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Successful application of sol-gel, metalorganic decomposition, or hydrothermal routes
to ceramic thin films depends on the mechanical integrity of the precursor film.

Above a critical thickness, a precursor film will crack or decohere from the substrate
during drying. The cracking and thickness of thin metalorganic precursor films were
simultaneously observed during drying using a standard optical microscope. Isochromatic
color fringes produced by interference of reflected white light were used to monitor film
thickness. The critical film thickness was determined by the color fringe corresponding
to the thickness at which propagating cracks terminated. As a demonstration of the
technique, the critical thickness of titanium di(isopropoxide) bis(ethyl acetoacetate) films
was measured, showing increased critical thickness with the addition of small amounts
of an elastomeric polymer.

Amorphous precursor thin films are converted intois known, the simplicity of the technique is a ma-
crystalline ceramic thin films by a variety of techniques,jor advantage, requiring only a standard optical micro-
including sol-gel processing, metalorganic decomposiscope. Furthermore, isochromatic color fringes on a thin
tion (MOD), and hydrothermal processing. In each offilm reveal a film thickness “contour map” that can
these methods, a substrate is first coated with a precursbe monitored as film cracking is observed. Other more
film, usually by spin or dip coating. The precursor film sensitive optical techniques, such as ellipsometry and
is then dried and converted into a ceramic thin film byprism coupling, are not amenable to measuring thickness
a chemical and/or thermal processing step. During eachariations, or simultaneously observing film thickness
step, the film volume may decrease due to loss of volatil@and cracking behavidé1°
organics and increased film density. If the film adheres In this study, the critical thickness of titanium di-
to the substrate, volume changes constrained in the plarfssopropoxide) bis(ethyl acetoacetate) (TIBE) films was
of the substrate induce internal stresses which may causketermined using isochromatic color fringes produced
film cracking™” Moreover, cracking of the precursor by interference of reflected white light. TIBE has been
film consequently affects the mechanical integrity of theused to produce titanate thin fild3s” and is known to
final ceramic film. be prone to cracking during drying.Consequently, the

The mechanical integrity of thin films has long beeneffect of polymer additions on the critical thickness was
observed to be dependent on film thickness. Above @&xamined, showing increased critical thickness for films
critical thickness, brittle films under a tensile stress arewith polymer additions and demonstrating the utility of
observed to crack spontaneously or propagate crackhe measurement technique.
from preexisting flaw$-> Cracking occurs when the TIBE is a commercially available (Gelest Inc., Tully-
strain energy release rate exceeds the film fracture toughewn, PA) metalorganic precursor, made by reacting
ness, or (in concept) when internal stresses exceed thitganium tetraisopropoxide with ethyl acetoacetédhe.
cohesive strength of the fil&71° Films above a critical As-received TIBE was diluted to 50 vol% in toluene.
thickness can also decohere from the substrate whefwo other precursor solutions were prepared by dis-
interfacial stresses exceed the adhesive stréngtithe  solving 5.0 and 10.0 wt% (relative to the TIBE) of an
critical film thickness for cracking has typically been elastomeric styrene-butadiene-styrene block copolymer
observed in the range 0.4—14m for a variety of ma- (Kraton D1102C, Shell Oil Co., Belpre, OH) in the
terials and condition%:® These thicknesses are suitable TIBE-50 vol% toluene solution. The viscosity of the
for measurement by optical technigues. as-received TIBE and each precursor solution was

Isochromatic color fringes produced by interferencemeasured as a function of shear rate using 4 Gdde
of reflected white light can be used to measure theand plate viscometer (Model LVTDT-IICP, Brookfield
thickness of transparent thin films in the micrometer-Engineering Laboratories, Inc., Stoughton, MA).
submicrometer rang®&:'* The major disadvantage of Precursor solutions were spun on reflective plati-
the technique is that the refractive index of the filmnum coated glass substrates. Glass cover sliti@s<(
must be knowrt214 However, when the refractive index 18 X 0.2 mm) were ultrasonically cleaned in methanol,
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followed by dc-sputtering of platinum. A stylus pro- and eventually invisible, preventing use of the tech-
filometer (alpha-step 200, Tencor Instruments, Mountaimique. Abbreviated derivations of Eq. (1) are outlined
View, CA) was used to measure the thickness, 300 nmin Refs. 12 and 19-21.
and root mean squared roughness, 10 nm measured over Film thickness was determined using Eg. (1) and
a 400 um range, of the Pt coating. Prior to spin coating,the observed isochromatic color fringes. Direct calcu-
the substrates were washed with toluene and dried undétion of the film thickness at a particular color fringe
flowing argon. Precursor solutions were pipetted onto theising2rnh = mA was unrealistic because a single wave-
substrates and held to the spin coater (Headway Researtdngth must be specified for the observed color fringe.
Inc., Garland, TX) by vacuum. Spin coating was carriedA single color of light actually contains a range of
out at 5000 rpm for 15 s in a forced convection fumewavelengths with an intensity maximum at the wave-
hood (Liberty Ind. Inc., E. Berlin, CT). length typically specified for that color. The ranges of
Precursor films were dried at room temperaturewavelength for different colors can overlap, producing
and atmospheric pressure. The film morphology (in-color combinationg! Furthermore, the sensitivity of the
cluding film thickness, crack initiation, crack growth, human eye varies for different colo¥sThese problems
and crack arrest) was observed during drying using awere circumvented by using retardation, tabulated
optical microscope (Model BHS, Olympus Optical Co. for the color fringes commonly observed in various
Ltd., Tokyo, Japan). The numerical aperture of objectiveoptical interference phenomefa324 Thus, the known
lenses was 0.13, 0.40, and 0.70 for total magnificationsetardation for a particular color fringe was used to de-
of 50, 200, and 508, respectively. The top surfaces of termine the film thickness for that color fringe according
films were photographed periodically, up to 90 h afterto Eq. (1), R = 2nh. The refractive index for TIBE,
spin coating, using a standard 35 mm camera attached to= 1.522,%? was used in all thickness measurements.
the optical microscope. After 90 h drying, no significant ~ The average thickness of precursor films was depen-
morphological changes were observed. dent on the precursor solution viscosity. The viscosity
Isochromatic color fringes were produced by inter-measured for each precursor solution decreased with in-
ference of reflected white light in the precursor thincreasing shear rate from 1 to 10's becoming con-
film.1219-21 Rays from a source of white light (stan- stant from 10 to 10008. Since spin coating was
dard optical microscope) were incident normal to thecarried out at 5000 rpm, the relevant solution viscosity
surface of precursor films on reflective Pt-coated glassvas the limit approached with increasing shear rate. The
substrates. Since the precursor films were transparerrecursor solution viscosity measured above 10vgas
light waves were reflected from the film surface and32 mPa s for the as-received TIBE, 3 mPa s for the
refracted upon entering the film. Light waves that enteredIBE—50 vol% toluene solution, 13 mPa s with 5.0 wt%
the film were reflected from the substrate and refractegholymer, and 26 mPa s with 10.0 wt% polymer. The
again upon leaving the film. Thus, a path differenceabove measurements were initial, lower bound solution
existed between light waves reflected off the film and theviscosities, because in practice the solvent evaporated
substrate. Since the refractive index, increased from during spin coating. Note the decrease in TIBE viscosity
air (n = 1.0001%-2) to the precursor film (TIBEx =  with dilution in 50 vol% toluene, and the subsequent in-
1.522%%) to the substrate (P > 2'229), an additional crease in TIBE—50 vol% toluene viscosity with polymer
one-half wavelength phase shift occurred for reflectionsadditions. After spin coating, the average film thickness
at each interfac& For this case, the optical path differ- increased with increasing initial solution viscosity, as
ence (or retardationR) for constructive interference of observed qualitatively by color fringes (e.g., Fig. 1). The
light waves was observed trend agrees with previous experimental and
theoretical work showing a directly proportional relation-
R =2nh = mA, (1)  ship between the initial film thicknes#;]j and solution
viscosity () (h; « n®, where @ = 1/3 — 1/225739),
wheren is the refractive index of the filmy is the film  The order of increasing average film thickness among the
thicknessyn is the wave order, and is the wavelength precursor solutions remained the same as the films dried.
of the color of light observed. Destructive interference  Film cracking and thickness were simultaneously
occurred when the retardation of light waves was equabbserved during drying. Observations of the as-received
to m — 1/2 of their wavelength. As the film thickness TIBE and TIBE-50 vol% toluene films after drying
varied, the retardation changed such that light wavefor 1 h showed that cracks initiated and grew radially
of different wavelength (or color) constructively and from the thickest regions of the film. Cracks initiated
destructively interfered. Also, the vividness of color at heterogeneities such as dust particles embedded in
fringes decreased with increased film thickness becaughe film, which caused a localized increase in the film
fringes of increased wave order experienced increasetthickness above the critical film thickness. Propagation
destructive interference. Far > 5, fringes became faint and bifurcation of the initial cracks resulted in the
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FIG. 1. Optical micrographs of films made from the (a) TIBE—50 vol% toluene solution with (b) 5.0 wt% and (c) 10.0 wt% (relative to

TIBE) polymer after drying 90 h, showing differences in the cracking and decohesion of films. Note that the substrate edge is located

on the right side of the micrographs.

formation of crack networks after 1.5 to 2 h. By 4 h, regions arrested while propagating into thinner regions.
cracks had propagated throughout the majority of théThe critical thickness was defined as the film thickness
film, and the film began to decohere from the substratdelow which cracks neither initiated nor propagated, and
in the thickest regions. After 90 h, most of the film was measured by determining the film thickness at which
had decohered from the substrate [Fig. 1(a)]; howevemropagating cracks terminated. An isochromatic color
crack arrest was observed in the thinnest regions dfringe chart was determined from known retardations
the film, corresponding to the outermost edges of thdor observed color fringes, using Eq. (1) and the re-
substrate (right side of micrograph) and the periphery ofractive index for TIBE to calculate corresponding film
wetting flaws [voids in the film coverage, e.g., centerthicknesses (Table I). The observed fringe color, fringe
of Fig. 1(b)]. Films made from TIBE-50 vol% toluene order, and measured critical film thickness for films of
solutions with polymer additions still cracked, but did each precursor solution are tabulated in Table Il. As
not decohere [Figs. 1(b) and 1(c)]. More importantly, shown in Fig. 2 and Table Il, the critical film thickness
cracking was suppressed in films with added polymerfor cracking increased with increasing polymer content.
despite increased film thickness, as shown by colo6ince films processed from the as-received TIBE and
fringes in Fig. 1. In the case of films with 10.0 wt% TIBE—-50 vol% toluene solutions exhibited the same
polymer, cracks were observed only in the thickestcritical thickness, the initial film thickness had no ap-
regions of the film and many cracks that had initiatedparent influence on the measured critical film thickness.
were unable to grow [Fig. 1(c)]. Note that the extensiveNote that the values reported in Table Il are for the
film cracking observed near the substrate edge in Fig. Iowest critical thickness observed in each film, and
was due to a meniscus resulting from spin coating. Thenay not exactly correspond to the micrographs shown
meniscus was typically several times greater in filmin Fig. 2.
thickness than the larger and more uniform center region  Errors associated with the optical interference tech-
of the film shown on the left side of the micrographs. nigue were accounted for in the critical thickness results
The critical film thickness was determined after 90 hgiven in Table II. The following assumptions were made
drying from higher magnification micrographs taken atin the film thickness measurements of this study: (i) no
the substrate edge (Fig. 2) and the periphery of wettindight absorption by the film or substrate (phase shift on
flaws, where cracks that had initiated in thicker film reflections of 0 on/2); (ii) constant film refractive index

FIG. 2. Optical micrographs of films made from the (a) TIBE—50 vol% toluene solution with (b) 5.0 wt% and (c) 10.0 wt% (relative to

TIBE) polymer after drying 90 h, showing crack termination at color fringes corresponding to the critical film thickness. The approximate
wave order fz) of the color fringes shown in black and white is given as a guide for Table Il. Note that the substrate edge is located

on the right side of the micrographs.
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TABLE |. Abbreviated isochromatic color fringe chart calculated for and can be as high as 10% of the measured thickness
TIBE (n = 1.522%). under extreme conditions (e.g., numerical aperture of 0.9
with a large aperture diaphragif)Measurements made

m Color fringe Retardation (nm) Thicknesg i) . . . ™
in this study were confirmed at the lowest magnifica-
Black 0 0.000 tion possible. Thus, the thickness measurements in this
Gray blue 160 0.053 study are believed to be within several percent of the
White 260 0.085 ) . 213 , o
vellow 330 0.108 actual film thlckn_es - _As a fl_nal note, th_e possibility
Yellow 440 0.145 of human error in distinguishing color fringes can be
Brown eliminated by employing a spectrophotomefe?? but
Orange red 500 0.164 will compromise the simplicity of the above method.
Red 540 0.177 The optical interference technique used in this study
2 Violet 580 0.191 provided a simple means to simultaneously observe film
Blue 680 0.223 thickness and cracking during drying. Furthermore, thin
Blue green 720 0.237 film fracture toughness, which is relatively unknown for
séﬁs\;]v green ;ig 8:2‘;’2 most technological!y significant thin film materials (i_n—
Yellow 920 0.302 qludmg metalorganic precursor.s)., is re]ated to.the crljtlcal
Orange red 1000 0.329 film thicknes$$® Thus, by combining this technique with
Violet red 1050 0.345 measurement of the strain or str€s&’in the film during
3 Blue green 1250 0.411 drying, assessment of thin film fracture toughness could
Green 1350 0.443 be made!
Yellow green 1400 0.460
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