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Kinetic control of surface patterning by laser-induced photochemical deposition in liquid
solutions. I. Theoretical developments
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We theoretically analyze the real-time formation of holographic grating driven by laser-photochemical
deposition in liquid solutions. Considering the one-photon excitation of a two-level system, we present a
reaction/diffusion description of the species produced photochemically by the excitation of a continuous laser
wave. By assuming that a deposit is heterogeneously nucleated on the substrate when concentration of the
reaction product reaches solubility, we develop a thermodynamic analysis of its late-stage growth under laser
irradiation. A rate equation is proposed and used to describe the kinetics of three different types of patterning:
dot array, periodic line writing, and holographic grating formed by two interfering beams. In each case, the
predicted deposit growth laws show the emergence of scaling regimes that give rise to a universal picture of the
processes involved, whatever the initial photosensitive medium is. Due to the crucial role played by patterned
coatings in numerous practical applicatighghography or holography, for instangehis controlin situ of the
kinetics offers the opportunity to totally monitor the desired patterning. It also suggests the way to develop a
unified description for holographic grating formation driven by photochemical deposition.
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[. INTRODUCTION [15], for instance. In this case, irreversibility comes from the
hemical reaction and spatially periodic patterns are driven
?iy diffusion of the reaction product. Photochemically stimu-
Ollated deposition belongs to this family. The technique uses
UV or visible light sources to efficiently break molecular
bonds and induce rapid thin film deposition. When driven by
laser radiation, patterning by photodeposition combines the
advantages of phase transitions triggered by a reaction/
diffusion process(here a liquid/solid transitionand laser
flght, (i.e., strong localization in excitatignspectral selec-
ity in molecule activation, and ease of manipulation. That
‘why this technique represents nowadays a well established
ternative for direct writing on surfaces without mask-based
photolithography{16]. While many reported experiments use
thermal decomposition or photolydi$7] under strong laser
irradiation to create vapors of elemental atoms or molecules
that adsorb in a second step onto a foreign substrate, photo-
chemical deposition from excitation of photosensitive liquid
solutions has received an increasingly important attention
18] because it can be applied to a much broader range of
precursors(including molecular compoungsLight energy
conversion is also strongdéthe material density is larger
. . | _ #han that of a gas phaseand production is easy because
definitively constrains the structure, in laser-induced phas%xperiments are generally realized in simple homemade tight

transitions the size of the nucleated domains and their alsalls. Consequently, as photoabsorption cross sections are

rangement are monitored in three dimensions by the ProPefa qer than in gas phase. the process generally requires ver
ties of the light pattern. Classically, these optically induced g gas p i P g y red y

" dri by | heati | moderate beam intensities and thermal decomposition is of-
transitions are driven by laser heatifi)], solvent evapora- o nrevented. This flexibility19] offers the opportunity to
tion [.11]‘ electrostrictive or the_r mo_d#fuswe concentration deposit a large variety of materials going from noble metals
variations[12], or photopolymerizatiorf13]. On the other

: L . . . ,.[20], semiconductor$21], or dielectrics[22] to bioorganic
hand, reaction/diffusion processes also give birth to periodi ] $21] [22] 9

) ) i - : . aterials[23]. Moreover, by irradiating liquid solutions with
patterning via Turing instability14] and Liesegang figures a well-defined light intensity distribution it is possible to

write in one step and contactless conditions various types of
patterns(such as dof24] or line [25] assemblies, or more
*Email address: jp.delville@cpmoh.u-bordeaux1.fr structured architectures such as holographic grat{26$)

Control over mesoscopic periodic structures or patterns
solid materials is of great interest for the development
functional devices, with applications going from organized
micro-reactors and microsensors to optics and photdtics
For a few years, aside from conventiorid] and advanced
[3] lithographic techniques, or assemblifg] and soft li-
thography[5] procedures, patterning based on diffusion pro-
cesses is being promoted because it exhibits many adval
tages, such as single step writing and smart tailoring over th
induced arrangement at the desired mesoscopic length sca;
An appealing approach consists in using laser waves to builj
these patterns. Among the diversity of media uggloto-
polymers[6], polymer-dispersed liquid crystalg], or artifi-
cial suspensions of nanoparticles/micropartigi@ks for in-
stancg, those resulting from diffusion-driven phase
transitions or surface-directed spinodal decomposi{igh
are of particular interest for two main reasons. First, the ma
terial becomes intrinsically inhomogeneous after a quenc
within the miscibility gap, giving birth to growing domains
of the minority phase. Then, while the following organiza-
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onto a flat[27] or a curved[28] solid substrate in contact parameters to anticipate the properties of the resulting pat-
with the photosensitive solution. Laser light behaves as aferning. Moreover, theories about coarsenj8] show that
optical pencil which can tailor the material deposition in agrowth phenomena are described by simple power laws, and
very “smart” manner by simply modifying the wavelength hence a scaled dynamics is quite common. Here, we extend
used, the intensity distribution, and its spatial extension. s scheme to laser-assisted photochemical deposition. We
Although the basic principles of photodeposition are jo . qirate scaling behaviors and explain the origin of these
rather simple, any particular application requires to carefully

tailor the properties of the material deposited. However, pho_scalings within the general framework of coarsening theories

todeposition involves the kinetics of a liquid/solid phasedriven by solute diffusion and mass adsorption. Such an ap-
transition under an external field, here an optical excitationProach is not only of particular interest for fundamental pur-
While the dynamic coupling between phase transition andP0ose but it has also important drawbacks toward very prac-
ordering makes this morphogenesis problem rich and chakical situations since it gives a unified view of
lenging, it also implies that control over these nonequilib-photodeposition driven by a one-photon absorption, what-
rium processes is a difficult task, not only because the deever the photosensitive mixture used is.

posit growth needs to be tailored but also because The paper is organized as follows. Within the framework
metastability is a key phenomenon of first-order phase trangf reaction/diffusion processes, we present in Sec. Il the fun-
sitions. A thermodynamic description of the kinetics of depo-qamental processes at the origin of the photochemical pro-
sition under laser exposition is then crucial to predict they ction of a new species from a photosensitive mixture. We
performances of the final devices since they strongly depengs, jjjystrate how this production can easily lead to photo-
on the size, shape, and distribution of these deposits. Undeg,hosition when concentration reaches solubility. Our pur-
standing of these various phenomena is nevertheless at dqe s jllustrated with experimental results presented and
early stagg15] because their theoretical treatment involvesy o nitatively analyzed in Part I of the series. The growth of
subtle ~ couplings between photochemically stimulated, gircjar deposit is analyzed in Sec. IIl. We first describe the
reaction/diffusion systems and coarsening by diffusionihermodynamic behaviors of the produced species. Then, we
adsorptlon_ w!thln properly fashioned inhomogeneous elecdevelop a growth model of the deposit based on solute ad-
tromagnetic field. sorption, including both radial and height growths. We illus-

_The present study is devoted to the analysis of these COlzate the different growth regimes that can be observed de-
plings. We theoretically describe the kinetics of surface pat;

- ; " . , ending on the interplay between the optically active
terning by photochemical deposition driven by a Cont'r““'()“%roperties of the initial solution and those of the deposit and

laser wave in a reactive solution; confrontation of our modekye eyciting beam characteristics. Emphasis is also directed
to experiments is presented in a companion pd@8l, re-  tqyards a scaling description of the behaviors predicted.

ferred to from now on as Part Il. Starting from a reaction/These predictions are extended in Sec. IV to line writing by
diffusion scheme involving the one-photon excitation of a.,nsidering excitation with a scanning beam. The main pur-

two-level system, we describe the thermodynamic behaviogse here s to analyze the influence of the scanning velocity
of the field variation of the photoreaction product. Assuming,, the transverse line growth under illumination. Using the

a low solubility onset of the produced speci@scondition  g5me formalism, Sec. V is entirely devoted to the growth of
required in any efficient deposition procgssid considering g rface relief gratings monitored by two interfering pump

that growth is driven by a solute adsorption mechanism, Weyaams While most of the existing theories are based on thin
deduce the coarsening of the resulting deposit as a functiofje profiles, we present here a full description of the depo-
of light intensity distribution. Beyond prediction of photode- ;tion process, and show then in which conditions these pos-

posit growth itself, our goal here is to understand how thesgateq sine profiles are acceptable. We finally conclude in

kinetic aspects can be efficigntly u;ed to build_ large periogii ec. VI with the opportunity offered by the present work to
patterns, such as holographic gratings, and tailor their opticg.gict the properties of surface relief gratings driven by

properties in terms of phase and amplitude objects. Indeegy,e_hhoton excitation and probe the pertinence of models in

different sort of periodic structures can be created. Dot Oje,y of the experiments presented in Part Il of the series.
line arrays are generally realized according to a serial proce-

dure; they are built element by element. As control over the
entire pattern means that each element should be identical to
each other in both radial extension and height, this strategy
requires great efforts directed towards the growth of a single
elemental brick to ensure reliable duplication. On the other  A. Variations in concentration driven by a one-photon

hand, parallel procedures are usually implemented by using absorption photochemical reaction

the fringe pattern of several interfering pump beams. In this

case, the radial periodicity is forced by optical excitation Let us consider a stable liquid mixture composed of two
while the important quantity to be tailored becomes thespeciesA andB solubilized in an inert solvent. In the pres-
height of the deposit, generally constituted by two superimence of continuous laser radiation, we assume ¢hathe
posed contributions, a modulation over a pedestal. As angpeciesA is light activated at the wavelength used &iigl
particular application requires all these controls, we reconenly activatedA (denotedA” in the following) reacts with the
sider these three procedures and predict the growth of dotspeciesB to irreversibly give birth to a produd. This two-
lines, and periodic modulations as a function of the excitingstep reaction scheme can be represented as

Il. PHOTOCHEMICAL REACTION AND DEPOSITION
FROM LIQUID SOLUTIONS
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ke | g4 |
A+hv=A, Liquid Phase Region
ki (1)

A" +B—C, 4,

1
wherek;, k|, andk are the different reaction rates. Assuming ' Liquid/Selid
that the specie€ has a very low solubility, these equations ,  Coexistence
represent the starting point of photodeposition based on the ! -
simplest reaction-diffusion process that can lead to photo-
P P e P 0 D6, 1 &,

deposition. Note that the reverse react®n-A" +B can eas-
ily be considered22], but as soon as we deal with surface
patterning by photodeposition, we require a reaction kate
as small as possible to preserve the induced pattern; we th
assume in the followingc~ 0. On the other hand, except for
special cases involving forbidden transitions, the kinetics o
excitation/relaxationA+hv=A" is generally much faster
than any molecular diffusion process involved in the mix- Bulr2 .2
ture. Then, the concentratiom$, in A and N« in A", ex- Idcr,zt) - -, 04012
pressed in number of particles per unit volume, can be esti- ot =DcVDe(r.z,) + knpPa®e 2lg
mated independently of the second step of the reac#on o

+B—C) and at steady state. This adiabatic approximatioy?herer represents the radial distance from the beam propa-
simply means that the production of the spedesvhich is gation axis. The first and the second terms of 'Fhe r_|ght-hand
at the origin of photochemical deposition, is obviously theSId€ (S of Eq. (3) represent, respectively, diffusion and

slowest step of the reaction. In these conditidgand N production of specie€. S_ince absorbing solutions are al-
are simply related byNa.=(k; /k)Na. To calculate the ratio V&Y heated by the exciting beam, &8) should also con-

k/k,, we suppose thaA+hv—A" is governed by the most tain a third term associated to the concentration variation

common situation consisting in a one-photon electronic tranglr'ven by the Soret effe¢B2). As this is not t_he central point .
f the present work, we neglect here this thermodynamic

sition. Then, using the standard Einstein coefficients for the .
one-photon absorption, and the spontaneous and stimulat&fSS coupling.
emissions [31], we find k,/k =1/(2lg)/[1+I/(2lg)] and
dl/dz=-ca(Nay—Np+)I along the propagation axis Herel is

FIG. 1. Schematic concentration/temperature phase diagram of
the mixture composed of the initial solution and the speCigso-
gced by the photochemical reactiche and @4 6,) are, respec-
ively, the local concentration i€ generated by laser irradiation
f';md the solubility at the working temperatufg

3

B. Photochemical deposition

the intensity of the exciting wave, amg=hv/ (20,7 a satu- According to Eq.(3), production inC should increase
ration intensity related to the lifetimé of the excited state Versus light excitation. Then, at a given temperatége
A" and to the one-photon absorption cross sectign Fi- nucleation and precipitation occur in the illuminated area as

nally, to avoid any direct or indirect disturbing coupling re- soon asb reaches the solubilitos(6p), as illustrated in the

sulting from saturation effectgself-induced transparency schematic phase diagram presented in Fig. 1. This optical
and/or excess overheating, for instanaethe experiments quenching in composition can be used to build surface relief
presented in Part Il, we will always consider thatls. Sol-  gratings and dynamically control their patterning. Indeed, to
ute transport other than diffusion is then eliminated, and thdllustrate our purpose and show the versatility of the tech-
concentratio in C is described by the following reaction- nique, we show in Fig. 2 three examples, taken from Part Il,

diffusion equation: of glass plate patterning by laser-assisted photochemical
deposition of chromium hydroxide from a chromate solution.

INe _ In Fig. 2(a), a periodic structure is realized dot per dot under

Tt =DV 2Nc + KNy N, (2 finite exposition for each deposit followed by a substrate

translation perpendicular to the beam axis. On the contrary, if
now we let the beam on during a continuous computed dis-
whereDc is the mass diffusion constant of the prodGcflo  placement of the substrate, stripes are directly written. The
work with dimensionless variables and reaction rates eXgrid presented in F|g (ﬁ) was realized according to this
pressed irs™*, we use volume fraction® instead of concen- procedure. Finally, periodic patterning can as well be gener-
trationN. We consider the molecular volumg:, v, andue  ated by interfering beams. Figurgc® gives an example of

of partiCleSA , B, andC, and write ®=vN. The reSUlting such a photodeposited ho|ographic grating_

reaction rate becomésg=kuc/ (va1). On the other hand,

in experiments presented in Part I, the area illuminated by |1I. GROWTH LAW OF A CIRCULAR PHOTODEPOSIT

the exciting beam is always small compared to the transverse ) ] o

extension of the sample; the medium behaves as a sort of - Photochemical quench in concentration induced by
reservoir. We can thus assume thiag~®9 and dg~ ®S a cw Gaussian beam

(i.e., the initial volume fractions i\ and B). Working with To describe how light-induced variation in concentration
| <lg, we obtain can drive photodeposition, let us consider that the electro-
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IISRCEEE AT

i=1

0 s+(Q*-WP)
X Jo(QRQMQ, (6)

DHR,Z,5) =

FIG. 2. Holographic gratings generated by laser-assisted photayhere GHOfT‘Z(Q,s) are functions to be determined from the

. e - . - i=
che.mlqal deposition on glass slides in a chromate.solutlon under thgoundary conditions. At first, we considdro(R,Z—,s)
excitation of a continuous Arlaser (wavelength in vacuum\,

=514 nm). (a) Dots deposited discontinuously by a serial procedure:0 due to the wave a_bsorptlon |n_the medium. We assume
consisting in a series of finite illumination time followed by a cell h_er_e that the attenua’glon Iengt_h_ol(s_small e_nough to as_-
displacement: exposition timgt=2 s, beam waisty=0.9 xm, and §|m|late the sample v_wt_h a semi-infinite mgd|um_; generaliza-
incident beam poweP=0.3 mW. (b) Line array generated under tON of the model to finite sample can easily be implemented
continuous scanning; scanning velockig=5 um/s, beam waist [34], but is unnecessary here. We dedLG§°m(Q,s):0_
a,=0.9 um, and incident beam pow&=0.3 mW.(c) Holographic ~ Moreover, the rigid boundary condition at the entrance of the
grating photodeposited by two interfering pump beams; expositiorsample implies that no axial diffusive flux & particle is
time At=20 s, fringe spacing\y=5 um, beam waist,=156 um,  present aZ=0. This meangd®d./dZ),-o=0. The complete
and total incident beam pow&=10 mWw. solution that satisfies these conditions is

magnetic field is a classical continuous TEMGaussian la-  ®(R,Z,T) =
ser beam propagating vertically along thexis. For large

beam waista, and thin samplegi.e., for | <(2madng)/\g

wherel is the sample thicknesag the index of refraction of X\ Q{1 - exg— (Q% - WA Tlexp(- W2)
the solution and\, the wavelength in vacuumthe beam

intensity has almost a cylindrical symmetry. Therefore, at a 2

radial distancer from the propagation axis ardfrom the i V_VE (- Difexf (- 1)'QZlerfd (- 1)O\T
entrance of the cell containing the photosensitive mixture, its 20

variation is given by the following expression:

KasP fw Jo(QRIexp(— Q%/4)
2Dc Jo Q*- WA

2
+ 212 (T} - Texit- (@2~ WATIS, (-
P r2 =
2= 2 o - (;g*"zﬂ’ @ xexil (- 1/ WZerfd (- )/WA T

-
whereP and o are, respectively, the incident power and the +Z/@VD]} dQ. @)

optical absorption of the mixture; note that= crANg be-

causeNA*<NA~N2 for | <lg Equation(3) is then solved ) o )
according to standard techniques involved in calculations ofl© illustrate the variation o>c(R,Z,T) versus the different
laser heating in absorbing medja3]. At first, we use the Variables, we plot in Fig. 3 the radial stationary _solution
notation K ag=kas®3®9/ (27719 and rescale the lengtite- ~ Pc(R,Z=0,T— )/ Dy, at the entrance of the medium, as
spectively time variables with the beam radigsespectively Well as the axial stationary behavioc(R=0,Z,T
mass diffusion time scale over the beam ragasR=r/a;,  —®)/Puax ON beam axis. The temporal behavidr:(R
Z=7/a,, andW=o0a, (respectivelyT=Dct/a3). Then, we in-  =0,Z=0,T)/®y,, at the beam center and the entrance of the
troduce the Laplace transfort(s)= [;®(T)exp-sT)dT for ~ Medium is illustrated in Fig. 4. In these graph®uax

the rescaled time, and the Fourier-Bessel transfdr®) =\ ™<asP/(2DcW) corresponds to the maximum concentra-
= [20(Q)Jo(QRQAQ for the radial variable, considering the tion rise ®c(R=0,2=0,)y. ... when beam attenuation is
cylindrical symmetry of the exciting laser wavdy(x) is the Ve large(W>1). Note in Fig. 3 that the radial variation in
zeroth-order Bessel function ar@ the conjugate mode as- concentration is much wider than that of the exciting beam.

sociated toR. Since the wave is attenuated within the me- 1 Nis fact comes from the intrinsic structure of &8), which
dium, we seek a special solution of the form is completely analogous to a heat transfer equation. This
' analogy implies that production of the specfeéss dissipa-

tive. As a consequenc®c(R,Z,T—) is not only propor-
pspe RZ.S = DR R s)exp(— ZW). 5 tional to the local field intensity but also strongly depends on
™ ) c(Rsjexp=2W) ® boundary conditions. From the mathematical point of view,
this nonlocal variation appears through the (Q7-W?)”
On the other hand, the homogeneous solution is written iterm within the expression ob¢(R,Z,T). The same broad-
the general form ening effect also appears on beam axis.
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FIG. 3. Radial(respectively axigl behavior of the normalized . . .
stationary concentrationbe(R,Z=0,T— )/ By [respectively FIG. 4. Temporal behavior of the normalized stationary concen-

D(R=0,Z,T—x)/ Dy of the specie produced photochemi- tratior_1 ®c(R=0,2=0,T)/ Dy OF the sp_eciesC p_roduced photo- .
cally at the entrance of the excited mediunespectively along chemically at the entrance of the exglted medium on beam axis.
beam axig for W=1. The normalized radial Gaussian shape of thelnse,t: log-log PIOt of the same data to ||Ius.trate. the early-stage pro-
exciting laser beam as well as its axial decay inside the absorbin uctlon._(IDM%x Is the maximum concentration rise when the beam
medium are represented in dashed lines for compariBgun, is the ftenuation is very large.

maximum concentration rise when the beam attenuation is very

large. have assumeld Is< 1 in the present model, and thin samples

are always used in experiments, we will neglect this second-
order effect.
B. Influence of laser-induced heating o ) o
C. Liquid/solid phase transition induced by a

Before discussing the domain growth induced by photo- photochemical reaction

chemical deposition, we must note that the first observable The temporal variation presented in Fig. 4 illustrates
laser-driven effect is an increase in tempera#igassociated o . L o
to the light absorbed within the mixtur?e atn}r:e waveIengthqu"’mt'tatlve'y h.OW Iaser—!ndpced'vananon in qqmposﬂmn
used. The calculation df; has already been performggB; can be used to induce a liquid/solid phase transition. Indeed,
. E ’ > 1 i i -
it is analogous to that developed above for the fieId-inducegs(bC(R’Z.’T) . 0, the pongentrapon |ﬁ:'|ncreases upon la
variation of the concentration of the spec@sThus, we just ser rad|at|pn n the high Intensity region. Thus, as _already
recall here the main results necessary for our purpose. Usin uiittrig;[fle?/vll?eig %F’{tge%y?(tgearghlzsﬂtgaslzgkl;iﬁgz([:)he:tI?hzom-
the fact that the thermal diffusivity is much larger than the _ oo _ TS .
solute diffusion constanD¢, the overheating is almost in- working temperature. As a result, solid domains consituted
stantaneous compared to any concentration variation. | ythe minority pha;eehere the speqe@) are nu_cleatgd by
these conditions the temperature rise is calculated in stea e field in thg solution and grow du_rlng further |IIum|r1§1t|op.
state and its largest value is given by ince the mixtures used are classically far from criticality,
nucleation essentially occurs heterogeneously, either on bulk
0e(R=0,Z=0,W) = ., N(W), (8) impurities [35] or substrate defectf30] in the absence of
B o _ — , particular treatment. However, substrate defects are generally
Vr\rllgi:riugwM?/glfg(;_tgézt;r?]g\e/ztll}r_ePri/s(s\;{t(i;a%e Itshertr?su much larger than bulk impurities present in analytical re-

m . ! agents. The corresponding activation barrier is thus smaller
conductivity of the solutionge also depends on a nonlinear gng photodeposition on the substrate is favored. As

function N(W) of the_rescaled absorptio#v given by N(W) ®(R,Z,T=0)=0, this also means that a minimum intensity,
:WIZZ)(WIZZ)—(W/2\s‘7-r)exp(—W2/4)Ei(W2/4), where D(X)  determined fromba(0,0 ) =®s, is necessary to quench the
=e [§e"dt and Ej(x)=J%(e'/t)dt are, respectively, the mixture, and that process requires an induction timg
Dawson and the exponential Integral functions. Consideringjiven by ®~(0,0,T; ¢ =Ps

the generic phase diagram presented in Fig. 1, the main in- _ )

fluence of the temperature variatiof is to increase the D. Radial growth rate of the deposit

value of the solubility®g required to quench the solution As in any classical experiment the spatial extension of the
without changing any of the mechanisms involved. As wedeposit is always incomparably larger than any molecular
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<4 given by ®+(R,Z=h/ay, T)=0 at the surface of the deposit.
r As the radius of the deposit is measured aRy andz=h
=0, we finally find
gyl |h R
7 x d -
Py KABPJ' 5
- = N——1] J F(T, -Q974)QdQ,
R, 47 - cos?) 2D, ), o(Qpa)F(T,Q)exp(~ Q7/4)QdQ

(10
FIG. 5. Shape of the deposit used for the theoretical description
of its growth on the substrate. A spherical cap is assumed, itere \where py=Ry/a, is the reduced radius and
h, and are, respectively, the radius on the slide, the height, and the
contact angle. The deposit growth is described in cylindrical coor- 1

. —.
dinates(r,z) to take advantage of the laser beam symmetry. F(T,Q) = m{_ W+ Q erf(QVT)

+W exd— (Q - WA)TlerfdW\T)} (1)
length scale involved in the process, we deal with the so-
called late-stage kineticg36] of the light-induced liquid/ s 4 function that describes the temporal behavior of the dif-
solid phase transition. Therefore, we completely neglect the,qjye flux normal to the deposit. Note that, contrary to the
nucleation stage of the transition. We just suppose that it sive mechanisms that govern the kinetics of laser-

single nucleus is nucleated on the substrate and we assumfy ced liquid/liquid phase transitions in nonabsorbing lig-
that its growth results from adsorption of the diffusi®  ,iq mixtures, where the droplet feeding is ensured by the

particles that are photochemically produced in the solution,;qial mass flu§38], the deposit growth is here totally con-
Moreover, as pure diffusion-limited aggregation would result;. e by the diffusive flux along the beam axis

in a fractal structure§37]_ Wh_ich is not obser\_/ed experimen- De(d®c/dZ)y because the solute adsorption condition im-
tally (see the textures in Fig.) 2&ve assume internal reorga- glies(a@C/aR)H:O

nization of the adsorbed particles inside the deposit; thi

early-stage process will be illustrated in Part Il. Then, we While Eg. (10) gives the general expression for the

implicitly incorporate this internal reoraanization b nsid- growth rate after the nucleation stage, experiments in phase
plicitly Incorporate this internal réorganization by ConsIt- ., qition dynamics often deal with the late-stage growth in

ering a “droplet growth” model by diffusion. A sketch of the the adiabatic a L -

) S ) . pproximatiof89]. In this case, one analyzes
growth geometry is presented in Fig. 5. The immobile de- . e
posit is represented by a spherical cap of helghtRy, ) growth over period much larger that the mass diffusion time

) . scale and considers that the solute concentration around the
where Ry(t) denotes its radlus on t?? substrate ahdhe growing deposit is almost stationary. According to the tem-
contact angle at the perimete.<90° is assumed because o5 pehavior ofd.(R,Z,T), this approximation operates
efficient photodeposition requires a “wetting” situation. Thefor T>max1,1MA, i.e., forT larger than the largest of the
growth rate of the photodeposit is then obtained by equatinQadial and thé axial ’diffu’sion time scales. Consequently, one
its volume change with the normal component of the diﬁu_haSF(T,QNadiab:l/(Q+W) which yields tb )

sive flux 5C:DC§¢C over its surfacdg36]. This leads to

Ry dpg

d > “Pd
ot Dc(Vdc -n)p, 9 dT

=cog V)

adiab 2D¢

dQ.

KagP f  Jo(Qpg)exp— Q%/4) 0
0 Q+WwW

(12
wheren is a unit vector perpendicular to the deposit surface.

At th_is stage (_)f the calculatio.n, we.should nofcice that in thegne of the major points of the general theory of coarsening
previous sections the beam intensity was writte@&2)  phenomena is a description in terms of scaled dynamics at
=Ioe"Rze"V"Z while now light will cross the deposiiof nor-  late stagg30]. We therefore work within this approximation
malized heightH=h/a, and absorptionW' =o"a;) before in the following section, and present the different growth
reaching the photosensitive solution; remember that we havegimes that can be predicted from Efj2).

assumed a vertical upward beam in agreement with the ex-
periments presented in Part Il. Then, we rewrite the beam
intensity inside the solution alR,Z)=1,e e W Zg™WZ-H)

to take into account light absorption within the deposit. The While an efficient photodeposition process requires in any
normal component of the diffusive flux is then obtained bycase a reasonably important optical absorptignthe res-
solving the diffusion/reaction equation given by E8) with caled absorptioW can nevertheless be made large or small
the appropriate boundary conditions. At first, we continue tocompared to one depending on the beam size. When the
consider®(R,Z—«,T)=0 due to the wave absorption in beam waist, of the writing beam is close to the diffraction
the solution. On the other hand, we already supposed that thienit, as in the patterning illustrated in Fig.(&, we are
photodeposit grows by adsorption of the diffusiDgarticles  clearly in theW<1 situation. ThenW can be neglected in

at its boundaries. Then, the second boundary condition i&g. (12) and the growth rate becomes

E. Radial growth laws in adiabatic condition
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10?

— pd(I)M for W=10

Slope: 1/2 ]
==pM@, for W=I /_,-

""" pd(T)W for W<<I .

adiab

d

Rescaled Deposit Radius p (7)

Rescaled Time T
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dpy
dT [we1

We now rescale time by taking’ =cog9)(KagP/DW)T,
instead ofr, to see that the kinetics still continues to point
out a single-scale dynamics. This behavior is nevertheless
different from that predicted foww<1. Indeed, as the new
time scale behaves a$e Pt/a3, it is no more dependent on
optical absorption. Fopg<1, we find pglws1> 7", which
leads toRy Pt/aé. At early stage, growth is simply driven
by the light energy per unit surface. This behavior is not
surprising because one can assume Wat1 is equivalent

to the case of a highly absorbing mixture. Then, only the few
first layers of liquid close to the incident substrate feel the
beam excitation. The corresponding growth regimes are also
illustrated in Fig. 6, as well as the variation predicted by Eq.
(14), in order to compare the full set of behaviors predicted
by the model. To represent the different growth laws versus
W within the same plot, i.e., with the same reduced variables,
we have assumed a constant valueogfconsidering that

= cogd) E“E\‘z exp(- p2). (14)
C

changes i'W are accomplished by modifyirgy,. In addition,

FIG. 6. Normalized late-stage growth of the photodeposit radius. - state cash)K,gP/Dc=1 for the comparison. At first, as

in adiabatic conditions in low, intermediate, and high absorptiondepos’lt.grcwvth is driven by the axial concentration gradl'ent,

media. The regimeg(T)agiap> T (growth when the Gaussian shape W€ retrieve the fact that a decreaseVihaccelerates its ki-

of the beam can be ignorgdnd the asymptotic late-stage behavior netics(see the temporal shift towards largefor increasing

pa(Tagian™ \ T at low normalized absorption are depicted. We statedV @t the early-stage growthinversely, the slope qfy(T) at

cog9)KagP/Dc=1 for the comparison. late stage varies from 1/2 to almd3tfor increasingW be-
cause light is more and more absorbed by the solution.

F. Thickness of the deposit

d KagP
Pd = cog ) AB

[ 2 2
— / - pi2)ly(p52), (13
AT | ey 2Dc Var exp(— pg/2)lo(pg/2), (13)

If deposits are used in optical systems as phase or ampli-
tude objectqd19] or as template for subsequent assembling
[40], another important feature is the control over their
height because the deposit thickness can strongly affect light
wherelg is the zeroth-order modified Besseliunction. If we transmission properties. Considering our spherical cap
rescale time by takingr=cog3)(KagP/2Dc)V#@T, we see model, the heighby of the deposit on beam axis is related to
that py4(7)|w=<1 points out a single-scale dynamics versus op-ts radiusR, and to the contact anglé by the relationhy
tical parameters. Moreover, #5xN2/Isandlgx1/oa, we  =[(1-cosd)/sin 9]Ry. Thus, when wetting and surface ten-
find that Kygoc o and thus,r behaves ag« (r(Pt/a(z)). This  sion dominate the deposit shape, the temporal behavily of
means that the kinetics of one-photon photochemical depds simply proportional to the radial growth. Moreover, the
sition in theW<1 regime is driven by the light energy de- Proportionality constantl —cosd)/sin 9 shows that the bet-
posited in the unit interaction voluma/o. For py<1 one ter the wetting, the thinner the deposit. Therefore, when both
has pglw<1> 7, Which is equivalent in real variables ®,  9IVén radial and axial sizes of the deposits are required for a

ocW(Pt/ag). Using the relationlo(x)zexp(x)/\f'ﬁ( for py particular application, the substrate should be treated to ad-

>1, we find a second asymptotic behavipg o \r just the contact angle. However, if one can assume that radial

which leads 1R \o(PD). During the late sta\g:; of the 9rowth is controlled by wetting at the edges of the deposit
v ' where its height vanishes, such an assumption is much more

deposition, i.e., when the deposit radius is much larger thajepatapie when dealing with axial growth because the excit-
that of excitation, the groyvth does _not feel anymore the INihg beam is attenuated within the deposit. Consequently,
fluence of the beam waisty and simply depends on the there is no obvious reason to suppose that the shape of large
energy deposited in the medium. These behaviors are illugteposits is still controlled by surface tension, particularly
trated in Fig. 6 as well as the variation predicted by 83  close to beam axis where the deposit is the thickest. The
when the initial condition used for integration is(T  preceding determination df is thus reasonable if and only
=0)|w<1=0. if deposits are thin and characterized by a weak absorption.
On the other hand, due to the éx@?/4) term appearing If these conditions are not fulfilled, we should take into ac-
in Eq. (12), the integral contribution fo@ > 2 is almost neg-  count the optical absorption of the deposit and remove any
ligible. Consequently, the growth rate in thé>1 regime forcing driven by surface tension. In this case, we assume
reduces to that the shape of the deposit is represented by a beam-
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centered surface of revolution of heidfir). If the curvature 10’ p—rrrrrm—r—r Ty
of the deposit is weak, i.e(ph/dr)2<1, the height growth F —Hm)_for W=W'=10 .
rate becomes o T Lo

= =H(T) for W=W'=I
L @ adiab

dh . | T Hd(Dadiab for W=W"=0.1
ai Dc(VPc - M)y, (15)

Then, since the height of the deposit is measurad-&tand
z=hy, we find

dHy _ KagP

_ ’ - — N2
aT - 20, exp(- W'Hy) fo F(T,Qexp- Q7/4)QdQ,

(16)

Rescaled Deposit Height Hd(I)adiab

whereHy=hy/a, is the reduced deposit height. Integration of
Eq. (16) in the adiabatic approximation, with initial condi-
tion Hy(T=0)=0, leads to

1 KagWP[ [~ - Q%4 R
Hy=—In[ 1+ AB f exp-Q )QdQ T!. Rescaled Time T
w 2D¢ o Q+Ww

17) FIG. 7. Normalized late-stage growth of the photodeposit height

in adiabatic conditions in low, intermediate, and high absorption
media. Note that the deposit height behaves in time and amplitude
s its radiugsee Fig. 6 at the early growth stage. We assum#/d
=W’ and stated,gP/Dc=1 for the comparison.

Even if we choose the beam waist as length of normalizatio
for harmonization purpose, note that Egj7) shows that the
emerging axial normalization i$V'Hy=¢’hy because the
axial length scale is 1. Then, in the presence of highly
absorbing media, the growth of the deposit height at beam _ i :
center isg at variance gWith that predicted from the radial Finally, note that Eq(17) is also known as the Elovich
growth when surface tension governs the shape of the d&owth equatiorf18], and has already been empirically used
posit: the temporal behavior becomes logarithmic at late?Y Peledet al.[41] to experimentally characterize, with rea-
stage. Considering as before asymptotic cases, we find thgpnable SUCCESS, the grovyth of th'n. amorphous sel.emum film
“lexp(-Q?/4)/(Q+W)]QdQ equalsy 7 for W<1 and 2 p otode_po_sned from colloidal solutions under continuous la-
for W>1. Then, if we rescale time by~ ser excitation.
=(KagW'P/2Dc\nT) [respectively 7 =(KagW P/DW)T]
when W< 1 (respectivelyW>1), we see thatW'Hy also
points out a single-scale dynamics. Moreover, to link these
predictions with radial growth behaviors, it can be noticed
thatW'Hglwe<1 > 7 andW' Hglws, = 7’ for 7,7/ <1, which are While in the preceding section the exciting beam was left
equivalent in real variables tchgwe;=W(Pt/a)) and stationary, a simple and important extension of the model
halws1> (Pt/ad). Thus, as discussed above, we retrieve theconsists in describing the effect of a scanning beam in order
fact thathy behaves a&; at the early-stage growtti.e., for  to write lines on the substrate instead of dots. Indeed, in
thin deposits when their thickness does not influence theinumerous applications, the laser beam is used to generate
growth), but Eq.(17) also demonstrates that deviation irre- interconnect$42], to repair circuit defects in microelectron-
versibly occurs at largerf. These behaviors are illustrated in ics [43], or to create continuous microscale patterning on
Fig. 7 as well as the general variation predicted by &4d). surfaces[17,25 as an alternative to conventional lithogra-
To represent the different growth laws veratswithin the  phy. An example of such a surface patterning is presented in
same plot, i.e., with the same reduced variables, we havEig. 2(b). In the present section, we thus discuss the influ-
assumedr’ = g, considering that changes W andW'’ are  ence of the scanning velocity on the size of the lines depos-
monitored by the variation in beam wagg In addition, we ited. As the most appealing practical situation concerns the
stateKgP/Dc=1 for the comparison. At first, since growth deposition of narrow lines, we assume in the following that
is driven by the axial concentration gradient, we retrieve thehe beam waist of the writing beam satisfies the condition
fact that a decrease W accelerates its kineticesee the W<1. Moreover, ifVg denotes the beam scanning velocity,
temporal shift towards largér for increasingWV at the early-  the normalized characteristic time of deposition is now given
stage growth Moreover, contrary to radial growth the slope by Tg=Dcts/a3, wherets=2ay/Vg corresponds to the time

IV. APPLICATION TO CONTINUOUS WRITING
ON SURFACE

of Hy(T) at late stage does not vary with; just its ampli-  required to scan a distance equal to a beam diameter. For
tude is affected by the absorptions of both the deposit and theeasonable scanning velocities, 3&yof the order of a few
photosensitive solution. microns per second, one h@ig< 1 and deposition durings
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is described by the early-stage growth regime. One shoulthjected in the medium. Then, we reiterate the procedure
therefore take into account the time dependenc€&(df,Q) described in Sec. Ill B to determine the variation in concen-
in the growth rate equationEq. (10)]. As F(T,Q) tration driven by a one-photon absorption photochemical re-
~ (2/\/m)\T, the line radius behavior obtained for the mostaction, except that now the spatial decomposition over

T<1 Fourier-Bessel modes is replaced by the spatial Fourier trans-
interesting narrow line case is form ®(X)=(1/27) [T2D(Q)exp(—-iQX)dQ due to the plane
= wave excitation assumption. In these conditions, we find
8\”2 - P
ps = CogHKup ‘J_\”DC 3/21 (18)
Te<1 3\“77 (aOVS) &)Speix 7 S) _ iKABP e—WZ +o0 f(Q) e_iQde
which shows thaps=pg(T=Tg o PTZ? P/ (aVe)®2 Conse- 2w Dg e S5+ (QP-WA)] ’
quently, if the beam waist, is held constant as in most (20)

experiments, the wideness of the written line can be con- _

trolled in a very smart way because it is dynamically moni-where  f(Q)=J>7[1+co$QuX)]€?*dX=278(Q)+1/28Q
tored by two independent parameters, i.e., eitReor Vg, -Qu)+1/25(Q+Qy)] represents the optical excitation in
depending on the experimental conditions. For highly ab+ourier space and(x) is the Dirac distribution. On the other
sorbing liquid mixtures it is preferable to choose low laserhand, the homogeneous solution of E8) is written in the
power excitations to prevent any alteration induced by thergeneral form:

mal decomposition and adjust the amplitude of the scanning

velocity, while in the opposite case variationsRrare much 2

more easy to manage if required. > GHoM(Q,s)exp (- 1)'ZVQ? + 5]

F,Hom 1 (™=
(I)C (X,Z,S) =
27) o

V. GROWTH OF A SURFACE RELIEF GRATING s+(Q2-W?)

In the preceding sections, we focused our attention onto x e 19%dQ. (22
the growth of photodeposited patches and lines, considered = B o ,
as elements of a larger structure. Periodic patterns are thigPnsidering®c(X,Z—,T)=0 and rigid boundary condi-
generated via a serial procedure. Such a strategy, even ndi@ns at the entrance of the samjle/dc/9Z)7-0=0], the
essary in some specific situations, is time consuming becaus@mplete solution fob(X,Z,T) is
patterning is build brick by brick. Deposition of surface re- _

I|efbg|;rat|r;)gs by |nterfer|r|1|gI p}[Jmtp be_ams <I:|rcumtv%nts this @C(X,Z,T):iKABme f(Q)e X
problem because a parallel strategy is implemented. 27 D¢ Jo. QQ2-WD)

A. Quench in concentration induced by two interfering beams
x| Qf1 - exii- (QP- WA)TTjexp(- W2)

To build surface relief gratings, we consider two linearly
polarized cw TEM, Gaussian lasers of same intensity that W
interfere on the substrate with an angteThus, three wave i i i~ T

+ — - - - /
vector distributions of width 24, are excited in the medium; 5 z( 1){exd (- 1)'QZlerfd (- 1)'QVT
ay is the waist at beam intersectiohg=\y/[2 sin(/2)],

wherely, is the laser wavelength in the medium, denotes the + Z/(Zﬁ)]} _ gexp{— (Q?-WAT]

resulting fringe spacing angh=|dy| =27/ Ao; these three dis- 2

tributions are, respectively, centered on the wave vedjors 2

=0, G=do=ky—ky, andg=-do=k; —ky; k; andk; are the wave XD (- Di{exd (- V'WZerfd (- 1) WA T
vectors associated to the pumps. The distribution centered i=1

around@=0 (denotedq=0 in the following represents the _

contribution of the Gaussian intensity shape of the pumps +Z/(2VT)]} |dQ. (22
while those centered arougg and -, (denotedy=q in the

following) describe the modulation of the fringe pattern. To discuss the behavior @bo(X,Z,T), let us assum@=0

Assuming o> 1 to use the plane wave approximation for the sake of simplicity. Then the stationary variation in

close to the beam crossing, we write the exciting intensity in S . .
the liquid phase as concentration induced by the photochemical reaction be-

haves asb(X,Z=0,T=o%) ~ [TZ{f(Q)e"*/[Q(Q+W)]}dQ.
P Thus, the contribution of th€Q=0 mode (i.e., the back-
1(X,2) = gg[l + co3QpX) Jexp(-W2), (19 ground in the plane wave approximatjadiverges. Consid-
ering the Gaussian shape of the pump waves instead of plane
whereQy=qoay andX=x/a,, represent, respectively the res- waves, this divergence &=0 means that at late stage, the
caled wave vector and variable along the direction of thgoumps mainly drive the variation in concentration. Conse-
modulation. We choose to writey as 1o=[P/(ma3)] to ex-  quently, the contrast of the modulation forced by the fringe
press the fact thalP continues to represent the total power pattern is progressively blurred by the contribution of the
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Q=0 mode. This behavior is typical to a nonlocal process 10‘:
[44]. To go further on this analysis we solve E@2) for Z X
=0. We obtain

KaeP( 1] 2. =
d(X,2=0,T) =22 (—{—W\T—l

— W), H),.)?

g,
D¢ W2 \3’77 E 10° 3
- : |
+ exp(W2T)erfd WA T) 3
2
co9QpX) { w = E
+——— ) —erf(QuVT) -1 5 10"k
W2-Q5 [ Qo 0 % ;
Ei
&

+exd (W2 - QS)T]erfo(w\’?)}) .

oS W), A7) )2
(23) 3 I' ¢ WHd
107 v o W'AH /2
The first term of the right-hand side of E@3) corresponds 3 L o .
to the contribution of theQ=0 mode. The time scal@qy- 10" 10" 10" 107

=1/W? drives its kinetics. The second term describes the
dynamics of the forced modulation. It is characterized by the
time scaleTg-q = 1/Q3. Since typical fringe spacing is of the
order of a few microns and manageable absorption of pho\-N,
tosensitive mixtures smaller than 1hm we see that
- —0<1. - iation i i-
om0l criven By e finges whie the contibtion of SO 850 Pesenied EH(T) andW (T cortesponding,re
. . . _spectively, to theQ=0 and Q=Qy modes in the approximation
the pump waves starts to influence the dynamics at later tlmep, = ) .
to finally dominate the full process. WH(X, T) ~ W' Hq(T) +[W'AH¢(T)/2]codQoX). Note the differ-
ence in amplitude between these two contributions. The parameters
B. Photochemical deposition driven by two interfering beams ~ used aréQ,=10, W=1, andKagW'P/Dc=1.
and deposit growth rate

As for the single beam configuration described in Sec. IVdescribed by a logarithmic variation of the sum of two con-
these variations in composition can monitor a periodictributions: the background corresponding to the pumps and
liquid/solid phase transition. When solubility of spec@éss  represented by th@=0 mode, and the modulation driven by
reached, spatially modulated precipitation occurs. Since suctie forcedQ=Q, mode. Let us assume the typical values
deposits are usually used in optical systems as phase or af@,=10 andW=1. As F(T,Q) = (2/Vm)\T does not depend
plitude gratings, the important feature here is the control T<1
over their thickness. As discussed above, a deposit is cha@n Q, we see that th@=0 and theQ=Q, modes contribute
acterized by a normalized absorptio¥, which is generally equally to the kinetics at the early stage of the deposition
different from that of the solutiofW). Then, looking for ~Process. On the other hand, &(T—,Q=Qq)/F(T
axial growth, the exciting intensity in the liquid phase in the —>,Q=0)=W/(W+Qy), we expect that the dynamics at
presence of a photodeposit becom(:X,Z):[P/(wag)][l late stage is mor_utored b_y the bacl_<gro'und contributi@n
+c0gQuX)Je MZ MW H for 7> H, instead of Eq(19) used =0. These behaviors are illustrated in Fig. 8 that shows the

temporal variations of the mean deposit hei H
to dete_rmir_ne the varia}tion in speci€s beforg the optical +(HS)Mm]/2 and the half amplituc?e of itgw:[wgogzjhl/l;ﬁon
quenching in composition. Moreover, E45) gives the tem- W [(Homa— (Howinl/2; we stateK W P/De=1 for the
poral behavior of the deposit relief, where the concentration o ¢ seil;(nplicity.m ’

b is calculated from Eqg20) and(21) with the appropriate While Eq. (24) gives the general formula for the deposit

boundary conditions: complete attenuation at infinity height its nonlinear behavior prevents any further analytical
®c(X,Z—,T)=0 and solute adsorptioc(X,Z=H,T)  gescription of the resulting optical properties in terms of dif-
=0 on the deposit. Reassembling these points, we find thagacted amplitudes. Indeed, when working with holographic
the scaled heightly of the modulated deposit is given by  gratings it is important to separate as much as possible the
background to the modulation contribution because the
Ho= il 1 KagW'P (T E(T O=0 former usually acts as an amplitude pedeétalphase shift
7w nl+ D [F(T",Q=0) is constantwhile the latter gives the phase shift required to
C 0 . . . .
characterize the diffraction properties. To do so we use the
s , properties of the function F(T,Q). Since F(T,Q)
+ CodQuX)F(T",Q=Qy)1dT } (24 2 (2/{m)\T<1 at the early-stage growth af(T,Q=Q,)
T<1
As a result, the temporal behavior of the deposit height is<F(T,Q=0) at later time, the influence of the nonlinear

Rescaled Time T

FIG. 8. Temporal behaviors of the mean deposit height
[(Hg)maxt (Hg)minl/2 and the half amplitude of its modulation
W [(Ha)max— (Ha)min]/2 forced by theQ=Q, mode. For compari-
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logarithmic behavior is in fact weak, arndy can be decom-

posed adHy(X,T) =H4(T)+[AH4(T)/2]cogQuX), where the
contributions of the mode®=0 andQ=Q, are

PHYSICAL REVIEW E 69, 051605(2004)

on the third stage that consists in the photodeposit growth
under illumination. Indeed, in this regime we reach deposit
length scales that are particularly attractive for optical appli-

cations. Moreover, the deposition kinetics does not depend
anymore on the substrate roughness and thus, as for the ki-
netics of phase transitiong6], one expect growth to be
described by universal scaling behaviors. That was our main
motivation in developing this study.

We have investigated this aspect in three distinct cases
that represent the main classes of surface patterning used in

1 KagW'P T
Hd(T)zvvln{u—A[B) fF(T’,Q=O)dT’],
C

0

.
J F(T",Q=QudT

AHy(T) = 2KagP 0 applications. We first analyzed the most simplest case repre-
d Dc KagW'P (T .o - sented by the deposition of a pat@h fact a deposit with a
1+ De Jo F(T",Q=0)dT spherical cap shapeunder the excitation by a classical

Gaussian laser wave. We have seen that its late-stage radial

growth is characterized by different scaled laws depending
. . on the ratio between the beam waist and the optical absorp-

For comparisonHy(T) and AH,(T) are also represented in [ion length associated with the mixture; light absorption in

Fig. 8 It can be n(_)ticed that the explicit separation in spatia he medium brings a second length scale that can compete
Eourler modes fairly well r_eproduces the general EXPectay i the beam size and, thus, modify the medium response to
tions. As a consequence, this very good approximation faciliy, citation. So, we extended coarsening theories, used for the

tates the dynamical interpretation of the resulting d"cfr""c'“o:}escription of the kinetics of first-order phase transitions at

(25)

pattern and allows us to sepqrately detgrmine the kinetics.q te stage, to laser-assisted photochemical deposition. We ex-
the pedestal and the modulation of the induced surface reli lain the origin of these scaling behaviors according to the

grating [45]. general picture of coarsening phenomena driven by solute
diffusion and adsorption. Since a spherical cap growth model
obviously fails for thick deposit¢spherical shapes are gen-
erally sustained by surface tensjpomve also described the

In the present paper we have theoretically investigated thaeight growth to provide a description of the deposit mor-
kinetics of periodic surface patterning resulting from laser-phology as complete as possible. We recover an Elovich’
induced photochemical deposition in liquid solutions. Thisformulation of the height growth dynamics that was used to
study was undertaken in view of understanding the differenainalyze experimental dafd1]. We then extended the model
steps involved in the optical excitation of photosensitive lig-to dynamic line writing by photochemical deposition. This
uid mixtures to form surface relief gratings. Due to its tech-aspect is also important because lines are often deposited to
nologic significance in material science, particularly in pat-repair circuits and build electric contacf42,43, for in-
terning diffractive elements, and to the diversity in materialsstance. The scanning velocity appears as a new variable to
deposited, it is particularly appealing to build models that aredynamically control at the same time the wideness and the
system independent as much as possible. Therefore, one ctirickness of the deposited line. Finally, using two interfering
avoid to continuously repeat the same tedious characterizgpump beams, we describe the dynamic building of a photo-
tion when excitation or material is changed. Preliminary re-deposited holographic grating. Strictly speaking, it does not
sults needed a theoretical background to understand the difellow exactly the electromagnetic field distribution because
ferent mechanisms involved and to investigate the resultinghe nonlocal response of the medium has an important con-
potentialities in material processing. To analyze the kineticsribution around theg=0 Fourier mode. However, as far as
properties of the induced patterning, we started from the veryhe evolving time is not too large, the background contribu-
beginning of the optical excitation process by describing theion, represented by thg=0 mode, can be decoupled from
optical quenching mechanisms driven by a photochemicathe modulation driven by the forced modeqy. This sepa-
reaction. We derived the laser-induced photodeposit growthation is of particular interest when dealing with dynamic
for different significant experimental configurations. Threecontrol of amplitude and phase shifts of diffracted waves
main stages are involved in photochemical deposition. Alssociated to periodic patterning. In terms of phase shift, the
first, a new species has to be generated by a photochemiga¢destal associated with tlggs0 mode is constant in space
reaction. We described this production by building awhile the beam attenuation associated to the modulation is
reaction/diffusion analysis in presence of light excitation.clearly negligible compared to that of the background.
The important point concerning the evolution of the induced As a conclusion, the present work shows how the dynam-
species is that production is intrinsically nonlocal due to lightics of periodic patterning by photochemical deposition can
absorption within the medium. This means that the spatiabe theoretically investigated. A major point is the emergence
distribution of the produced species does not follow exactlyof scaling regimes that can be used to predict the properties,
the electromagnetic field excitation; it is wider due to dissi-as well as the optical performances, of the induced pattern-
pation. Then, as soon as concentration reaches solubility, iag. Due to the crucial role played by photodeposition and its
deposit is heterogeneously nucleated on the substrate. We didntrol in numerous practical applicatiofsurface pattern-
not describe this second stage. Instead we focus our attentidmg, lithography, or holography, for instangehis universal

VI. CONCLUSION
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picture may represent a first step toward a unified descriptiotaser waves in liquid solutions. The experimental data we
of the processes involved. That is why the confrontation ofobtain show excellent agreement with our model, giving
predictions to experiment is explored in a companion papevaluable insights into the underlined physics for the design
using the photoreduction of chromates by continuou$ Ar of photodeposited holographic elements.
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