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Arrays of microlenses of complex shapes prepared by reaction-diffusion in
thin films of ionically doped gels
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This letter describes a wet-stamping technique for the fabrication of highly regular arrays of
microlenses through reaction-diffusion-swelling processes occurring in a thin film of ionically
doped gelatin. Geometrical parameters of the lenses depend on and can be controlled by the
geometries of the stamped features and the concentrations of chemicals diffusing and reacting in the
gelatin matrix. Surface topographies of the lenses are studied experimentally, and are reproduced by
a lattice gas reaction-diffusion model. ZD04 American Institute of Physics
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Microlenses are important components of several opticalstamp$ patterned with an array of depressions in bas relief.
technologies. Individual microlenses find uses in fiberThe stamps were soaked in a solution of AgN®pically,
optics? optical data storageand medical devicesRegular  0.65—1.50 M for 12 h. Immediately prior to stamping, each
arrays of microlenses, on the other hand, are found in imagstamp was dried on a tissue paper for 120 s, and applied onto
ing sensoré, optical limiters® confocal microscop§, and
quantum computing systerﬁ§everal methods of making @)
such arrays have been developed in recent years. Conven-
tional ones, based on photolithography and/or micromachin- Agarose/AgNO; D
ing, require the use of specialized equipment and usually
involve several registration steﬁg.Altemative, often very
elegant fabrication schemes combine soft lithographic tech-
niques and self-assembly and rely on either differential de-
wetting of a liquid prepolyme¢subsequently to being cured
into solid lensegfrom a chemically micropatterned surfate
or on a templated assembly of microspheres on such a
surface*! The de-wetting method is, however, limited by the
interfacial properties of the polymer usédetermining the
curvature of the resultant lepsand the self-assembly ap-
proach has so far been limited to arrays of spherical lenses.
In this letter, we describe a versatile and reliable method of
fabrication of highly regular arrays of microlenses — with
areas of up to ¥3 cm — of various symmetries and cur-
vatures by means of reaction-diffusigRD) processé§~l3 FIG. 1. (a) Top picture is the scheme of the experimental setup. Middle

; ; ; i i< picture shows an agarose stafdenoted with hatched lingplaced in con-
occurring In a thin Iayer of an |0nlcally d0ped gel. This ct with gelatin at=0. The arrows indicate the directions of diffusion of

me_thOd Uses a}garose _Stamps patterned in bas-relief to Iocatﬁy cations(black arrow$ and FECN)g anions(gray arrow$. Bottom: Af-
deliver a solution of silver nitrate AgNQonto a surface of ter the stamp is taken offt=20 min), and gelatin is allowed to dryt
dry gelatin doped with potassium hexacyanoferrate=6-7h, the regions between the stamped features appear as curvilinear
K4F€(CN)6. Precipitation reaction between silver cations dif- depressions on the gelatin's surface. The dimensions of these depressions,

fusi int lati dh f t . th . D’ andLy, depend on the size of the stamped features, and on the concen-
using INto gelatin an exacyanoterraté anions therein r'eq,iions of the salts used. The graph on the right shows qualitative trends

sults in a pronounced expansion of the gel — the degree afbserved with increasing salt concentrations.[KsFe(CN),] or [AGNOs]

this expansion is proportional to the amount of precipitateare increasedrom dashed to solid to dotted lingshe degree of gel swell-

formed at a given location. The surface topographies obing in the regions below and around the features increases; at the same time,

: p . . . the reaction fronts propagate more and more inwards lifting the central

tained b_y RD _m gelatl_n can be f_althfu"y transferred into aportion of the circle. Above certain concentratigmere, above that corre-

po'Yme”C replica serving as a m'leenS array. sponding to the solid line the dimensions of the depressions—thatDs,
Figure Xa) outlines the experimental procedure. A hot, and L,—start decreasingb) Optical micrograph of an array of circularly

degassed 8 w/w solution of agaros¢OmniPur Agarose, Symmetric depressions(D=50 um, D’~45um, 10% w/w AgNQ,

Darmstadt, Germanyn de-ionized water was cast against an > 70 W/W K;F&CN)] in the gelatin masteieft), and a SEM image of the
corresponding array of microlenses on the surface of a PDMS replica. The

ox_idized polydimethyl Siloxan@_mas'fer having an array Oof  scale bars correspond to 2p6n. The geometries of microlenses in this and
raised features embossed on its surfé@@-150um in di-  other arrays—with exception of large circles and/or low salt

ameter, D). After gelation, the agarose layer was gently concentrations—were well-approximated by the sections of a sphere, and

eeled off, and cut into~2 cmx 2 cm rectangular blocks thei_r focal lengths agreed with those ce_alculatgd using the spherical approxi-
p 9 mation. For the array shown here replicated in PDMS 1.43—Refs. 18

and 19, the focal length was measured~@2+5um compared to the cal-

~50pum [Gelafi/K Fe(CN); 1 i
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a dy~50-um-thick film of dry gelatin (Gelatin B, 225 (a) :

bloom, Sigma-Aldrich doped with 0.25-1.0% w/w of 7 éj/E

K,4Fe(CN)g. After t=20 min, the stamp was removed from ol

the wetted/swollen gelatin surface. This surface was left to 5”' o

dry for 6—7 h under ambient condition§ ~25°C, RH 3 ol -

~20% —40% to give an array of regular, curvilinear depres-

sions in the regions corresponding to the depressions in the o_é/i .

applied stamp. PDM$Sylgard 184, Dow Corningwas cast 50 10 150 0 100 150

against this surface, cured at 30 deg overnight, and peeled ©) D (pm) D)

off to give an optically transparent material with an array of . ... B . _,t_/“‘“"e"“‘

convex microlenses on its surface. gm B TTTTTio% AgNO,
] 50 100 150 200 250 300 50 100 150 200 250 300

When the top portions of the features in the stamp come
into conformal contact with the surface of the gelatin, water
and ions diffuse from the stamp into the §&f*The evolu-

~e——Se— —
5% AgNO, g r\_/ 15% ANO,

Scan Depth (um)
&%,

! ! . 50 100 150 200 250 300 0 50 100 150 200 250 300
tion of the surface topography upon stamping can be quali- . § i _

) ) . ) 4— . T . D -t
tatively explained by the diffusion of Agand FECN)g~ ions ;ﬂ " 20%AgNo, ;ﬂ ™ a0magNo,
in wetted gelatin and by the gel swelling due to the precipi- 0 A A0 150 200 S““ ‘°°L :1 % 1% 1500 200 20 300
tation of these ions to give A§e(CN)g [Fig. 1(a), lowest ) can ‘z:)gt (um)

picture and the inset on the right; also cf. EPAPS Rel. 14 .
Initially, water from the stamp wets the surface of dry gelatin
by capillarity, and slowly diffuses into its bu When silver
cations enter the wetted gel, they are instantaneously precipi-
tated in the reaction with EEN)g™ present therein. More
cations are diffusively resupplied from the stamp, but the rate
of their delivery through the agarose—gelatin interface decays
exponentially with timé? As the reaction(precipitatior 50 0 150 ) 100 150
front propagates away from the features, the unreacted D (arb. units) D (arb. units)

4_ . . . .
Fe(CN)G e).(pe”em?esf a S_harp concentratlor) grgdlent at thl}':‘5—‘IG. 2. (a) Experimental dependence of the depth, of circularly sym-
front and diffuses in its direction; the combination of theSemetric depressions on feature sizB, for varying concentrations of
two, spatially opposite diffusive processes translates into th&.Fe(CN)s in gelatin[(O) 0.25%,(C]) 0.5%,(®) 0.75%,(M) 1.094 and for
concentration of the precipitate monotonically decaying with? Cons:ja?t Colnfteg"a“o,” {;I ég("écN“; ﬁh]? Stggp(los/f’)- 'Inset S:‘S‘N[?Ot;‘e
. . : - . . - same data plottea againgey el TOr dirrerent values O

the distance _from the features; this concentration pro_ﬂle is, I@O um, (0) 75 um, (@) 100 wm, (M) 150 um]. (b) Ly as a function oD
turn, -proport|onal tp the degree of surfgce defqrmqtlon. Theor [K Fe(CN)s]=1% w/w and fof AGNOs] varying from 5% to 209%(CT)
reaction and diffusion phenomena continue until eitfigeall 5%, (O) 10%, (®) 15%, (W) 20%). Inset shows the same data plotted
Fe(CN)g‘ in the gelatin has been used, 6r) the elastic against{AgNO;] for different values oD [(O) 50 um, () 75 um, (@)

. 00 um, (M) 150 um]. Graphs in(a) and (b) were created based on pro-
potential energy of the swollen gel exceeds the faVora‘blélometric measurements of the gelatin masters. Standard deviations are re-

energy of gel wetting. _ ported for the depths of the microlenses, and were collected from at least
Since local deformations of the gel surface depend onhree independent stampings with two profilometric sc@weraged over

the local concentrations of diffusing and reacting salts, ween times eachspanning two to five features for each stamping. For lenses
; ; ; ith D <100 um, the standard deviations for the depths and widths of the
expected that the topographies of the depressions in the gel%icrolenses were less than 1%6) Experimentalleft) and modeledright)

t.in master(or, equivalently, of .the Iepses in the PDMS rep- surface profiles for circular depressioms=75um (solid line) and D
lica) should depend on the dimensions of the stamped fea=150um (dashed ling for varying concentrations of silver nitrate and for

tures and/or on concentrations of the salts used. Thes& w/w K,FE(CN)g in gelatin. (d) Theoretical dependence &f; on D

dependencies were studied usina stamps micropatterned Wi(!)gth in arbitrary unitsfor varying concentrations of f£&(CN)g in gelatin
P 9 P P [(O) 0.75,(0) 1.5, (@) 2.25,(W) 3] and with constantAgNO3]=50 in the

arrays of qrcular pOS’@FIg.. 2). We f(_)und that for given stamp.(e) Theoretical dependence bf on D for varying concentrations of
concentrations of participating chemicals, the depth of the\gno, in the stamp[(W) 25, (O) 50, () 75, (@) 100] and for
lenses] g4, increased with increasing diameter of the stampedkK ,Fe(CN)¢]=3 (arbitrary unit3. Each data point ittd) and(e) is an aver-
circlesD [all curves in Figs. @) and 2b)] until it reached a  age of 50 simulation runs performed witt=2, Da/Dg=0.3, c=4; W,

lateau atD ~ 150—200um — in this limit. the precipita- =510. In all simulations, the concentrations were in arbitrary units that,
P 'U“ ! P P however, were linearly proportional to the experimental concentrations. The

tion front from the PerimEter of the circle did not propagate 1o, experimental concentration of Agi@as assigned a numerical value
all the way to the circle’s center, ang, depended solely on  of 50 in the simulations, and 1% w/w concentration of potassium hexacy-

the degree of swelling directly below the features. In addi-anoferrate corresponded to 3.

tion, increasingD decreased the curvature of the lenses: in

large circles, the central area where no precipitation occurrethe gelatin, the more precipitate could form, and the higher

remained flat. the degree of swellinﬂﬁ Also, the increasing concentration
For a givenD, the topographies of lenses could be con-of K,Fe(CN)g decreased the effective diameter of the lens,

trolled by concentrations of the salts in the stamp and in th@®’, and increased surface curvature. These effects can be

gelatin. With[AgNOs] kept constanfFig. 2@)], Ly increased  explained by the extent of the propagation of the precipita-

with increasind K,Fe(CN)g] up to 1% w/w(above this con- tion front inwards [cf. the inset to Fig. @]: when

centration, the gelatin did not gelate properly and tended toK,Fe(CN)g] was low, all ions were precipitated below and

“melt” when stamped uponThis trend reflected the fact that in the vicinity of the stamped ring and only these regions

the more potassium hexacyanoferrate that was available ideveloped curvature; when more hexacyanoferrate was avail-
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FIG. 3. Microlenses of complex base shap@s:triangular,(b) square(c)
hexagonal, andd) pentagonal stars. The left column shows the optical mi-
crographs([K,F&(CN)g]=1% w/w, [AgNO;]=10%), while the right one
has the results of the numerical simulations performed Wii=0)=3, B
=50,A=2, Do/Dg=0.3,c=4; W,=510. The insert tqa) illustrates a long-
range order in the stamped array of triangles. Insetd)and (c) are the

Campbell et al. 1873

producedFig. 2(c) right column, Figs. @) and Ze), Fig. 3,
right columnl by a lattice gas model with reaction term
algorithm.15 This model proved very useful in guiding the
design of stamps and in selection of concentrations leading
to desired buckled structures. Description of the modeling
method is included in EPAPS Ref. 14, and the simulation
software is available free of charge from our Web pHge.

In summary, we have demonstrated that reaction-
diffusion phenomena can be the basis of a reliable microfab-
rication method of technologically important microstruc-
tures. The technique we developed is simple, flexible, and
allows a high degree of control over the topographies of
surface reliefs it produces. The noncircular lengesicro-
pyramids’) we prepared should be useful not only in
wave-front-engineerind/*®but also as brightness-enhancing
supports in liquid crystal displaﬁé’,and as microcontainers
for crystallization®
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