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MATERIALS

tronics,”! and water-repellent surfaces.[*”] Existing micro-
structuring methods are either serial in nature and/or expen-
sive (X-ray lithography,'®’ micromachining,””’ laser etching,’®!
reactive ion etching (RIE)®) or rely on protective coat-
ings[m]/micromembranes,[l1] which often delaminate or get
under-etched. We have previously suggested[lz’m that micro-
scale reaction—diffusion processes in two-phase systems can
provide a basis for new microfabrication and structure-
modification techniques. In particular, we have shown that
micropatterned hydrogel stamps can be used to deliver
chemicals controllably—by diffusive processes enhanced by
osmotic pressure gradients!'*!—into thin films of dry gels
and initiate a variety of chemical processes (e.g., swell-
ing,[15’16] periodic precipitation,[”] oscillating reactions[w])
therein. Here, we demonstrate that such stamps can also be
used to remove material from solid surfaces and can thus
be used to microstructure metals, glasses, and crystals with
micrometer-scale precision. In our system, the gel stamp
provides a reservoir of an etching/dissolving chemical, which
reacts with the solid support at the top of the stamp’s mi-
crofeatures; at the same time, the products of one or more
reactions occurring at the interface between the phases are
cleared by diffusive transport into the gel’s bulk. Overall,
the stamp cuts into the solid along the micropattern em-
bossed on its surface and microstructures this solid with
high-aspect-ratio and/or quasi-three-dimensional (quasi-3D)
microfeatures.

Hydrogel stamps were made according to the procedure
described in detail before!" and outlined in the Ex-
perimental section. To microstructure metals (Fig. 1), the
stamps were soaked in a solution of an appropriate commer-
cial etchant (for Au, 25 % water solution of TFA etchant,
Transene Company, Danvers, MA; for Cu and Ni, 35%
water solution of FeCls-based PCB RadioShack etchant, cat.
no. 276-1535; for Fe, HNO; 5-10 % in water) for 2 h, and
applied onto a metal surface. For thin, thermally evaporated
layers of metal (10 nm Ti adhesion layer and ~100 nm Ni or
Au, Fig. 1b), the area below the features of the stamp was
completely etched within ~1 s from the application of the
stamp, and the etched pattern was a faithful copy of the pat-
tern in the stamp with resolution down to ~2 um (Fig. 1b,
right). For longer application times, the etchant could either
reactively spread[lg] on the surface or remain contained in
the features. This depended on the properties of the material
below the metal: for hydrophilic surfaces (e.g., glass), spread-
ing occurred at a rate of several micrometers per minute; for
hydrophobic ones (e.g., polystyrene) it was negligible. We
note that unlike other microetching methods, which require
patterning of a metal substrate with a protective monolayer
prior to etching, wet stamping (WETS) leaves behind a clean
metal surface that can be chemically derivatized after etch-
ing.

Because the stamps carried large amounts of the etching
solution, they could cut deep into thick metal supports. Fig-
ure 1c shows microstructures etched in a 50 um thick copper
foil. The picture on the left has 30 um tall star posts obtained
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Figure 1. Etching of metal supports using wet stamping (WETS).
a) Scheme of the experimental arrangement. b) Patterns etched in
100 nm thick, thermally evaporated layers of Ni (left) and Au (right);
pattern on the right is an array of 1.5 um lines spaced by 2.5 um. Scale
bars, 50 um. c) Posts and wells etched in a copper foil. d) Membranes
and metal plates obtained from the same foil for long (here, 8 h) etching
times. e) Quasi-3D structures obtained by consecutive stamping of two
different patterns. Left: An array of deeper, parallel lines (~35 um) was
etched into a foil that had already been patterned with a shallower
(~8 wm) array of squares. Right: A pattern of concentric circles ~10 um
deep was first etched into a copper film, followed by etching of an array
of parallel lines using a stamp made out of a softer agarose (~7 wt.-%)
that conformed to the shape of the patterned surface. In the regions
where the circles had been etched, the lines cut all the way through the
film; in other locations, ~10 um thick circular metal “ribs” remained at
the bottom of the foil. Aside from its complex topography, the pattern is
interesting for the visual illusion (moiré pattern) it creates, shown in the
inset, in which the circles appear to be ellipses. Scale bars correspond
throughout to 500 um unless otherwise stated.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

from a stamp with corresponding star wells, while that on the
right shows square wells prepared using a stamp with square
posts in bas relief. In both cases, the stamps were placed on
the foil for 3 h. For longer etching times, the stamps cut
through the entire copper film to give either membranes
(using stamps patterned with posts, Fig. 1d, left) or disjointed
metal plates (when stamps had a network of connected fea-
tures in bas relief, Fig. 1d, right). With consecutive stampings
using the same or different patterns, we were able to prepare
multilevel microstructures such as those illustrated in Fig-
ure le. The maximum depth of etched features was ~100 um
with aspect ratios as high as 2; all types of structures had ex-
cellent uniformity over areas up to 1 cm” We briefly mention
that, in general, stamps could be reused for up to ~8 h; for
longer times, the acidic etchants caused softening of the aga-
rose matrix.

Vertical “sinking” of the stamps into metal substrates was
accompanied by only minimal horizontal etching (not more
than ca. ~6 % of the feature size). Because the surface layer of
liquid was removed from the stamp’s surface prior to pattern-
ing, and because the water-based etchant did not wet the met-
al surface, it was tightly confined to the stamp’s features by
hydration forces. Consequently, after some initial etching at
the sides of the features, these sides lost contact with the sub-
strate; etching continued only at the interface between the
tops of the features and the bottoms of the indentations in the
metal.

The depth of the etched features H increased monotoni-
cally with time ¢. The experimentally observed dependence
shown in Figure 2c is explained by a model that assumes
that the etching rate is proportional to the flux of etchant
at the metal-stamp interface, and that the etching reaction
occurs much faster than the diffusion of the etchant within
the stamp (i.e., it is diffusion limited). For a model geome-
try of a stamp patterned with an array of small cylindrical
features of radius R and height L, the pertinent diffusion
equation can be solved analytically by first solving piece-
wise over the regions of the feature and of the stamp “res-
ervoir,” and then connecting the solutions using equality of
concentrations and fluxes at the boundary between the two
regions.

Assuming that the concentration of the etchant in the stamp
is i) uniform before stamping, C(x,0) = Cy, ii) fixed at zero at
the stamp-metal interface, C(0,f) = 0, and iii) remains un-
changed far from the interface, C(eo,f) = Cy, the rate of etching
can be expressed as

dH/dt = —aDC*(t)/L |1 +2 g: exp (—Dn*n’t/L?) 1)
n=1

where a is a constant of proportionality, D is the diffusion
coefficient of the etchant in the stamp, and C(¢) is the concen-
tration at the feature-reservoir interface (see Experimental
section). This function can be simplified in the limits of
“short” (r = L*D << 1) and “long” (v > 1) times. Short times
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Figure 2. Calculated concentration profiles and etching rates. a) Scheme
of a large stamp “reservoir” with a cylindrical feature cutting into a solid
support. Isoconcentration profiles, colored in shades of gray, were calcu-
lated using the two-region analytical matching method for L = 500 um,
R=250 um, and 7 = L%/D = 1. b) Concentration profiles along the axis of
a cylindrical feature extending into the stamp reservoir (zero position
corresponds to the stamp-substrate interface; the dashed vertical line
delineates the interface between the feature and the reservoir, x = L).
Times t, t,, and t; correspond to 7 = [?/D =0.01, 0.1, and 1, respectively.
Solid curves represent concentration profiles for a process in which an
etchant is consumed by reaction at x = 0 (e.g., etching metals). Dashed
lines have the profiles of a solute, which is continuously dissolved at the
stamp-substrate interface and transported into the stamp’s bulk (e.g.,
etching crystals). Note that for 7 =1 the profiles are linear in the feature.
In this regime, the reservoir continuously delivers/removes the solute,
and the etching rate approaches a constant value. c) Dependence of
the depth of the etched features, H, on the time of stamp application.
The values of H were measured by profilometry; error bars correspond to
standard deviations based on at least three independent stampings of an
array of 100 um circles for each value of time. In all cases, concentration
of the FeCl;-based etchant in the stamp was 18 %. The solid line is a
theoretical fit based on the analytical, two-region solution. The dashed
lines are the fits for the limits of short times (square-root dependence)
and long times (linear dependence).

are dominated by diffusion in the features, and the etching
rate is given by

dH/dt = aCy\/D/mt (2)
At long times delivery from the reservoir dominates, and
dH/dt = DC,/(L +R/2) 3)

In other words, at short times, the depth of the etched wells in-
creases as the square root of time while for long times it grows
linearly with ¢. These predictions are in excellent agreement
with experiment (Fig. 2c).
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If the solutions contained in the stamps wetted the surfaces
of the substrates (e.g., HF on glass, water on ionic crystals),
the quality of etching in air was poor and led to surface inden-
tations that had blunt edges and were significantly larger than
the stamped features. These problems were eliminated by im-
mersion (or under-liquid) wet stamping (i-WETS).

For example, to microstructure glass, agarose stamps were
soaked in a solution of 2 % w/v HF, up to 16.7 % (v/v) HCI (to
increase the etching rate™) and 0.5 % Triton X-100 surfac-
tant (MP Biomedicals, CAS# 9002-93-1), which improved the
smoothness of the etched surfaces. After drying of the gel’s
surface, the stamp was placed upside down at the bottom of a
dish filled with mineral oil (Light Mineral Oil, 0121-1, Fisher
Scientific) immiscible with the etching solution (Fig. 3a). A
glass substrate was then placed on the stamp and came into
conformal contact with the tops of the stamp’s features. At
the same time, the grooves between the features remained
filled with oil, thus preventing spreading of the etching solu-
tion onto the glass surface. As the stamp etched into the sub-
strate, oil also filled the gap that formed—as a result of initial
horizontal etching (<6 % of the feature size)—between the
sides of the features and sides of the carved wells. This thin oil
layer protected the glass from further etching, which contin-
ued only at the tops of the features and cleanly in the vertical
direction. The carved-out depressions (Figs. 3b—-d) had sharp
edges, and their maximum depth (limited only by the depth of
the features in the stamps we used) was ~70 um,*!! signifi-
cantly larger than that achievable by other parallel etching
techniques.

The i-WETS technique proved equally successful in micro-
structuring surfaces of monocrystals (Figs. 3e—f) with depths
of the depressions up to 80 um, sharp edges, and lateral
spreading less than 5 % of the diameter of the stamped fea-
tures. We were able to microstructure both inorganic (e.g., cal-
cium carbonate, potassium hexacyanoferrate) and organic
(e.g., sucrose, naphthalene) crystals. We note that for crystals
readily soluble in water (e.g., K3Fe(CN)g), the best results
were obtained with stamps soaked in mixtures of water and
ethanol (5:95 v/v). Pure-water stamps etched into crystals too
rapidly and with pronounced lateral spreading. An ethanol
base for the “etchant” made the process more controllable,
and also reduced surface tension with respect to the oil, which
could thus penetrate into the side regions of the etched wells
more easily. Based on these and the preceding results for met-
als and glass, we suggest that the rule of using low-concentra-
tion solutions of an etchant can be generalized to other sub-
strates.

Finally, we remark that non-binary surface topographies
can be achieved by engineering diffusive fluxes in the stamps
and coupling these fluxes to chemical reactions involving dis-
solved substrates. This is vividly illustrated in the inset to Fig-
ure 3f, which shows “toroidal” depressions etched by a stamp
soaked in a solution of 0.5 M FeSO,4 and patterned with an
array of circles onto a crystal of K3Fe(CN)g. Briefly, as the dis-
solved hexacyanoferrate ions from the crystal diffuse into the
stamp, they are instantaneously precipitated in a reaction with
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mathematical description of the com-
plex interplay®! between reaction, dif-
fusion, surface wetting, and feature ge-
ometry in this system will be the subject
of a separate communication.

In summary, we have described a sim-
ple, versatile, and reliable method of
microstructuring solid supports. We be-
lieve that WETS and i-WETS tech-
niques will prove useful in rapid proto-
typing of microfluidic circuits in glass,

fabrication of metallic membranes and
microstructured foils with applications
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Figure 3. Microstructuring of glass and crystals with i-WETS. a) Scheme of the i-WETS procedure.
b) Array of concentric circles etched in glass; the corresponding profilogram along the circles’ diag-
onals is shown below (scale bar, 500 um). c) SEM image of a pentagonal star etched in glass (scale
bar, 500 um), with inset highlighting well-resolved edges and points (scale bar, 100 um).
d) Twenty-spoked gear etched into glass (scale bar, 250 um). e) Escher’s lizards microstructured
into crystals of K3Fe(CN)g (scale bar, 500 um). Profilogram taken across the three splayed lizard
“fingers” near the top left of the photograph. f) Circles, 50 um diameter, etched into a crystal of
K3Fe(CN)g (scale bar, 200 um). The inset shows that etching with a 0.5 M solution of FeSO, gives
torus-shaped depressions with centers ~30 um less deep than the edge regions (~80 um deep).
g) Array of 30 um deep hexagons etched (15 min) into the face of a calcium carbonate (calcite)

crystal using stamps soaked in 1.2 M HCI.

iron(11) cations contained therein: Fe** + [Fe"(CN)s]*” + K*
— KFe""[Fe™(CN)g] (). Because diffusive fluxes are highest
near the edges of the features,” these regions serve as sinks
of both Fe?* from the stamp and [Fe(CN)¢]* from the crys-
tal. In particular, unreacted iron(1r) cations contained in the
stamp migrate from the features’ centers towards the edges,
where they “scavenge” the dissolved anions from the crystal.
As a result, etching proceeds more rapidly at the regions near
the edges, and the etched depressions are deeper around the
contours of the features and shallower near their centers. A

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in separation science and light-weight
materials, and of optical elements (e.g.,
polarizing diffraction gratings from
crystals). In specific applications, it
might be necessary to use hydrogels
other than agarose to make the stamps
compatible with desirable etchants.
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Experimental

Stamp  Fabrication: A hot, degassed
8-12 % w/w solution of high strength agarose
(OmniPur Agarose, Darmstadt, Germany) in
deionized water was cast against an oxidized
poly(dimethyl siloxane) (PDMS) master that
had an array of microscopic features em-
bossed on its surface (typical feature size,
2 um < W <250 um, feature depth, 2 um < H
<100 um, 0.4 < H/W < 2). After further de-
gassing under vacuum and gelation, the aga-
rose layer was gently peeled off and cut into
approximately 1-2 cm x 1-2 cm x 2-5 mm
rectangular blocks (“stamps”) patterned with
the negative of the array of features in the
PDMS master. Next, the stamps were soaked
for 10-120 min in an aqueous solution of a
reagent to be used in surface microstructur-
ing (see below). Immediately prior to use,
the stamps were dried of excess water by
blowing dry nitrogen over them (~30 s) and
then placing on a filter paper for 20 min. Fi-
nally, the stamps were put onto a glass slide
for 10 min (pattern side down) to equalize
any hydration gradients that might have de-
veloped during drying.

Modeling: The diffusion equation in aga-
rose stamps was solved piecewise for the fea-
tures and for the stamp’s bulk (the “reser-
voir”). Consider a cylindrical feature (region I) of height L and radius
R much smaller than the dimensions of the attached reservoir (re-
gion II). The reservoir is approximated as a semi-infinite half-space
bounded by the hemisphere of radius R “capping” the cylindrical fea-
ture (i.e., a region defined in spherical coordinates as R < r < o0, 0 < ¢
< m/2,and 0 < 0 < 27). These regions were chosen to facilitate analyti-
cal approximation, which approaches an exact solution in the limit as
R/L — 0. Initially, the stamp has a uniform etchant concentration C,
and upon stamping, a “fast” etching reaction maintains a zero concen-
tration at the stamp/substrate interface; the concentration at the inter-
face between regions I and II is denoted as C*(¢), and its value is de-
termined by the solution matching process.

www.advmat.de Adv. Mater. 2005, 17, 1361-1365
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In region I, diffusion is described by the one-dimensional diffusion
equation

dC; (x,1) /8t = DO*C, (x,1) /8x*:0 <x < L “)

The boundary conditions are Cy(0,f) =0 at x = 0 and Cy(L,t) = C*(¢) at
x = L, and the initial condition is Cy(x,0) = Cy. Because C*(f) de-
creases slowly, i.e.,

dC*(t)/dt < DC,/L? 5)

and monotonically, this problem is well approximated by the follow-
ing series solution for unsteady diffusion between constant boundary
concentrations:

C(x,t) = C*(t) (x/L) +2/n ¥ ((=1)"C*(¢) /n)
n=1
sin (nmx/L) exp (—Dn*n*t/L?) (6)
where the time dependence of C*(¢) has been inserted after the diffu-
sion equation has been solved.

In region II, spherical symmetry leads to a diffusion equation in
spherical coordinates

ACy (r,1) /0t = D/r* 0/dr(rroCy (r,t)/or) for R < r < oo (7)

The boundary conditions are Cyy(R,f) = C*(f) at r = R and Cyy(ee,t) =
Cy as r — oo, and the initial condition is Cyy(x,0) = Cy. This problem
can be well approximated analytically to give

C(r,0) = Cy — (Cy — C* (1)) (R/r) exfe((r — R)/@) (8)

where, again, the time dependence of C*(f) has been neglected until
after the diffusion equation has been solved.

To determine the functional form of C*(¢) it is necessary to equate
the molar flow rates across the boundary between regions I and II

—D(&CI/Bx)L aR? = —D(8CH/8r)R 2nR? (O]
Doing so allows one to find

2G, (1/R+1/v/xDI)
2/ R42/VADI+1/L+2/L S exp (~Dn2?t/L12)

n=1

C (1) =

(10)

To relate the concentration profiles to etching rates, it is assumed
that the rate of etching is proportional to the flux at the stamp/sub-
strate interface

dH/dt oc —D(9C;/0x) (11
or
dH/dr = aDC* (0)/L |1 +2 Y exp (~Dr2a’t/L%) (12)

n=1

In the limits of short and long times, this expression simplifies to the
equations given in the text (Egs. 2 and 3).

The procedure described above applies to etching of a substrate, in
which the limiting process is the diffusion of the etchant from the
stamp towards the surface. An analogous approach can be used to de-
scribe microstructuring of a crystal, in which the stamp continuously
transports the solute from the crystal’s surface into the reservoir. In
this case, the solute concentration at the stamp/crystal interface is
fixed at an equilibrium value determined by solubility. The concentra-
tion is initially zero throughout the stamp, and remains so far from
the feature. This “inverse” problem can be solved by the change of
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variables Ciyyerse = Co—C, where C is given by the solution derived
above. This transformation of variables does not affect the expression
for the etching rate but changes the sign of the proportionality con-
stant a.
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