning tirig<1, the
temporal behavior of the height of high optical absorptionconditionpy<1 is verified and the line radius is given by
deposits is governed by an Elovich equation as already pos-

tulated in selenium film deposition analyg@g]; the droplet _8\2 — P
growth model, which supposes that surface tension governs PsleflOS(f")K 3\'7:VDC(aOV 32 (10
s< J

the shape of the deposit, fails to predict the height behavior

at late stage. Further inV(_estigatipns are nevertheless requ"@\%erepszpd(T:TS). Equation(10) shows that, if the beam
due to the fact that we did not fit a large set of data. waist a; 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 rati@/vg’2 where two external pa-
rameters, i.e.P and Vg, can be adjusted independently ac-
A practical extension of the developments presented in theording to the experimental conditions. In highly absorbing
preceding sections consists in describing the effect of a scamredia it is preferable to choose low laser power excitations
ning beam in order to write continuous patterns on the subto prevent any alteration induced by thermal decomposition
strate instead of dot assemblies. Indeed, the use of lasend adjust the amplitude of the scanning velocity, while in
beams to build interconnecf8], to repair microelectronic the opposite case larger variations i are confidently
circuit defects[4], or to create continuous patterns of sur- achievable. In fact, experiments are much more sensitive to
faces with microscopic featurg83,34, constitutes an ap- the choice of the coupléP,Vy) than expected. At low pow-
pealing alternative to conventional lithography. Examples ofers and/or high scanning velocities, lines are discontinuous
such surface patterning on }0n-silica beads and glass sub- and bubbly due to the influence of nucleation. In the opposite
strate are presented in Fig. 10 for thé<1 regime. case(large powers and/or small velocitjedisturbing ther-
The most interesting situation for application purposemal effects become rapidly dominant, leading to a blurring of
concerns the deposition of narrow ling&5], as those shown the line writing process. Thus, the investigable window in
in Fig. 10. However, to give an overview of the properties of (P,Vg) to observe well-written lines as those presented in
line writing by photochemical deposition, we present in theFig. 1Qc) is narrow. Figure 11 presents experiments realized
following experiments realized at larg&V but still in the  in these conditions afy,=11 um for 1<Vg=<100 um and
W<1 regime. By denoting with/g the beam scanning ve- 0.15<P<0.75 mW.
locity, the normalized characteristic time of deposition is While experiments are in reasonable agreement with pre-
given by Ts=Dcts/a3, wherets=2a,/ Vg corresponds to the dictions at low scanning velocitieffor which the linear
time required to scan a beam diameter. For scanning velocisariation predicted by Eq10) is recoverefl a saturation in
ties of the order of a few microns per second, one Tigs rescaled line width occurs at largéfs (typically for Vg

IV. GROWTH OF PHOTODEPOSITED LINES
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=5 um/s), i.e., for smaller exposition timg=2a,/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 um. However, a physical origin can also be stressed be-
cause for our particular system, we have seen above that Beam Splitter
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 v

A/2 Plate Continuous

He-Ne Probe

FIG. 12. Experimental setup used to induce a photodeposited
V. GROWTH OF SURFACE RELIEF GRATINGS surface relief grating and probe its optical characteristics. The angle
¢ between the two pump beams is adjusted by moving the two-
prism system along thedirection. The beam waist at the entrance

To build surface relief gratings by photochemical deposi-of the cell (a,=156 um) is monitored by imaging the beam waist
tion, we consider two linearly polarized TE Gaussian generated at the focus of the Ieh§W|th the afocal systerhz-L_g.
beams of same intensity that interfere on the substrate withhe® beam waist of the probe beamag=90 um. The lensL, is

an angley. The light intensity distribution that excites the used to image the dynamics of the diffraction pattern of the probe
photosensitive liquid mixture is written as on the CCD video camera. An example of surface relief grating

evolution at the emergence onset of the first, the second, and the
p third order of diffraction is presented below. The incident beam
1(X,2) = —[1 + co$QuX) lexp(—- W2), (11 power and the fringe spacing between the pump beams are respec-
N tively P=35 mW andA,=6 um. The bare scale is 50m.

A. Theoretical background

whereQy=2may/ Ay is the rescaled Fourier wave vector as-

sociated to the fringe spacinyg=\q/[2n sin(y/2)] forced . JT F(T,Q=QudT
by the two interfering beamsP corresponds to the total 2K'P 0
power injected in the medium. In experiments, we fulfill the AHq(T) = Dc K'WP (T (12)
condition Q,>1 to justify the plane wave approximation 1+ D fo F(T',Q=0)dT".
C

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 driverAs experimentally illustrated below, this separation is of par-
by one beaniEq. (7)] to a two-wave excitatioffSec. V in ticular importance when deposits become thick and the num-
Part ). We showed that the dynamics of the scaled height ober of diffraction orders increases because classical models
the modulated depositl4(T) is described by a logarithm [36] are generally based on thin sine profiles and first-order
variation of the sum of two contributions: a background rep-diffraction response.

resented by th€@=0 mode, which corresponds in fact to the
contribution of the Gaussian envelop of the pump waves, and
a modulation driven by the forced modg=Q,. However,
when working with holographic gratings it is useful to sepa-  The experimental setup is illustrated in Fig. 12. The
rate as much as possible the background contribution to thahodulated deposit is now created by splitting the beam into
of the modulation because the former often acts as an ampliwo parts of equal intensity and path length. These two pump
tude pedestalits optical phase shift is constanwhile the  beams are then recombined and intersect at the entrance win-
latter gives the phase shift required to characterize the difdow of the sample with an angkg, building up a spatially
fraction properties. To do so, we use the properties of th@eriodic intensity distribution characterized by the spatial
function F(T,Q). As F(T,Q) = (2/vm))T<1 at the early wave vectom,=2m/A,. The center of the induced grating is
stage growth an&(T,Q=Q,) <F(T,Q=0) at later time, the  optically probed by a continuous He-Ne lageavelength in
influence of the logarithmic variation dd is in fact weak. ~Vacuumi,=633 nm) of sufficiently low power to avoid any

Hy can then be decomposed aHd(X,T)xﬁd(T) coupling with the deposition process. The beam waist

=90 um of the probe is smaller than that of the pumps inside
+[AHd(T)/2]COS(Q.°X).’ where the b_ackgrognd and the the sample(ay=156 um). An example of photodeposited
modulation contributions are, respectively, given by

grating dynamics, as well as the associated diffraction pat-

o 1 K'WP (T tern[37], is also presented in Fig. 12. The temporal evolution

Hy(T) = —,Inll + f F(T’,Q:O)dT’], of the diffraction pattern is digitized by means of a charge
w Dc Jo coupled device video camera coupled to a frame grabber.

B. Results and discussion
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Time £ (s) than direct observations. Using Ed.3) to fit the set of ex-

periments presented in Fig. 13, we finiin=1, ¢'=6
FIG. 13. Measured efficiency of surface relief gratings depositedx 1 g# m, andK*=8x10"° m?/J. A reasonable agreement
by two pump beams interfering for a total incident beam poRer js opserved at the early stage growth. The deviations that
=35 mW and two values of the fringe spacinig Ag=4.8um and 5 hear at [ater time could be explained by the fact that our
(b) Ag=8.2 um. Fits are performed according to Hq.3). model deals with a compact and homogeneous deposit while
_ ) o atomic force microscopyAFM) characterizations presented
As suggested by Fig. 12, dynamic characterizations of, Fig. 14 show that it is composed of aggregated submicro-

grating relief can be realized by analyzing the evolution ofgpheroids. Consequently, light is also scattered by this inter-

the resulting laser probe diffraction pattern. In Fraunhoffer, | s¢rcture and the associated losses, illustrated by the halo
conditions, the probe amplitude diffracted by the photode

o - PR ) K rved in the diffraction rns shown in Fig. 12, wer
posit in theu direction is given by the Fourier transform of observed in the diffraction patterms sho 9 ere

. : - not considered.
the modulation transfer functiorfa,dX,t)=7(x,t)e¢*?, . . .
where ) =exr—o"hy(x.b)] and oD To increase accuracy, experiments were thus reiterated
0= - (X, ,

. . over a larger set of beam power. The same values of index
=27Anhy(x,t)/\, are, respectively, the absorption and the . . . )
o . ) ' o . contrast, deposit absorption, and normalized reaction rate
phase shift contributiongAn is the refractive index differ- P P

ence between solution and deppsithe phase shift induced were found from the fit of whole _the runs. We can thus de-
duce from Eq(12) the corresponding mean temporal behav-

gynt?heepgt?z?tﬁh;r(z,Izgggrsdtﬁ:g L?) ?(j?zc),e,t:ecir;;ri (:t‘:’gﬁzi?d'ior of hy(t) and Ahc_,(t_). As illustrated in Fig. 15,_ the station-
tion associated with the modulatiathy is negligibly small &Y value ofAhy(t) is in very good agreement with that found
compared to that of the pedestal. So, as the amplitude of tHigom AFM imaging (see Fig. 1# and h(t)4> Ah(t)4 as al-
waveEn o .1 1o . diffracted by the relief grating is given by ready observed in photodeposition of selenium gratings
the mth Fourier component of the modulation transfer func-[36,39,4Q. Moreover, as expected for a nonlocal coupling
tion En(t)=(Ep/ Ag)/[ofyrand X, /€M™ Aodx [38], whereE,  (i.e.d(Q)~1(Q)/Q?), the backgroundhy(t) is mainly a
is the incident field amplitude of the probe, one finally findsfunction of the injected powethis is an intrinsic property of
that the diffraction efficiency,, of the mth order is given by  the associate@®=0 modg, while the modulationAhy(t) is
extremely sensitive to\,. Finally, using the amplitudes
J <277AnA_hd> (13) given by the fit, we find that the sine approximation of the
™ oA 2 ' logarithmic variation of the profile is justified for<15
X 10% s, which clearly validates our description over the il-
whereJy,(x) is themth order Bessel function. Two examples [umination time investigated.
of mean temporal evolution of the first three diffraction order These experiments, as well as the good agreement ob-
efficiencies are illustrated in Fig. 13 for two values of the served with theory, suggest the way to monitor dynamically
fringe spacingA,,. the amplitude of the modulation of photodeposited surface
Note that, contrary to the growth of photodeposited circu-relief gratings. Moreover, while we only studied periodic
lar patches(Sec. Ill), we observe an ignition tim&gnion ~ deposition on surfaces driven by two interfering pump
associated with the delay required to reach the solubility obeams, the method can easily be extended to multiwave ex-
Cr(OH); before deposition occurs. This is not surprising citation to pattern substrates on demand, as illustrated in Fig.
since optical diffraction analyses are always more sensitivd6.

2

&m= |Em|2/‘Ep‘2 ~ g2
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FIG. 15. Dependence on total incident beam poweof the

temporal behavior of the pedesta) and the modulatio(b) heights where equality corresponds to onset, i-EETignitionr and

f photod ited surf lief grati deduced f the fit of the . S
ot pnotodsposiied surlace reliel graiings deduced from the Tt 0 eg|ves the expected variation @fyp0n VersusP. All the pa-

measured diffraction efficiencies. To illustrate the influence of the Jnit . .
fringe spacing, results are presented =48 um and A, rameters are known from the fitting of the grating ef_f|C|en—
=8.2 um. cies, exceptbg Then, the fit of the set of ignition times
measured for the experiments presented above, and illus-
trated in Fig. 17, leads t®s=0.3. This value, which seems
large, is in fact in good agreement with the solubility varia-

ion of COH); versuspH [18].

C. The ignition time

As illustrated in Fig. 13, photodeposited gratings start to!
diffract the probe beam after a time delfy,ion that can
become significant at low beam power excitation. This effect
can be understood from the temporal behavior of the concen-
tration variation in CfOH); driven by the two interfering We have experimentally explored the kinetics of periodic
pump beams. Indeed, deposition cannot occur befbge surface patterning resulting from laser-induced photochemi-
reaches solubilityps of Cr(OH); on intensity maxima of the  cal deposition in liquid solutions. Our goal was to understand
fringe pattern. The expression @ is given by Eq.(23) of  the different steps involved in the optical excitation of pho-
Part | for excitation by two interfering pump beams. By ne-tosensitive liquid mixtures to form surface relief gratings.
glecting the modulation contribution compared to the back-Two questions are important here. At first, is it possible to
build models that are system-independent—which was the
purpose of Part | 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-

FIG. 16. Surface relief gratings photodeposited using four two-fronted to the model developed in Part . We have considered
by-two (a) and three 60° orientetb) interfering pump beams and the three main ways to build periodic patterns: dot and line
corresponding diffraction pattern of the probe beam. The incidengifrays, and surface relief modulation deposited by interfering
beam power, the beam waist, the fringe spacing, and the expositidﬁeams- In each case, we analyzed deposit growth as a func-
time are, respectivelya) P=56 mW,a,=156 um, A;=5 um, and  tion of the set of exciting parameters: waist and power of the
te=25 s,(b) P=50 mW, ay=156 um, Ay=5 um, andt,=20 s. exciting beam, irradiation time, and scanning velocity or

VI. CONCLUSION
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fringe spacing when relevant. We found good agreemengxperimentally the dynamic building of holographic gratings

with predictions. In the case of patch deposition under theghotodeposited by two interfering pump beams. We showed
excitation by a classical Gaussian laser wave, we have seRat the induced relief is composed of a pedestal and a modu-
that its late-stage radial growth is clearly characterized byation and we characterized quantitatively these two compo-

different ;caled laws dgpending on the ratio betv_veen th ents by analyzing the diffraction pattern kinetics of a probe
beam waist and the optical absorption length associated wit eam

the mixture. Beyond a simple comparison between theory As a conclusion. in view of the agreement observed be-
and experiments, the observed agreement strongly suggests ’ 9

that coarsening theories of first-order phase transitions at laf¥/€n €xperiments and predictions, our study shows how the
stage can easily be extended to laser-assisted photochemiginamics of photochemical deposition can be devised for
deposition. We also explored the height growth of the in-applications in periodic patterning. This is of particular inter-
duced deposit in order to check the validity of our sphericalest in material and optical sciences because this agreement
cap model to characterize thickness. We showed that thiguggests that it becomes possible to strongly reduce the num-
trivial comparison fails for thick deposits, and used an extenber of characterizations when laser excitation or material is
sion of our model that predicts an Elovich’s formulation of changed. A major point in this direction is the observation of
the height growth. Good agreement with experimental data iscaling regimes. They can be used to predict the properties of
found. We then extended our investigation to dynamic linethe desired patterning and its optical performances whatever
writing by photochemical deposition. While we found rea- the excitation properties are. Due to the role played by pho-
sonable agreement at intermediate beam scanning velocitigedeposition in surface patterning, lithography, or holography
our experiments show a significant sensitivity of the depossuch a universal description furnishes valuable insights to the
ited lines to this new variable. This analysis clearly deservesinderlined physics for the design and the control of photo-
further investigation to get a clear cut view of the mecha-deposited microelements. Experimental extensions to chro-
nisms that can disturb line writing, particularly when the mium hydroxide deposits in presence of other acids or at
rescaled absorption is not totally negligible. Since our analydifferent optical wavelengths, as well as deposition of man-
sis is devoted to periodic surface patterning, we also describganese dioxide layelgll], abound in this direction.
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