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Wrinkling of a sol-gel-derived thin film
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We report on the wrinkle formation in a thin film produced by the sol-gel method. Through the relaxation of
stress, which results from the removal of the solvent during the drying process, an isotropic wavy pattern is
generated in the form of skeletal branches. The patterns have a dominant wavelength satisfying a relationship
of three-fourths order of thickness. Densification of the gelated film is enhanced by an increase in the volu-
metric strain caused by the evaporation of the remaining solvent from the film. The number of skeletal
branches and surface roughness increases as the annealing time progresses, without any change in the skeletal
wavelength.
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Pattern formation in thin films caused by the relaxation oflength of the patterns were measured by atomic force micro-
stress is a phenomenon that is frequently encountered both 8tope(AFM, Dimension 3100, Digital Instruments
nature and in technologyl—14]. One of these patterns is a  |n sol-gel-derived thin films, compressive stress due to the
wrinkling, which occurs in the whole film as a result of the gifference in the thermal expansion coefficients between the
relaxation of stress due to various types of instabilitiess and substrate is generated during the drying process,

[1,5-14. These wrinkle patterns, although they have a ceryich jeads to bending of the gelated thin film. For the iso-

La.‘g? QOminqnt wavelength associated Withh them, offte;: exfropic wrinkle, a wave function in one direction with the
ibit isotropic wave patterngg—9,11-14. In the case of the amplitude ¢ and the wave numbek (\=2m/k) can be

bilayer of a polymer layer capped with a thin metal layer, P :
buckling can occur due to the difference in the thermal o 2dapted as shown in Fig(a. The free energy per unit area

pansion coefficients between the two layE5$,9.13,14, In gf '[[tl%]system, which is required to bend the film, is given
the event of the swelling of thin films, blistering surface y

patterns are formeil1l]. While wrinkle formation in thin

films has attracted a great deal of attention, few studies have @)
concentrated on the wrinkle formation of sol-gel-derived thin
films [4,15].

In the present study, we provide a theoretical basis for the
wrinkle formation of sol-gel-derived thin films. The system
being considered is a metal oxide layer deposited on a sub-
strate by the sol-gel method. The stress in the system is gen-(p)
erated during the drying process, which takes place at a tem- :
perature above the boiling point of the solvent. The resultant
characteristic wavelength of the isotropic skeletal wavy pat-
tern, A, is determined to have the minimum system free en-
ergy. We also observed an increase in the number of skeletal
branches per unit area of the substrate.

The metal oxide sol used in our experiments was zinc (c)
oxide (ZnO) sol. The ZnO sol was prepared according to the
synthetic method described by Greeeteal. [17]. The as-
obtained sol was spin coated onto a bare silich®0) sub-
strate to form a 30-400-nm-thick film, and the prepared

samples were annealed in a vacuum oven at 150 °C for = =TT o
0.5-48 h. The wrinkled structure was examined by a scan- P N o ———l,
ning electron microscop€SEM, SE-3000, Hitachiand field ACERE AR EE A

emission scanning electron microscofeESEM, S-4200, e ,
Hitachi). The average length of the skeletal branches, the FIG. 1. (@) The geometry of the deformed sol-gel-derived film

t ’ h d the skeletal on a substrate(b) Plane SEM images showing representative
root-mean-square surface roughness, and the skeletal wavgs,, o patterns in the form of skeletal branches for the ZnO film

(film thickness=85 nmannealed at 150 °C for 18(scale bars are
from left: 50 and 2um, respectively. (c) A cross-sectional FESEM
* Author to whom correspondence should be addressed. Electronimage of the wrinkle patterns of the film. The inset is a magnified
address: cheme@Kkist.re.kr FESEM image of the wrinkled region.
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whereE,, is the Young’s modulug,, is the thickness, and,

is the Poisson’s ratio of the ZnO film. The external strain
£%k?/4 in Eq.(1) is a constant for a relatively small value of
tok (tk<1) [8]. X
As the remaining solvent begins to evaporate during the 6.0
drying process, the network structure also starts to build up.
During this process, the solvent is drawn from the structure

6.6
6.3

In[A(nm)]

——: slope = 0.7411 for ®
------- : stope = 0.7266 for O
~--: slope = 0.7561 for A

5.74.&°

since the network exposed to the environment with the larger 5.4 e E—

. . . : . 3.5 4.0 4.5 5.0 5.5 6.0

interface energy given by the solid-vapor interface instead of

the solid-liquid interface, and this constitutes a mass trans- In[t (nm)]

port satisfying Darcy’s law, which leads to spontaneous con-

traction of the network structufé6]. The structure deforma- FIG. 2. Comparisons of the theoretical predictions with the dif-

tion caused by this network contraction is similar to case of'erent experimental data. Symbols are used to indicate the different
the syneresis process in which continuing condensatiorexperimental data, and the three different lines corresponding to the
reaction-derived spontaneous network shrinkage by expu_[.heoretical results are identified _by the slopes referred to in the
sion of liquid takes place. The resultant networks usua“))nset. '_rhe dark square symbols, c_lrcle_, and_trlangle symbols refer to
have an interconnected skeletal branch structure that is afl® Wrinkle patterns of the ZnO film§ilm thickness=85 nman-
tached to the substrate while the solvent is drawn from th&@€aled at 150 °C, for 2, 5, and 18 h, respectively.

interior of the structure to the surface of the structure by the

capillary pressure gradient. Therefore, as in the case of ther- 3Emt§’1k2 67,EmVE £2k?
mal stress induced by the difference in the thermal expansion Fr= 32 + 22 ) 4
coefficients between the two layers, the drying process gives

rise to an internal stress. The internal stress is enough terom Eg. (4), the dominant wavelength of the skeletal
induce the bending of the gelated thin film; however, it doesranches), is determined by minimizing the total system
not cause fracture of the film. And the stress in the gelatedree energy with respect to the wave number:

film can be written with the effective syneresis stress, as

(4)

follows [16]: N = W( )1/4,[3/4_ (5)
47 Ve m

o(2) = _TPEL%{ K COSlil.c(ZZ— )/t } The observed values afranged from 270 to 1590 nm as the

(1+oy) ty sinh(«) film thickness increased from 40 to 369 nm. Representative
experimental results for the wrinkles are shown in Fidb) 1

and Xc). As is apparent from the figures, these wrinkled

\/77(1 ~207)(1 + o) ) structures show an isotropic wavy morphology with a dis-
AT En(1-0op) ' tinctive skeletal wavelength over the surface. Comparisons

are shown in Fig. 2 between the theoretical values obtained
where 7, is the relaxation time for the transition of the film from Eq. (5) and the experimental results for three different
from an elastic state to a viscous staf,is the volumetric ~annealing times, in which the thickness of the film was var-
evaporation rate of the solvent per unit area of the film, anded. The skeletal wavelength of the wrinkles was measured
7 is the shear viscosity of the gelated body. The internaby fast Fourier transformatiofirFT) examined by AFM. The
stress can be considered to havearientation in the whole plots show a linear relationship between the natural loga-
layer as a result of the constraint imposed by the substratéthm of A and the natural logarithm @f, giving the value of
when the syneresis occurs. The syneresis process is broughe slope of the line in the range between 0.727 and 0.756.
about when the network of the gelated film is in the viscousThese values of the slope match well with the predicted
state, since no change in the skeletal wavelength of thealue 0.75 obtainable from E¢5).
wrinkles was observed during the drying process in our ex- One interesting finding in this study is that the character-
periment. The free energy of the drying stress per unit area dstic skeletal wavelength of the wrinkles shows a dependence
the systemF,, can be calculated in the overall film using Eq. on the film thickness, such that~t3* rather tham ~ t,,, as

(2) for Um=§ as follows: is usually the case in the context of buckling. Sharp and
Joned 11] reported this dependence of the wavelength on the
1 A t 37 E Ve film thickness in the case of the swelling of pdt), I-lactide
Fq= —Zf dXJ dyf odz= "=, (3) film on a substrate. While buckling results from the relief of
A Jo 0 0 2 thermomechanical stress, the wrinkle formation in the ge-

lated film corresponds not only to the thermomechanical
Then, the total free energy of the wrinkled gelated thin film,stress, but also to the drying stress. When the film is heated
F+, can be written as follows: to a temperature above the boiling point of the solvent, spon-
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(a)
(b) sl —: 157 nm film —
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FIG. 3. SEM images of the temporal variation of the skeletal '*5, ﬁ 6 "
branches of the ZnO film annealed at 150 (& .Wrinkle pattern of g g 5
85-nm-thick film annealed for 2 Hb) annealed for 10 h(c) an- P s 4 -
nealed for 18 h, andd) wrinkle pattern of 157-nm-thick film an- g E [
nealed for 2 hy(e) annealed for 10 h, an¢f) annealed for 18 h. 5o 3}
Scale bars denote 10n. s <20
m 3
taneous contraction of the interconnected network and asso- 1

ciated bending of the film take place. In our experiment, no
wrinkles of any kind were observed when the films were
annealed at a temperature below the boiling point of the
solvent. Therefore, the drawing of the solvent from the film
plays a significant role in determining the distinct properties
associated with the process of the gelation, such that
~tﬁ1’4. Although almost of the solvent evaporates rapidly dur-
ing spin coating, the remaining solvent evaporates during the
drying process, which leads to the creation of a capillary
pressure gradient resulting in tensid6]. This induces the
development of the stresses in the film, which are needed for
the skeletal network contraction. In the case of the wrinkling
of a lead titanate film, Sengup&t al. [4] reported that the
shrinkage of almost 40% of a gelated body that occurs 10
normal to the substrate is due to the loss of the remaining
solvent.

In comparing the wrinkle formation of the sol-gel-derived
fi!m with t_hat of thin bilayer films of an elastic mt_atal ON @ ypick film annealed at 150 °C for 5 @0 M 40 um). The FFT
VISCO.elastIC polymer, we f(_)und some differences in the kin mage for the wrinkles is given in the upper right inset, and the
of wrinkling that occurred in these two cases. In the case 0F:ross-sectional profile is shown in the lower ingg). Comparison

the buckling of the bilayer, the annealing temperature iy the theoretical predictions with the experimental results of the
raised above the glass transition temperature of the viscoelaggerage length of skeletal branches. Solid lines and dotted lines are
tic layer, the layer experiences a transition of elastic to Visysed for the prediction of the wrinkles in the 157-nm-thick film
coelastic, and the wavelength has a characteristic relationaverage amplitude=42 nm and in the 85-nm-thick film
such that\ =At,,/[B+(C+t3)¥?]*2 [8], whereA, B, andC  (average amplitude=29 nmrespectively. Dark and open symbols
are all constants. In the case of the wrinkling of the gelatedre for the experimental results of the wrinkles in the 157-nm-thick
film, the temperature is raised above the boiling point of thefilm and in the 85-nm-thick film. The inset is a simplified two-
solvent and the film suffers a transition from viscous to vis-dimensional model of hexagonally interconnected skeletal
coelastic. In this case, the film is subjected to a large amourftranches(c) Comparison between theoretical predictions with ex-
of stress, which gives rise not only to the bending of the ﬁ|m,perimental results of the rms. The solid and dotted lines represent
but also to the contraction of the skeletal network. the predictions, while the dark and open symbols represent the ex-
One notable finding in this study is the dependence of th@erimental results as in t_he caption (ct»l): Vo_Iumetric evaporation
number density of skeletal branches on the annealing timdate of the solvent per unit area of the film is assumed as 0.1 nm/h.
The drawing of the solvent from the film leads to network
formation along with continuous contraction. This processcurs throughout the entire length of the drying process. In
induces an increase in the volumetric strain of the gelatedrig. 3, the experimental results show that there is no differ-
body. Although this increase could be achieved by an inence among the skeletal wavelengths of the wrinkles in the
crease in the skeletal wavelength, in reality the wavelengtisamples annealed for different time periods ranging from 2
remains constant and, therefore, no skeletal densification ote 18 h. In other words, the skeletal density does not vary

—
(2)

RMS roughness (nm) ~

~—: 157 nm film

L N . 85 nmfilm

0 ‘ 5 10 l 15 20
drying time (h)

FIG. 4. (a) Plane AFM image of skeletal wrinkles of 85-nm-
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during the drying process, and the network contraction conpected and experimental valued @ are shown in Fig. ),
tributes to the shrinkage of the gelated film until the evapo-in which the film thickness is varied. To obtain the experi-
ration of the remaining solvent in the network is completed.mental values of, the surface areas of the skeletal wrinkles
As a result, the gelated film density is continuously in-were measured by AFM. Whep has the values of 6 and 4.2
creases. Therefore, the contraction of the skeletal networkm, Eq. (7) predicts well the experimental results for the
should be accompanied by a larger number density of skell57- and 85-nm-thick films, respectively. This temporal
etal branches, as is apparent in the experimental results pafariation of the skeletal wrinkles can be confirmed by the
taining to the temporal variation of the surface wrinkle pat-experimental results of the root-mean-squares) value of
terns shown in Figs.(®-3(c) and 3d)-3(f). A comparison the surface roughness. The temporal variation of the rms
of the model of the two-dimensional hexagonally intercon-value can be expressed as follows:
nected skeletal branches of the gelated films with the experi- {4\@82)\[ NE } { e ]2}1/2
mental results of the average length of the skeletal branches RMS = - 1-— (8)
and the surface roughnessfer to Fig. 4a)] can explain this 3I(t) 3I(t) 3I(1)
temporal variation. In the. hexqgonally interconnected .skelm Fig. 4(c), the rms—drying-time relationship is shown,
etal branchesrefer to the inset in Fig. ®)], the volumetric  410ng with the theoretical expectations obtained from (8.
strain of the drying film¢£, can be described as a function of 5 the experimental data. The experimental rms values were
A and ¢ along with the average length of the skeletal measured by AFM. As in the case of Fighy the theoreti-
branches|, as follows: cally predicted curves match well with the experimental re-
83 8e\ sults, wheny is 6 and 4.2um, for thicknesses of 157 and 85
- (6)  nm, respectively. The skeletal densification was not observed
3l 3l during 2 days. If the increase in the number density is due to

The rate of increase afis determined by the relationship of the cross-linking of the network, larger stresses should lead

the evaporation rate of the remaining solvemts/dt to rupture or cracking. In our experimental results, however,
=2Ve/t,, [16], and therefore, the time profile of the value of these kinds of instabilities were not observed and, therefore,

| can be calculated as follows, with the aid of E6): the increase in the number density of the skeletal branches
could be considered to result from the increase in the volu-

=1+

) 4 2.2 4\r’§)\|02tmsA(t) 12 metric strain during the drying process.
2ptme + | Aoty 8" - 3 In summary, wrinkle formation in sol-gel-derived thin
I(t) = , film gives an isotropic wavy pattern, consisting of skeletal

A(t) branches with a wavelength satisfying the thickness depen-

_ dency,\ ~t,.¥* This is a distinctive feature of wrinkling of
43\ tye 7 sol-gel-derived thin films, as opposed to that in other types of

3 (7) thin films. The interconnected skeletal network of the film
) o sees an increase in the number density of the skeletal
wherel, is the average value of the initial length of the pranches as the annealing time progresses, and this can be

skeletal branches. As is apparent from Ef), the average eyplained by an increase in the volumetric strain of the ge-
length of the skeletal branches decreases as the drying tinjgeq film.

progresses and attains the critical valuelpiC:Z\@)\/S,
whent is equal to the critical time, as determined by Dr. Pil J. Yoo at the Seoul National University is acknowl-
:(tms/BAVEIS)(\fSIO—Z)\)z. Comparisons between the ex- edged for AFM examinations.

A(t) = V3Vel 2t + Algte —
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