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Cylindrically symmetric electrohydrodynamic patterning
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Cylindrically symmetric structures such as concentric rings and rosettes arise out of thin polymeric films
subjected to strong electric fields. Experiments that formed concentric rings and theory capable of explaining
these and other cylindrical structures are presented. These rings represent an additional member of a class of
structures, including pillars and holes, formed by electrohydrodynamic patterning of thin films, occasionally
referred to as lithographically induced self-assembly. Fabrication of a set of concentric rings begins by spin
coating a thin polgmethyl methacrylatefilm onto a silicon wafer. A mask is superimposed parallel to the film
leaving a similarly thin air gap. Electric fields, acting in opposition to surface tension, destabilize the free
interface when raised above the glass transition temperature. Central pillars nucleate under small cylindrical
protrusions patterned on the mask. Rings then emerge sequentially, with larger systems having as many as 10
fully formed rings. Ring-to-ring spacings and annular widths, typically on the order of a micron, are approxi-
mately constant within a concentric cluster. The formation rate is proportional to the viscosity and, conse-
quently, has the expected Williams-Landel-Ferry dependence on temperature. In light of these developments
we have undertaken a linear stability analysis in cylindrical coordinates to describe these rings and ringlike
structures. The salient feature of this analysis is the use of perturbations that incorporate their radial depen-
dence in terms of Bessel functions as opposed to the traditional sinusoids of Cartesian coordinates. The theory
predicts approximately constant ring-to-ring spacings, constant annular widths, and growth rates that agree
with experiment. A secondary instability is observed at higher temperatures, which causes the rings to segment
into arcs or pillar arrays. The cylindrical theory may be generalized to describe hexagonal pillar/hole packing,
gratings, and rosettes with the first being of particular importance given the ubiquitous observation of hexago-
nal packing. The perturbation analysis presented here is relevant to any system with cylindrical symmetry, for
which the radial dependence can be described in terms of Bessel functions.
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[. INTRODUCTION In a typical experimen{6], a thin polymer film is first
] ] o ) spun onto a flat substrate. A mask, sometimes patterned in
Patterning thin organic films has become an issue of greagjief, is held in close proximity to the polymer surface, leav-
technical importance. The semiconductor industry routinelying an air gap, and the system is heated above the glass
relies on photolithography of polymer resist films to delin- transition temperaturel, of the polymer(Fig. 1). In some
eate devices and interconnects; however, the chemicals ardses an external electric field is applied though this is not
radiation exposures used in photolithography are unsuitablalways necessary. An instability then causes perturbations at
for many applications and scaling down the feature size rethe polymer surface to grow with a length scale set by the
quires scaling up the cost. As such, alternative patterningompetition between electrical forces and surface tension.
processes being pursued include nanoimprint lithogrgphy After some time the polymer film is observed to assemble
microcontact printing2], and cold-weldind3]. Patterns that into periodic structures that bridge the gap between the mask
form spontaneously or in response to electric fields mayand substrate. By using a patterned mask, the location and
eventually provide another class of alternatives. Options curdomain orientation of the structures can be well controlled.
rently being pursued include self-assembly of colloidal par-Single domain pillar arrays can be formed with appropriate
ticles [4] and phase separation of block copolymEg relief dimensions. After cooling the system below the poly-
In this paper we discuss another approach, which capitafM€' T the structures become fixed and the mask can be
izes on the growth of instabilities to pattern thin ponmerremoved' . .
melts. This electrohydrodynamic patterning method, which, M0dels to predict the spacings agree on the electrohydro-
has been termed lithographically induced self-assembliynam'c nature of the process, but differ regarding the elec-

S rical properties of the film. While Chou and Zhuaiig]
(LISA), has been shown to produce periodic pillar arrays and_..: ; ;
mesas[6-8|. Furthermore, the feature size of the resultingfo|t|aIIy proposed that image charge generated the electrical

be reduced h bmi rces, Schaffeet al. [8,10 affirmed electrical forces to be
patterns can be reduced to the submicron stg. the main driving force by observing spacings that vary in-

versely with the electric field as predicted by their model.

They assumed the film to be absent of free charge, i.e., a
*Email address: pad@princeton.edu perfect dielectric, and identified the linearly unstable modes
"Email address: Ipease@princeton.edu within the context of the lubrication approximation as set by
*Present address: NanoOpto Corp., Somerset, NJ 08873, USA. the competition between the electrical forces and the surface
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imposed at the surface of the film in the expression for the
normal stress balance; his results reduce to Schaffer’s when
the static charge is negligible. By including the effect of free
charge in the polymer film, Pease and Ru$&8] developed

the leaky dielectric model, which allows for redistribution of

charges at the interfaces. Results of the linear stability analy-
Substrate sis showed that the leaky dielectric yields growth exponents
(@) and characteristic wave numbers larger than that for the per-

a

fect dielectric. Pease and Rus§&4] also contrasted the re-
sults of the linear stability analysis with and without the
lubrication approximation, thus showing that this approxima-
tion fails where surface tension is small and electric fields are
large. Relaxation of the approximation predicts more tightly
packed pillars with greater aspect ratios. Comparison of the
theory developed for pattern-free masks shows reasonable
agreement with data for pillar and hole arrays from the lit-
erature[15].

While the fundamentals of this patterning process under
pattern-free masks are reasonably well understood, recent cy-
lindrically symmetric structures challenge the existing
theory. The literature contains several examples of these
structures. Choy16] detailed two examples of concentric
rings with four to five rings each surrounding a central pillar.
The rings were evenly spaced and the annular widths of the
rings appeared to be constant. Schadfeal. [8] have shown
a rosette in which 12 pillars circumscribe a central pillar.
They implicated a locally accentuated electric field as the
cause of the rosette’s formation. Subsequent work in their
group[17] has indicated that competition between electrohy-
drodynamic flow and dewetting may play a role in their ro-
sette features. Zhuang observed rings of pillars surrounding

Spacer  Polymer
_/Film

Mask spacers and dust particlgb2] and also spirals and gratings
in cases with pattern-free masks and low-energy substrates.
.I.I.I.I.I. These observations present interesting challenges to existing
theories.
Substrate In this paper we examine the experiments and experimen-
tal conditions that give rise to some of the ringlike features.
(d) These results are compared to an electrohydrodynamic

model of the process capable of describing these cylindrical

FIG. 1. (Color online Schematic of ring formation by electro- Structures. The perturbation analysis contained herein has
hydrodynamic patterninga) A mask patterned with localized pro- relevance to other cylindrically symmetric systems for which
trusions is held above a thin polymer film. Spacers on the maskBessel functions also capture the radial variation.
ensure that the mask protrusion does not initially contact the poly-
mer surface(b) The system is placed in a press and heated above
the glass transition temperature of the polymer. A cylindrically sym-
metric instab_ility sets in driver_l by electric fields and opposeq by 1. EXPERIMENT
surface tension(c) A central pillar forms beneath the protrusion
after which(d) concentric rings are observed to form sequentially

around the pillar The experimental procedure is summarized schematically

in Fig. 1 and is similar to that used in previous experiments
[6]. The polymethyl methacrylate(PMMA) with a molecu-

lar weight of M,=2 kg/mol (Polymer Sourceused in these
tension. They justified the linear stability analysis by demon-experiments has a polydispersity index of 1.07. The polymer
strating that the spacings agree with the fastest growing waweas combined with an aliphatic quaternary ami®éo of
numbers predicted. Liret al. [11] adapted their model to PMMA weight), octadecyl poly(15) oxyethylene methyl am-
account for a dielectric medium in the gap by including itsmonium chloride(Tomah Products, Product No. Q-18)15
viscosity and dielectric constant also under the framework oind dissolved in chlorobenzeii#—2 % solution by weight
the lubrication approximation. Zhuarj@2], in a similar lin-  of polymen. The quaternary ammonium chloride was se-
ear stability analysis, included the effect of static chargdected for its solubility in PMMA. The solution was spin
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coated to a thickness of 90 nm on a polished silicon wafer.
The glass transition temperature of our polymer system was
measured by differential scanning calorimetry to be 75 °C.
Two different mask materials were used in our experi-
ment: fused quartz and silicon with a 130 nm layer of ther-
mally grown oxide. In both cases the mask was patterned
with protrusions ranging in height from 10 to 40 nm using
photolithography followed by reactive ion etchiBIE) in a
CHF; plasma. Each protrusion was cylindrical with a diam-
eter of 3um. The protrusions, which do not initially contact
the polymer surface, act as a nucleation points for ring de-
velopment. Nonuniformities in the polymer film or mask sur-
face can also nucleate rings indicating that the protrusions
are not necessary but may be helpful in locating the centers
of sets of rings. The gap between the mask and polymer _ ] _ ) )
surfaces is controlled by an array of spacers fabricated on the FIG. 2. (Color onling Atomic force microscopy image of typi-
mask surface in the form of 0.5 mm wide aluminum Iinescal ring pattern formed from a 90 nm PMMA film containing 5%
separated by 5 mm. The aluminum was deposited by eledaternary ammonium chioride. The rings are 170 nm tall and have
tron beam evaporation through a shadow mask to creat%"new'dth of 1 um with ".".rad'al spacing of gm. The mask and
spacers with heights ranging from 140 to 190 nm. It ShOU|GSUbStrate are made of S!llCOﬂ and the f_ormer has 130 nm of ther-
be noted that some of the heights of rings reported in th mally grown oxide. The sidewalls are quite steep and the tops of the

%ings are flat.
plots are larger than the spacers on any of the masks used ind

our experiment. It may be that the spacers were not forced tgnoyy the central pillar that would be expected beneath the
the bottom of the polymer film, were not locally in contact mask protrusion. The reason is simple: the polymer tends to
with the polymer surface perhaps due to dust particles, or thgjimp the sidewalls of the protrusion and is torn away when
rings may have been stretched during removal of the maskpe mask is removed. This problem is not observed with the
Finally, the masks are coated with a low surface energy Suismalier 10 nm protrusions. With protrusions of this height,
factant, a fluorinated alkyltrichlorosilane, to facilitate the powever. nucleation in unwanted areas is more likely to oc-
separation of the mask from the polymer after the rings have often at localized nonuniformities in the mask or poly-
formed. _ _ mer film. Experiments were also performed to observe di-
The mask is held against the polymer surface by gectly the kinetics of ring formation. The experimental setup
parallel-plate press with an applied pressure of 300 pSiesembles that discussed previously but necessitates the use
(21 MPa. Such pressures minimize variation in 'Fhe gap be—pf a quartz mask. The formation process was recorded
tween the mask and polymer surfaces. The entire system {&rough the top of the mask with optical microscopy. Further
heated above the glass transition temperature of the film tgetails of the setup can be found elsewhgir@]. These ob-
initiate the assembly process. After a specified time the Sysservations and comparison to our theoretical model will be
tem is cooled below the glass transition temperature to affixyresented later in this article.
the patterns, and the mask is removed. There is no externally |t js important to note the differences between the experi-

applied field in our experiments. The polymer surface is thefinental conditions that form ring structures and those that
characterized using atomic force and optical microscopy.
@ @ @

Figure 2 shows an atomic force microsca@yM) image
of completed concentric rings in which the central pillar is
clearly visible. The annular width of the rings isgdm and
the ring-to-ring spacing is g&m. The rings are 170 nm high
(as measured from the substrate to the top of the) ramgl
took 60 min to form at 95 °C. Up to 10 fully formed rings
have been seen around a single central pillar. More rings
form as the dwell time increases.

Figure 3 shows an array of single rings formed under a
mask with 40 nm high protrusions spaced @@ apart. The “Wpm
rings took 30 min to form at 90 °C. Each set of rings centers @) ()
on a protrusion patterned in relief on the mask, but does not

@ @ ®
@ © ®
®@ © ®

I@@@@

FIG. 3. (Color onling Optical micrographs comparing mask and
polymer film after LISA process. The silicon mask and substrate

The silicon wafers of p-type (100 with boron doping appear dark(a) Optical image of silicon oxide protrusions 40 nm
(10—-20Q - cm) were first cleaned for 15 min in a bath of DI water, high and 3um in diameter on silicon maskb) Self-assembled ring
hydrogen peroxide, and ammonium hydrox{@el:1) at 80°C fol- patterns formed from a 90 nm film at 90 °C with 160 nm spacer
lowed by a DI water rinse for 15 min. The wafers had a layer ofheights and 130 nm of oxide on the mask. No central pillar can be
native oxide(~20-30 A), though, in some cases an 80 nm layer of observed because the polymer film had climbed the sidewalls of the
thermal oxide was grown. protrusion, and was peeled off during separation.
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to an electrical surface force at the free interface. Body
z=H, forces are negligible because there is no gradient in the di-
& electric constantg, and bulk charge is assumed absent. Sur-
5= face tension,y, counters the electrical surface force as de-
scribed in the normal stress balance, E&). Balancing the
two sets the characteristic lateral spacihg,as described
later. The fluid—our film above the glass transition
z=h temperature—responds to the resulting lateral pressure gra-
dient, Vp, with velocity, u=u,e, +u,e,+u,e,, which leads to
deformation of the interface a=h through lateral viscous
flow that couples to vertical flow through continuity.
Perturbations in the film height locally accentuate the
z=-H, electric fields, which affect the pressure and hence feed back
into the film height through the fluid mechanics. If the elec-
tric fields are sufficient to overcome surface tension the free
FIG. 4. (Color onling Schematic of the model variables where jnterface becomes unstable. The relevant equations in cylin-
the height, surface tension, viscosity, and dielectric constant of thgirical coordinates in SI units, withV=e,d/ dz+e,dl or

polymer film areh, vy, u, ande, respectively, while the dielectric +(e,/1)d/ 90 ande, as the unit vector iz, are summarized as
constant of the gap fluid is? and the mask—substrate separation is

H. Where oxide is present on the masK! and H,,—H are the
dielectric constant and thickness of the oxide, while for the sub- V2yf=0, V24=0, V%Pf=0, V%"=0, (1)
strate they are® andHs.

Gap Fluid r-d

Polymer Film u £ z=0

follows:

P=V+yx, atz=-Hg (2
previously created discrete pillaf§]. First, many of the
masks were patterned with cylindrical protrusions as in Fig. y—0°=x1, O0=|ee Vi -n, atz=0, (3)
3. Second, the quaternary ammonium chloride, a fully
soluble species, has been added to the polymer film. Al- = 0=leeVull-n. atz=h 4
though cylindrically symmetric structures have been ob- V== leza¥ ] -n, ' @
served without this addition, segmentation of the rings is less g _ _
common with it. This may be a consequence of some sec- W= y0=xs 0=[ee;Vyi|-n, atz=H, (5)
ondary instability, which will be addressed later. In addition B _
to differences in film composition, we note that our experi- W= Xa atz=Hp, (6)
ments typically employ smaller mask—substrate separations )
and lower temperatures than previous work on pillars. At - Vp+uVu=0, (7)
higher temperature$~120 °C), discrete pillars are once
again observed even with the quaternary ammonium chloride V.u=0, (8)

(Fig. 12 and cylindrical protrusions on the mask. The model
presented below accommodates the most important aspect of 1

these features, namely the cylindrical symmetry. EHSSo[(V'//' n)?= (Vi -t)> = (V- t,)]]
l1l. MODELING —[-p+un-(Vu+Vu')-n]+yk=0, atz=h,

Modeling the electrically driven formation of the rings 9
requires a linear stability analysis with a particular form of
the perturbation to account for symmetry. The electrohydro- pti-(Vu+Vvu')-n=0, atz=h, (10)
dynamic model, which we adopt from Savil[¢9], is ca-
pable of describing fluids ranging from perfect dielectrics, u,=0, u =0, and u,=0, atz=0, (12)
where free charge is absent, to perfect conductors, where the
fields in conducting media are suppressed, with so-called ah 1
“leaky dielectrics” spanning the range in between. For the T uh, = Fu(’h”’ atz=h. (12

purposes of this paper we focus on the perfect dielectrics
noting that wave numbers and growth exponents for otheThe first six equations describe the electrostatic potentials
cases have been developed previoliglj in Cartesian co- (5, ¢, ¢2, and /™) in the substrat€z=—-H to 0), film (z
ordinates. We allow electric fields to arise between the maskO0 to h), gap(z=h to H), and mask(z=H to H,), respec-
and substrate either by applying a voltayeor through an tively. The latter six equations describing the fluid mechanics
asymmetry among the contact potentiaisat the interfaces. couple with the electrostatics through the normal stress bal-
Variables are shown in Fig. 4. Our analysis accounts for thance, Eq(9). We assume the mask to be grounded, and the
reduction of the field in the gap due to oxide layers presenjump operator,| ||, indicates subtraction of the operand
on the mask and substrate, which are otherwise assumed itmmediately below the interface from that above. The super-
be conductors. The resulting electrical potentigdsgive rise  scriptt stands for the transpose.
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Equations(1) through(12) are completed with the mean curvature

1, 2 1 a1 1
1+ 55 b + 0ol “hg =Py +(1+hy) et 3hg
K= 1\ ’ (13

and the normal and tangential unit vectors dence [21,22. Additionally, the initial height ratio, h,
1 =h,/H, and the ratio of dielectric constants,c?, generally
e,—h e -=hse, are important. To first order approximation van der Waals
n= r (14) forces are negligible becaus®H?/h3s%,y* and AH?/(H
, 1\ —h)3e%,x? are much less than unity, whefeis Hamaker’s
1+h+ r_2h0 constant.
Selection of the appropriate perturbation is the salient dif-
ference between the theory developed previo{lly14 and
e +he, - . .
t=—————, (15)  that herein. The previous form of the perturbation was
(1+hr2)1/2 o o
h=h,+hexplik - X, (17)
(1+hr2)e0_lhrh0er+ lhgez whereh, the perturbation amplitude, is much smaller than
r r v

(16) any other length scalek is the wave vector, ands is a
position vector. Equation(17) led to regularly spaced

maxima separated by=2xL/k and square packing, despite

. . . L . its frequent application to hexagonal packing. Here, how-
where the subscript tb indicates a partial derivative with ever, we choose a perturbation with the form

respect to this variable are, e,, ande, are the unit vectors

ty= 1 \12
(1+ h3)1/2(1 +hi+ ;hé)

in ther, 6, andz directions. These equations are solved under h=h,+he*’J,(K) (18
the lubrication approximation below with details in the Ap- _
pendix[20]. in radial coordinategr, 6) [23] whereJ,(kr) is a Bessel func-

The equations were scaled by defining dimensionlestion of the first kind of ordew with wave numbek. Similar
variables as given in Table | where the contact potential paspatial dependencies have been seen in other systems

rameter isy=xo* x1+x2* x3t+ x4tV with overbars denoting  [24,25. Bessel functions of the second kind,(kr), were
scaled quantities. The electrpca3gllla[y I2ength fqlls out of thehot chosen due to their unphysical divergence=. Figure
normal stress balance ds=yyH"/e%,x", allowing us to 5 shows the zero orddw=0) perturbation that yields rings

construct an important length scale raldL=\s%ox*/yH. ¢ o tinction of the argumen. Clearly, the maxima, which
lgjarlgb(;:‘c?r?i(s)nraigpirs)&ﬂgﬂolgsgsttrﬂgy u?]?{:]esﬂ\ﬁlgzg_theshould correspond approximately to the location of the rings,
proximation is valid for the experiments reported herein as:r(?,31 Cr;rc])t e%lijcalllly Zpa(r:sg c];]oé ;}%:';Sl}b?euzlg n?fn:g])grsﬁgg é the
the fields are relatively small and the surface tension is Iarge.p 949 y app . q ) —

The characteristic process timeHs U=uyH3/ (%,x)2. As Table 1I). Not_ab_ly, the spacing of gpproxmatelyrrlZ/k is
the viscosity,, is strongly temperature dependent, this timef€markably similar to that for the pillars/hol¢$3,14.

scale varies with the usual Williams-Landel-Ferry depen- Ve perturb accordingly, noting that the radial velocity has

the formu,=T,€"dJ,(kr)/dr and that sums, such d&s=h,

TABLE |. Scaling factors. +h= "%, (kr), are allowed in the linear analysis. Steps
leading to the determination of the eigenvalue, in the Appen-
Variables Scaled factor dix [20] for the perfect dielectric, parallel previous deriva-
tions[13—-19 with subtle, though significant, alterations. Af-
z,h,H, Hg, Hm, Pimasi H ter substituting the perturbations into the above equations
r,1/k L and expanding expressions near the polymer—gap fluid inter-
/T VALY X face (z=h) in a Taylor series expansion, we discard the
p 89, x/H? second- and higher-order terms. Solution for the interfacial
u, u height yields a dispersion relation between the growth expo-
U, U, UL/H nent,m, which is scaled on the process time scaléy, and
t H/U the wave numbelk, which is scaled on the electrocapillary

length, L. These dispersion relations are identical to those
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ez _q)
1—; 059\ g9

R,° P\ ) _ ~
“ @w‘ Mmax= éhgkﬁwax_l—zxg- (21)

Both Emax and m,., are smaller with insulating layers.e.

07 F

1 oxide layers with thicknessebly and H,,—H), indicating

Rm R 2 3
m Rm . .
/\ /\ /\ smaller growth rates and larger spacings. Here we include

. . 1 results only for the perfect dielectric, though both leaky and
01§ w 1}\/ oo N
R, R,? Ao’

Jo(kr)
o
w

perfect dielectrics are capable of producing ringlike struc-
f tures. Oncek,,,, is known, the diameter of each ring can be
e Ao o determined.

kr The measured diameter is the mean of the distance be-
tween outer edges of a ring and that between its inner edges,

FIG. 5. (Color onling The zeroth order Bessel function as a

function of the argument with maximﬁl1 and minimaRg. The inset h H-h H.o—H H.|[3\2
shows the three-dimensional rendition of the perturbation. ML
Y

P g9 g es

Dn=2V2RY —

developed previously, suggesting that the eigenvalue is more €oX (i _ })2
general than the eigenfunction. e ¢
If the lubrication approximation is invoked, as is appro- (22)
priate for the data presented hereafter because the surface
tension is large and the potential small, then for each ringn>0, whereR is thenth scaled maximum of
) the Bessel function as shown in Fig. 5. As the surface ten-
efle sion, vy, decreases or the electrical potential, symbolized by
1 Sg<89 ) — X, increases the measured diameter should decrease so long
= 5ok T k* ], (190 as the lubrication approximation holfts4]. For the first ring

or two a correction is developed in the appendicial documen-
tation [20] as more material accumulates from the outer part

where the denominatorXD:R)+(8/89)(1—E)+(8/6”“) fthe ring than the i t and th ina bet led
X (Hp/H+ 1)+ (e/2%)(Hy/H) with the first term in the large o 119 SEQ(; 2&%?@5 o Spacing between scale

parentheses arising from the electrical polarization forces The annular widths may also be determined through a
ahd the second from_sur_face tension. The two terms compel@rajghtforward mass balance based on the Bessel function.
with the former dominating for smak but yielding to sur-  We assume that in addition to the maxima of the Bessel
face tension whelk is large. This competition determines a function determining the location of the ring, that the side-

maximum growth exponent and wave number, which are walls are exactly flat and not curved due to contact angles
with the mask and substrate, and that the fluid is incompress-

el e 2\12 ible. Curvature of the sidewalls has been obseri] and
_ 15(5 B ) may increase, marginally, the perceived annular width since
Knax=\ 2= — | (20) larger diameters at either the top or the bottom of the ring
2 Xp may be measured. The resulting mass balance predicts that

the width of ringn is
TABLE Il. Values of the arguments at thregh maxima,R”, and

minima, R}, of the zeroth order Bessel function of the first kind. [E + H-h, + Hm—H + H_ST vz
— h £ g9 gm s
n Ry RS W =212/ 8;2 ( 1 1)2
0 0 3.83 9 ¢
1 7.02 10.17 (23
2 13.32 16.47 _ _ _ o _
3 19.62 2276 Equation(23) is not a function ofR, so it should pe inde-
4 25.90 29.05 pen_dent pf the ring n_umber; a correction for the first c.ouple
of rings is provided in the appendicial mater{@0]. This

> 32.19 35.33 expression points to the importance of the ratio between the
6 38.47 41.62 initial film thickness and the mask—substrate separation, sug-
7 44.76 47.90 gesting that relatively thinner films will generally produce
8 51.04 54.19 smaller annular widths. Decreasing the surface tension or
9 57.33 60.47 increasing the driving potential also minimizes the annular
10 63.61 66.75 width. One ring is not expected to merge with another in the

same set regardless of the relative thickness of the film, in
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Mask accord with theory. We conclude with a discussion on the
- 1 presence of a secondary instability and emphasize the gener-
D> Dy P ality of the cylindrical perturbations to describe a variety of
electrohydrodynamically patterned structures.

Close examination of our expressions for ring diameter
and annular width, Eqg22) and (23), show that the ring
geometry depends on several parameters, many of which
Dy <Dy were set in the course of the experiment. One parameter, the
contact potential parametey, must of necessity be esti-
mated, as its value was not measured directly. This parameter
represents the sum of the contact potentials at each surface
and was estimated by performing a least squares fit between
the measured diameters and Eg2) for each set of rings.

We also note that our calculations assume a mask—substrate
separationH, equal to the average spacer height, 160 nm,
though in reality the value dfl is governed by the extent to
the presence of a protrusion with height and diaméteg,, and vyhlch the spacers are forced to the bottom of the polymer
Dynack Pillars larger than the protrusion, i.@,> Dyae. (dashed f!lm. Thg spacers may not have fuII'y penetrated the polymer
are described by Eq25), whereas those that are smalieotteg [l during the course of the experimefihey cannot begin
are described by Eq24). The polymer can climb the outer edge of 0 Penetrate until>T).
the mask protrusion if the diameter of the central pillBy, is The diameters measured from AFM scans were compared
greater than the diameter of the mask protrusidin.A cut away !0 those from the theorgsee Fig. 6. As can be seen in Fig.
schematic showing the ring diamet&,, annular width\W,, and 7 the agreement between the measurements and predictions
the diameter of the central pillaD,. is quite good as a function of the ring numberconfirming

the validity of the perturbation and the spacings that it im-

contrast with the pillars, though there may be some concerR!I€S: The approximate linearity in both the data and the

Ring Diameter, D,

()

(b)

D,
Annular width, W,

FIG. 6. (Color onling (a) The mass balance must account for

when the contact angles vary from 90 °. corresponding theory is particularly remarkable, but not
As only one lateral length scale is relevant for the centraFomF"ete'y _unexpected as spacings between Bessel function
pillar we give its diameter as maxima quickly settle to 2. The theory does not take the

geometry of the mask protrusion or the curvature of the side-

2LRC h. walls into account indicating the perturbation captures most
Dy=— — for Dg<Dpask (29 of the relevant physics. The contact potential paramejers,

Kmax V¥ 1= Pmask (which are in fact a sum of the contact potentials at the five
interface$, range from 7.8 to 10.3 V, a range that is consis-
AR |— — D R 2 tent with e>_<perimenta| uncertainty in determinidy and
Dy= — ho+ Niasl — o> other material parameters for the model.
Kinax 2LR, Noting that the slopes between data points appear to be
for Dy> Dyacs (25) approximately constant for the diameters as a function of the

ring number in Fig. 7, the ring-to-ring spacing should be
where h;.s and Dp,.cx @re the height and diameter of the approximately constant for each concentric cluster. We ac-
cylindrical protrusion on the mask as seen in Fig. 6. Of thecordingly plot the average slope of the experimental data
two equations Eq.(24) applies when the rising column against the ring height as seen in Fig. 8. We had initially
merely contacts with the lower surface of the protrusion. Theassumed the ring height to be an accurate measure of the
latter, Eq.(25), applies when the final diameter of the pillar mask—substrate separatidt, and as such expected the di-
exceeds that of the protrusion from the mask. In this latteameter to be a strongly increasing function of the same.
case the polymer climbs the sidewalls of the protrusiondiowever, the ring-to-ring spacing does not vary systemati-
from the mask and may result in a lack of central pillars as incally with the measured height. Indeed, with the mask—
Fig. 3(b). substrate separation and the contact potential parameter as
The results of the theory enable prediction of the cylindri-noted previously, the theory predicts a constant ring-to-ring
cally symmetric structures observed experimentally. Whaspacing that agrees with the data. We suspect that the final
follows is a comparison of the theoretical results with thosering height is determined by stretching of the rings during

measured experimentally. mask removal. The independence of the ring spacing from
the measured ring height and, hence, our choice of a single
IV. RESULTS AND DISCUSSION value forH is reasonable, since the height is determined long

after the electrohydrodynamic patterns are already fixed in
The discussion to follow critically examines the agree-the polymer film. This is not unexpected given that all of the
ment between the experiment and theory. Ring diameters arghta in Fig. 7 is from the same sample.
annular widths follow predicted trends as a function of the The data for the annular widthy,, also follow trends
ring number and mask—substrate separation. The sequent@tpected from theory as a function of the ring numiég.
ring development is explained and the growth rates shown t9). Based on the mass balance associated with 23}, the
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FIG. 7. (Color) The measured diametdd,,, as a function of ring numben, for sets of rings formed without an applied field from a
90 nm film at 90 °C with 160 nm spacer heights, 130 nm of oxide on the silicon mask, and 80 nm on the silicon substrate. The measured
ring heights and estimated contact potential parameters are 202 nm andrpyaVblue X’s), 210 nm and 10.3 \(pink circles, 234 nm
and 8.1 V(orange diamonds257 nm and 8.3 \(green triangles 344 nm and 8.6 \(brown circle$, 414 and 9.6 (navy blue triangles
and 648 nm and 8.4 Vred squares The data points and theoretical fits are color coordinated for each set of concentricsrngs; 5
=4.0 was assumed.

theory predicts annular widths to be approximately constantular width as a function of the ring heiglig. 10. The
for each set of concentric rings as seen in Fig. 9. The lack ofioticeable decrease in the annular widths as the ring height
dependence on the ring number, particularly beyond the firahcreases conflicts with the prediction indicated by the
couple of rings, is seen in the data of Fig. 9. Some variatiordashed line. The dashed line results from the mass balance
around the circumference of each ring, typically about adescribed in conjunction with E@23), assuming the spacing
tenth of a micron as observed in Fig. 2, is perhaps due tto be set by the linear stability analysis afdo be equal to
local thickness variations or other localized anomalies in théhe spacer height. The solid line also assumes the spacing to
field or material properties. The rings are narrower at the tofpe set by the linear stability analysis with as the spacer
and thicker at the bottom by half a micron. Accordingly, the height, but that at some later time the mass is redistributed to
ring widths are constant within this variation. Yet, the theorythe height measured by the AFM. One might exploit this
predicts annular widths in excess of those measured, the restretching phenomenon to create thinner rings were the
son for which becomes clear from Fig. 10. mechanism better understood.

Since the annular widths are approximately constant as a Also the ratio of the diameter of the central pillar to the
function of the ring numbem, we can plot the average an- annular width of the first ring can be compared with theory.
As seen in Fig. 9, this ratio has a mean of 1.6+0.1 with no

7
g2 4
c_6F = ¢
o E F £
g = =23&
E’ g’ > T = p
T £ ko] X X X X
S 4 F 2,1 ] X
§'§ E $ I % =2 e ; t s 3 2 .
?1>'> 3 F ‘—;‘ d ¢ 1 4 A A
< : s ' T
[oJ S T S [ I T S TR T [ I R S T T L <
150 300 450 600 0 1 1 1 1
Ring Height (nm) 0 2 4 6 8

Ring Number, n
FIG. 8. The average ring-to-ring spacifi>2) as a function of
the ring height for the rings described in Fig. 7. The error bars FIG. 9. (Color onling The annular widthW,, for n>0 and the
represent three standard deviations. The solid line represents tlitgameter of the central pillaD,, as a function of the ring number,
theory based on the mask—substrate separation equaling the spaoefor rings described in Fig. 7. The calculatigsolid line) assumes
height of 160 nm. The calculations assumes™=¢5=4.0 and a the ratio of the film thickness to mask—substrate separdtjghi, is
contact potential parameter 8.7 V for the perfect dielectric. 0.56 andy=8.7 V for the perfect dielectric.
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T 3 - TABLE Ill. Times of formation of thenth ring as measured
f r from the completion of the central pillar with comparison of ratios
o to amplitudes from the theory.
=)
5 tf /¢t
5 1 n (min)? datd Jo(REY 134(RY)
% 0 0
S ..., L . . 1 11.3 3.33 3.33
<

150 300 450 600 2 16.6 133 137

3 21.3 1.22 1.21

Ring Height (nm)

*Experimental conditions are similar to those in Fig. 10, but at a

FIG. 10. The average annular width>2) as a function of the  {emperature of 105 °C. These times are from contact of the central

ring height for the rings described in Fig. 9. The error bars representiior with the mask.
three standard deviations. The solid line represents the case Whefgy g elative times include a 4.9 min offset necessary for fitting

the initial spacing is set by the spacer height, but the rings latep-1 {5 account for the time required to form the central pillar.
stretch to the measured ring height. The dashed line represents the

width assuming the mask-substrate separation equals the spa
height with no adjustment. The calculations assunsed:"=¢c®
=4.0 andy=8.7 V for the perfect dielectric.

%ﬁﬁent rings form in much the same manner as the first.
The theory can also provide some insight into the relative
growth rates among a set of rings. Table 11l shows the time it
. . , took for a series of rings of the same concentric set to form
correlation to the pillar height. Unfortunately, the length of from the moment the central pillar contacted the mask. The

the protrusion from the mask is not known for the rings .. : . X
shown in Fig. 9 as these rings were not nucleated intentionr-atlo of the times of formation of theth and(n-1)th rings

ally like those in Fig. 3. By taking the ratio of E@4) to Eq. were taken and compared to the heights of the Bessel func-

(23) with n=1 we find that the smallest predicted value of tions atR,'; tO_R'r;l' The time for the formation of the central
D,/W, is 1.63, which occurs wheh,../H=0, S0 we con- pillar (which is not exactly knownwas set to 4.9 minutes to
o] . ) mas %

clude that the protrusion for these rings was of negligiblefduate the measured and predicted ratiosnfel.. The re-

height—a reasonable result for unintended growth. maining ratios, corr'esponding tD:z. and 3, ShOVY goc_)d
Figure 11 shows the early evolution for a set of ringsagreement, suggesting that all the rings start fqrmmg simul-
observed in real time for a 90 nm film at 90 °C. The imagetaneOUSIV’ though they may not be_macroggopmally obsc_erv-
on the left shows the pattern starting as a small pillar belovx?‘bIe for several more minutes. This empirical observatmn
the mask protrusion. After 7 min, the central pillatark suggests that the growth is .Imear as qpposed to exponential
circle) was fully formed and surrounded by a white area®s typically expected from linear stability analyssee the

showing the exposed substrate and a faint halo. This ha6PPENdix[20]). In other words, the initial growth is approxi-

signals the growth of a ring and is actually a region that iSmately linear and then at some critical height the nonlinear

slightly higher than the surrounding polymer film. Note thatgrol\\;lvth takets over and cqntac: 'ff made sh_ortg/ ttrr]]er?after.
the ring does not form from pillars or segments that later ore extensive experimentation examine € tempera-

merge together. The ring is fully closed from the onset ofture dependence. Figure 12 shows the variation in time be-

formation. Once part of the ring has touched the mask, the
contact area circles into an annulus within minutes. Subse

s
2
o
=
3
2
B
Q
7 min 28min 31 min £
FIG. 11. (Color online Observed kinetic formation of a 180 nm 80 90 100 110 120

tall ring from 90 nm of film at 90 °C using a quartz mask and Temperature (°C)

silicon substrate with native oxide in the absence of an applied field.

The ring pattern starts from a central pillgsink on lefy) whose FIG. 12. (Color online Dependence of the growth rate on tem-

growth is triggered by the protrusion on the mask. This initial pillar perature: the rate was quantified by measuring the time interval
grows until it touches the mask. A bright halpink) and bare sub- between the completion of the second and third rings for sets of
strate (white) become visible seven minutes after the pillar first rings formed from 90 nm of film at 90 °C using a quartz mask and
emerged. This halo is a ring of polymer several tens of nanometersilicon substrate with native oxide without an applied field. The
higher than the surrounding film. Within half an hour the polymer solid line represents a fit of the WLF equation with=20.38, ¢,

first touches the mask and three minutes later a complete ring has40 °C andT,=75 °C. The insets show the observed change in
formed. Subsequent rings form in the same manner as the first. Thgttern morphology at higher temperatures due to a secondary
image color and contrast have been enhanced for clarity. instability.
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je0 00000088 500 SFss358Y FIG. 13. (Color onling Comparison of perturbations based on
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sums of Bessel functions to images from the literature and experi-
ment: hexagonal packing) from [6] and (b) the perturbatiorﬁ
:H)+F12]=0__mei61 036j (K); square packing(c) from experiments
with 90 nm film at 115 °C with 160 nm spacer heights, 130 nm of
oxide on the silicon mask, and native oxide on the silicon substrate

without an applied field and(d) the perturbation F=Fo
+sz=o__.wé4iil4j£ﬁ5~; ridges or gratingge) from [12] and (f) the
perturbationh=h,+h3;—o €39, (kr); a ten pillar rosette(g)
from [12] and(h) the perturbatiorF:Eﬁﬂ[Jo(gﬁ)+eil°"J10(?T5:|;
a twelve pillar rosetti) from [8] and (j) the perturbatioriT=F0
+E[Jo(%ﬁ)+é129~llz(ﬁ5]. The bars ine) and(i) are 10 and 5um,
() (h) respectively, while the widths @t) and(g) are 40um and 20um.
Panelqa), (e), (g), and(i) (www.nature.comused with permission.

®

tween the formation of the second and third rings againséas the viscosity of a polymer below the entanglement weight
temperature. The data shown in Fig. 12 are for sets of ringhas an exponential dependence on temperature as described
separated by at least 1@0n or more to avoid any effects of by Williams, Landel, and FerrgWLF) [21,23,

interference. The initial gap between the mask and the poly- _

mer surface was 90 nm; larger gaps seem to reduce the rate #= preBXpL= (T =Tg/(T - T..) ] (26)

of formation commensurate with our expectations based owhereurg is the viscosity at the glass transition temperature,
the theory. This temperature dependence fits with our undefr.=Ty-c, is the so called Vogel temperature, and constants
standing of the characteristic time for the processU ¢, andc, depend on polymer properties.

=uyH3/(£%,x?)?, which is directly proportional to the vis-  Complete rings form when the temperature is between the
cosity, u. The slight curvature on a semilog plot is expected,glass transition temperature and about 120 °C. Yet, for tem-
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peratures of 120 °C or more, closed rings did not result aperturbation[see Eq(17)]. Despite this fact, we and others
seen in the inset of Fig. 12. Instead we observed ring sedhave made comparison to experiments where hexagonal
ments near the center and pillar arrays farther out. While oupacking was clearly observed. Pease and Russel recently rec-
intuition initially centered on the role of higher ordére.,  ognized that a modified Christopherson distribution captured
v>0) perturbations as the source of the ring segmentationthe hexagonal packing directf{t5]. Alternatively, hexagonal

we now believe secondary instabilities to be responsiblepacking may be obtained by perturbing the film with a sum
Breaks in the rings, if only a few, are not symmetric and dogf every sixth Bessel function as

not align radially, as would be expected for higher order

Bessel functions. Furthermore, visual observations affirm :FOJ,E > eiﬁjf{]q(ﬁj_

that the divisions form after some of the film has already j=0.. o

made contact with the mask. In consequence, we believe a ) o i ,
later instability is responsible for breaking up the rings into This construction as shown in Fig. (8 provides an addi-

discrete pillars and rings segments. Our current understandonal route—one perhaps most relevant when local fields
ing of this secondary instability centers on a competitionnucleate a central pillar followed by subsequent growth.
between surface tension and viscosity, though a thorough How the system chooses the appropriate eigenfunction is
explanation is outside the scope of this article. still unclear. We suspect that relief on the mask and substrate,
The generality of this approach, which uses Bessel funchowever small, could make the selection by locally increas-
tions as the basis of its perturbation, is illustrated in Fig. 13ing the electric fields. Further modeling would be required to
As mentioned previously sums of Bessel functions are alprobe the conditions leading to the selection of the appropri-
lowed under linear stability analyses, generating a family ofate eigenfunctions as it is well known that nonlinear stability
possible solutions. Here we compare some members of thenalyses are required to distinguishing among square, hex-
family to experimental images. In the left hand column are a&gonal and ridge packings, all of which are allowed in the
series of images from the literature or obtained as part ofinear version with the same wave numija6,27.
these experiments. Structures range from square and hexago-
nal packings[6] to gratings and rosetteg8]. On the right V. SUMMARY
hand side is a rendering of sums of the Bessel functions as
perturbations that satisfy the linearized forms of our generag)b
equations. By an appropriate linear combination, each of thﬂ
structures on the left is reproducible with remarkable fidelity.
One can easily see that if the topology were set early in th
process, these perturbations on the right would result in thg

structures on the left. Each of the perturbations utilizes sum redicting radial spacings, linewidths and relative growth

with a.si_ngle wave number except t_he roset_tes, which requir ates. The Bessel function approach described herein is suf-
two distinct wave numbers. The pillar-to-pillar spacings off-

the rosettes have the same geometric ratios as those report'slaC ?]rét% tgr? en(lai':::aiars escribe more complicated structures

[8]. While direct numerical comparison for each of these '

structures is wanting due to the lack of quantitative experi- ACKNOWLEDGMENTS

mental data, the fact that these perturbations may be con-

structed lends credibility to the idea that electrohydrody- The authors wish to express appreciation to Mahesh

namic modeling and our linear stability analysis in Tirumkudulu who was quite helpful in the course of the deri-

cylindrical coordinates may be quite general. vations. The authors also acknowledge support from the MR-
The hexagonal distribution of Figs. &3 and 13b) merits SEC(NSF-DMR-0213708§ DARPA, and the Department of

special emphasis. Previous linear stability analyses typicalpefense(NDSEG), which provided partial support for this

assume square packing due to the nature of the exponentiabrk.

In summary, we have presented sets of concentric rings
tained experimentally and developed an electrohydrody-
amic description of ring and ringlike structures based on the
erfect dielectric model in cylindrical coordinates. Theory
eveloped to account for the growth of rings and cylindrical
tructures shows close agreement with the experimental data,
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