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ABSTRACT

We present fabrication routes for a new type of surface specimen that exhibits a micropattern with a gradient in chemical contrast between
the pattern domains. Design elements in the specimen allow chemical contrast in the micropattern to be related to well-established surface
characterization data, such as contact angle measurements. These gradient specimens represent a reference tool for calibrating image contrast
in chemically sensitive scanning probe microscopy techniques and a platform for the high-throughput analysis of polymer thin film behavior.

Substrate surface chemistry is a governing factor in thin film enable the rapid and thorough analysis of the effect of surface
materials behavior, polymer self-assembly, adhesion andchemistry over a wide range. In this regard, published
wetting, friction, and biocompatibility. As such, surface works'®"1® demonstrate the ability to create continuous
chemistry, or surface energy, is an increasingly important surface energgradients and a growing body of research
engineering parameter in a variety of materials systems andillustrates the utility of these multivariate substrates for

technologies, including nanolithography maskMEMS mapping the effect of surface energy on phenomena such as
and NEMS*HS microfluidics®” and tissue scaffolds® More- wetting?® 22 and self-assembR?
over, with the advent of soft-lithography techniqiés; a In this paper, we discuss the fabrication and utility of a

growing number of studies demonstrate that micrometer- andpe class of substrates that combines a microscale chemical
sometimes enhance, the structure and properties of systemgynibit micropatterns that gradually and systematically
deposited upon theAt~* In addition, surface chemistry is  change in theichemical contrasthat is, the surface energy

recognized, but often underevaluated, as a factor thatgitferences between surface domains, and thereby present a
contributes to the contrast of nanoscale micrographs gener,iitude of pattern conditions on a single substrate. By

ated by both common and emerging scanning probe micros-qesign, our gradient substrates allow for the chemical contrast
copy (SPM) techniques, including atomic force microscopy, ajong the micropattern to be calibrated with well-understood
friction force microscopy, chemical force microscopy, and characterization techniques such as contact angle measure-
atomic force acoustic microscopy (AFM, FFM, CFM, and - mants or surface spectroscopy. Moreover, to produce these
AFAM, respectively). _ _ _ specimens we have developed a promising new method for
There are many techniques to impart tailored surface paierning monochlorosilane (MCS) self-assembled mono-
energy and chemical pattes on a variety of substrate |, e g (SAMs) that combines microcontact printing and vapor
materials. Most of these methods allow only "single-case” o, qgjtion. This method provides reproducible, high-quality,

studies because they result in specimens that exhibit 3microscale SAM patterns asilicon substrate a way that
particular chemistry, or in the case of soft lithography, an is amenable to multisample batch processing

alternating pattern of two chemistries. In contrast, multi- L . . .
gp Primarily, we intend our gradient micropatterivup)

variate or “combinatorial” fabrication approaches, which imens t v referen bstrat ful for th
result in specimens that exhibit many cases on a Singlesp\e;glopemsén? afl?j ceali%?at?ore] gf gﬁrle::escr?e?isl:rsyesL:ansoitivee
substrate, present a considerable advantage because the . k i .
P g PM techniques such as CFM, FFM, and AFAM. As will
T Contribution of the National Institute of Standards and Technology. be seen belowyup reference substrates provide a means to
* i - i i . . . . .
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Gradient 1 Thus, for our example of SPM micrographs, the specimen
Micropattern ! Gradient relates the image contrast to the calibration measurements.

 Calibration Specimen Fabrication and Validation. Fabrication of
Vup specimens involves soft-lithography of appropriate SAM
molecules onto a planar substrate followed by a graded
processing step that modulates the chemical contrast. The
key to creating the specimen design shown in Figure lais a
composite elastomer stamp, which has both flat and cor-
rugated regions, as shown in Figure 1b. Such a stamp allows
us to deposit a SAM layer consisting of a micropatterned
strip with an adjacent solid calibration field (Figure 1c). Next,
a graded UV-ozonolysis (UVO), applied along the specimen,
gradually modifies the chemistry of the patterned SAM (and
calibration field) along one direction. During this UVO
processing, methyl-terminated alkyl chain monolayers (hy-
drophobic) are converted into carboxylic acid terminated
(hydrophilic) chaing* As UVO exposure time is varied along
the length of the specimen, the density of hydrophobic-ended
\ / Chlorosilane vapor molecules decreases, whereas the density of the hydrophilic-
ended chains increases. As we demonstrated previdusly,

Remove stamp established wet microcontact printing technidéés?6can
be used to produc®eup specimens consisting of alkanethiol
W SAMS on Au substrates. Although this represents an easy
procedure for fabricating &up, problems associated with

Matrix
Calibration

Flat Patterned

UVO treatment

traditional thiol SAM printing with respect to reproducibility
’ M and stability are well known. In particular, the surface
coverage of wet-printed SAM depends on a variety of factors,
(b) (c) including the contact time and pressure and ink concentration.
In addition, the alkanethiol SAM patterns are not stable over

Figure 1. (a) Schematic illustration ofup specimen design. The long periods in ambient conditions or at elevated tempera-

central part of the specimen has a pattern of micrometer-scale Iinest 19Th ffect ke thiol printi inad t t
that gradually change in their chemistry (e.g., surface energy) with ures. ese efiects make thiol printing an inadequate route

respect to a surrounding matrix, which exhibits a fixed surface for producing specimens appropriate for use as references
energy. Scheme for preparingzap using vapor deposition of ODS ~ or for thin film studies that require higher temperature
on a SiQ substrate: (b) lllustration of a composite elastomer stamp, processing.

which has both flat and corrugated regions. (c) lllustration of vapor-

mediated soft lithography and gradient UVO exposure. To improve the vigor and versatility of our specimens,

we developed a new method for preparing chlorosilane, that

cases (e.g., CFM) where the quality of tip functionalization is, n-octyldimethylichlorosilane (ODS), SAM patterns on
is important. In addition, these specimens hold promise as(oxide terminated) silicon surfaces by combining microcon-
screening tools for the high-throughput analysis of thin film tact printing and vapor deposition methods. As illustrated
phenomena. In this letter, we demonstrate both of thesein Figure 1c, in this new technique the composite elastomer
capabilities through illustrative case studies. stamp is sectioned so that the edge of the corrugated area is

Figure 1 illustrates ouFup specimen design schemati- exposed. Application of such a stamp to the substrate
cally. The central part of the reference specimen has a patterrphysically masks selected areas of the substrate and creates
of micrometer-scale lines that gradually change in their a series of microchannels over the substrate surface (see
chemistry (e.g., surface energy) with respect to a surroundingFigure 1c, top). Accordingly, when the stamp/substrate
matrix, which exhibits a fixed surface energy. This patterned system is immersed in a saturated ODS vapor, the vapor
region is the experiment platform. For example, in the case travels down the microchannels and an ODS SAM is
of SPM calibration, images acquired along the patterned deposited on areas of the substrate not masked by the stamp
region generate a series of micrographs with gradually (Figure 1c, middle). As discussed above, fabrication of the
changing contrast. Wide “calibration” fields, which bound Vup specimen is completed by a graded UVO exposure. As
the patterned area, directly reflect the changing chemistry verified by previous secondary ion mass spectrometry (SIMS)
of the lines and the static chemistry of the matrix. This is an analysis* UVO treatment adds a range of oxygen-containing
important aspect of the specimen design because well-functionalities to the ODS layer, including carboxylate, ether,
understood measurements (e.g., contact angle) along theand carbonyl species. Accordingly, the exposure gradient
calibration fields can be used to determine chemical differ- gradually changes the original hydrophobic ODS SAM to a
ences in thevup, which are difficult to gauge. Such more hydrophilic SAM. (Fabrication details, including stamp
calibration enables quantitative correlation between chemical preparation and notes on specimen lifetime, can be found in
contrast and experiments conducted on the patterned areathe Supporting Information.)
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Vapor-deposited chlorosilane SAMs on silicon are more

robust than thiol SAMs on gold, resulting Wup substrates e 100- 4 o 0

that can be stored, cleaned, reused, and processed at high¢ @ 90 " A (@)
temperatures. Moreover, previous X-ray reflectivity anafysis g 80 . - 95

and our ellipsometry (we report a thickness~af nm) and - ] @ 0

water contact angle measurements (we foundt98°) of 2 704 § "—V‘"-‘_ 4

similarly processed ODS SAM layers confirm a high-quality, e 60 s’L x 9M (Area Model)
near monolayer coverage of the substrate, with the height S ; R 1".‘

of the layer close to that expected from a fully packed and § 50 0__‘-% DA

stretched ODS SAM~1.2 nm). Indeed, in a comparison of g 40_' i = A

common deposition techniques, McCarthy et’at’ report o ] R LA

that the highest quality SAMs were obtained using a vapor g 301 °5* ¥ .

phase reaction. Furthermore, the vapor deposition process © 20_’..._.@._.@ ........... B Oglég
reduces solvent and chlorosilane waste and minimizes the > ! Qo TR yTE %
deposition of aggregated organosilane molecules because thi 10 —T T T T 1
species is rarely vaporizeéflPerhaps most importantlyhe 0 20 40 60 80
vapor-patterning process allows many specimens to be Irradiation time (s)

processed simultaneously under identical conditioAk

though we have not explored the prospect, it may be possible“E 70 o

to use this technique to make submicron-scale chemical 5 _-o---o--Q--'-o---o--O“O """ gﬁg

patterns. Because our technique relies upon the ability of & 60 - ___ﬁ""(—\" B

ODS molecules to travel into and along the microchannels, ™~ ] ‘é-"& (b)

we expect that this will necessitate the fabrication of a stamp 50 A=

with high-aspect ratio corrugations, that is, a stamp that forms 3 | gl

channels with a cross section large enough to accommodate g *’%‘

vapor diffusion. One challenge here is that high-aspect ratio % 40- AN

elastomer corrugations can be prone to collapse when appliec 4, l

to a substrate. o 30 g %%
It is important to verify that the chemistries exhibited (and % 1/ A

measured) along the calibration fields are reflected in the 2 20 & s

: . : . n
patterned area in order to validate the specimen design. Suct T . r . r . T r T

verification was achieved by conducting contact angle 0 20 40 60 80
measurements along the length of tfigp specimen and
along each calibration field. Figure 2a shows water contact
angle (hereafter “contact angle”) measurements collectedgijgyre 2. Vvalidation and calibration of thaup. (a) Measured
along a representative specimen subjected to a linear UVOwater contact angles and (b) calculated (see text) surface energies
exposure gradient ranging from 0 to 80 s. Along the matrix along a representativéup specimen.

field, contact anglesf{y) remain constant+21°), whereas ] .

the contact angles on the gradient calibration fiefd)(  hyPothesized to be due to such effe€tideed, although it
decrease from approximately 98 to>2Water contact angle 1S Not the focus of this papevup specimens would provide
measurements along the gradient micropatték) yaried a means to study su_ch phenomenon. Also, this model does
from 68 to 16. To illustrate chemical congruence between not reflect the contribution that surface roughness would

calibration fields and the patterned area, model contact angle™ake to the observed contact angles. However, for our
values @u) were calculated according to equatioh 1 system such effects are minimal because the RMS roughness

of both the silicon wafer substrates we employ and the
overlying SAMs are well below 1 nm, as established by
1 _ % % 1)  AFM.
On) (00 (0) For our specimens, the surface energywWas estimated
by the Good and Girifalco geometric mean approximation
In this model ¢, and¢g reflect the relative surface areas of method (GMA method}? which employs contact angle
the matrix (SiQ) and gradient (graded SAM) in the patterned measurements of two fluids for which the polar and
area, respectively. In our current example, the nominal dispersive components ¢f are known. The procedure for
matrix/gradient surface area ratio is 1:5. As can be seen inestimatingy for UVO-modified ODS surfaces is discussed
Figure 2a, measuredp values agree well with théy in detail elsewheré! In our specimensy in the gradient
predictions, indicating that the chemistry of the patterned calibration field spanned 2663 mJ/ni, and the matrix field
domains reflects the constituent chemistry in the calibration was approximated to be 63 mJnas shown in Figure 2b.
fields. However, this simple model does not capture the effect ~ Applications of Vup SpecimensThe Vup specimens are
of the micropattern on the wetting behavior of droplets; the useful for gauging tip quality, for calibrating image contrast,
fact that 0 is observed to be slightly lower thafy is and for determining sensitivity in chemically sensitive SPM

Irradiation time (s)
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S.. 160] @ Probe as received ]EJ_rot_)e functionalized with ODS (G4€nd gr(_)up). The AFM

c 1 0 UV-ozone cleaned probe nctpn mgasurements were pgrformed gsmgsthme p.robe

— 1404 A CH functionalized probe and identical scanning conditions for direct comparison, as

) 120_‘ 4 T discussed above, and as detailed in the Supporting Informa-

- ] g tion. From the curves shown in Figure 3, it is clear that the

g 100 a0 friction sensitivity of the probe is enhanced with UVO

= 80: @ o . treatment as compared to the “as received” probe. Con-

g ] a % : < versely, for the CHfunctionalized probeK is reduced over

O 60+ oe the entire range of differences. These trends are expected

© 1 ol because it is known that UVO treatment removes organic

g 40-_ D E A residues, which tend to decrease probe/surface interactions,

'-3 201 STV e e A and because alkylsilane (GHunctionalization will tend to

= 1 -9 43&45' decrease friction over both the Si@nd SAM regions. The

L. 01 o — T T T remarkable point is that this single specimen allows for these
0 1‘ 10 20 30 40 50 comparisons to be made in a quantitative manner over a wide

Yo T (mJ]mz) range ofy. In addition, the curves of Figure 3 illuminate

the relative sensitbity of the tested probes, that is, the
minimum ODS/SAM y difference (calibrated minimum
contrast condition) observed in the AFM images. We
evaluate probe sensitivity through a valyg,(see arrow in
Figure 3), which represents thedifference wher&K ~ 0

. . no frictional contrast) From the calibration curves, we
technigues such as CFM. To demonstrate this, we used a( )

. . . A" . observe a trend of;0,uvo< ived< , where higher
Vup specimen to calibrate a series of “friction” (i.e., lateral | " correspz%goto ngssi‘;cgl\;esditi\i/gﬁobes 9
force) AFM measurements acquired with probes of different Yo ) 50 hol il f h. i
chemical quality. Images were acquired according to pro- 4P Specimens also hold potential for the rapid and
cedures described in detail elsewt#r# and according to thorough analysis of thin film phenomenology. To illustrate

procedures detailed in the Supporting Information section. tiS, We usedvup substrates to investigate the wetting
For contrast calibration, we employ a friction contrast factor Stability of polystyrene (PS) films on chemically patterned

(K), which represents the differential lateral cantilever Substrates. Over asingle specimen, g illuminates the
deflection measured between ODS and Si@ll of the effect of patterny—co_ntrast on.the film morphology. In this
images were acquired using the same cantilever probe andtudy, & 35-nm PS film (nominal Mw- 760 g/mol, Cat no.
with an applied normal force of approximately 350 nN, as 32782-4, Aldrich) was spin-coated from a toluene solution
. . . i i 3 -
estimated from forcedistance measurements, the setpoint (Mass fraction of 1%) onto a fresfup specimert? The as
deflection, and the nominal cantilever stifiness, 0.06 nN/m ¢ast film was smooth and uniform as determined by
(see the Supporting Information for detailk)is extracted ~ Immediate optical inspection. To accelerate dewetting, we
from raw lateral force AFM data processed through the @nnealed the film library overnight at 6C, that is, above
cOMMONY2|Cyace — Cretracd relation, whereCyace (Cretrac) iS Ehe ?S!ass transition tem.perature of PS.at this molar me4s (
the deflection for points along the “trace” (‘retrace”) fast- ~C)-~ Post-annealed film morphologies were measured by
scan directiod’38 K values were averaged along the slow @ custom-built automated optical microscopy (AOM) plat-
recti : o : .
scan direction (average “cross section”) and subsequentlyform.* which acquired and collated 1900 contiguous OM
over several (36) micrographs collected at identical contrast IMages spanning the entire specimen. Figure 4 shows four
(ya—ye) conditions. For AFM micrographs acquired along columns (a-d) of contiguous OM micrographs extracted

the gradient micropatteri reduces as the UVO irradiation from positions along the film library where the substrate
time increases and the pattern domains become moreUVO exposure was 10, 40, 50, and 70 s, respectively. To
chemically similar. By correlating the position of the orient the reader, these columns are superposed over an
micrographs with surface energy measurements along thellustration of theVup specimen design. As such, the top
calibration field, we can calibraté& with respect toy and bottom sections of each column show data from the
differences between the gradient and matix ¢ yg), as matrix calibration region (Sig) and the gradient calibration
demonstrated in Figure 3. Note that ¥iep specimen gives ~ region (ODS SAM), respectively. The middle section of each
an entire spectrum of calibration relationships, as opposedcolumn is data from the UVO modifiettup.
to the single calibration relationship given by a traditional ~ Over the calibration regions, the dewetted film exhibits a
specimen. pattern of droplet polygons, as typified by random nucleation
In addition, the gradient micropattern specimen serves asof holes developed by growth and droplet coalescéhés.
a tool for comparing the quality of tip functionalization. expected, the matrix calibration field shows similar droplet
Figure 3 demonstrates calibration curves for friction contrast patterns along the specimen—@, top), which further
versusy differences collected using three different probe validates our specimen design and fabrication. In contrast,
chemistries: (1) a probe as received from the manufacturer,on the gradient calibration field (bottomy),increases from
(2) the sameprobe cleaned with UVO, and (3) theame a to d and the films exhibit increasingly larger droplets and

D Nano Lett.

Figure 3. AFM frictional contrastK, vs surface energy differences
(ya — ys) obtained with probes of different chemical quality on
Vup specimeny, marks the minimurry-difference detectable by

a particular probe.
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Figure 4. Strips of OM droplet morphology data extracted from #ep library. The underlying substrate was irradiated with UVO for
(@) 10 s, (b) 40 s, (c) 50 s, and (d) 70 s. PS droplet morphology on matrix calibration field (top), on gradient micropattern (middle), and
on gradient calibration field (bottom).

larger polygons. This observation suggests faster hole growthcollected. Results of this ongoing “data mining” analysis,
and coalescence kinetics on the higheurfaces, which for  including identification of the criticay-contrast necessary
PS, apparently present a lower barrier to initial hole to induce pattern-directed dewetting, will be reported in a
nucleation and a higher driving force for film instability. future publication. This critical value is of interest because

The morphology of droplets over th&up (middle) it represents the minimum chemical heterogeneity (e.g.,
depends on the chemical contrast between the lines anddefect or impurity) that can start film instability, and thus
matrix, which decreases from a to d. Regions with strong dewetting.

chemical contrast (a,b) exhibitpattern-templateanorphol- In conclusion, we present a method for fabricating a new
ogy/? characterized by droplets that were distributed evenly type of surface specimen that exhibits a micropattern with a
along the center of both the high and low regions. gradient in chemical contrast between the pattern domains.

However, as thes contrast becomes weaker, the droplets Our specimen includes design elements that enable the
gradually lose registry with the underlying pattern (c), until calibration of pattern chemical contrast through widely
finally (d) the PS droplets form polygons of the same available techniques, such as contact angle measurements.
dimensions seen in each of the calibration fields. In the latter Our specimen design is compatible with a variety of well-
case,y-differences in the pattern are easily detectable by established routes for surface patterning of SAMs. In
AFM (Figure 3) and measurements from the calibration fields addition, with the aim of increasing the vigor and flexibility
indicate ay contrast of ~10 mJ/ni; yet, dewetting is of SAM patterns, we illustrate a new method for patterning
insensitive to the underlying pattern. SAMs on silicon substrates that combines soft lithography,
Pattern-directed dewetting behavior is interesting, in part, vapor deposition, and monochlorosilane chemistry, which
because it offers means to spontaneously create complexproduces monolayers resilient under a variety of conditions,
patterns of polymer on a surface. In this light, the data for example, high-temperature annealing. This method
discussed above outline general rangeg afontrast that provides reproducible, high-quality patterns on Si substrates
result in pattern-templated droplets. However, the data in in a way that enables multisample batch processing.
Figure 4 is only a tiny portion of th&up film library, which We demonstrated the value Bf:p specimens by employ-
displays a comprehensive set of droplet morphologies. A ing them as reference substrates for surface-sensitive nano-
detailed treatment of the full range of phenomena exhibited metrology and as a platform for producing libraries of thin
by this library will require extensive (and necessarily film behavior. In the former case, we usedap substrate
automated) analysis of the large number of OM images we to calibrate contrast in friction force AFM images with

Nano Lett. E



respect to surface energy differences. The specimen was also(10) Love, J. C.; Wolfe, D. B.; Jacobs, H. O.; Whitesides, GLhgmuir

useful in comparing the quality and effect of probe-
functionalization. The specimen provides, within a single

2001, 17, 6005-6012.
(11) Xia, Y. N.; Whitesides, G. MAnnu. Re. Mater. Sci.1998 28, 153~
184.

substrate, a spectrum of calibration relationships over a large (12) Heier, J.; Kramer, E. J.; Walheim, S.; KrauschM&cromolecules

range of conditions. Accordingly, we s&ap specimens as
a particularly useful new tool for advancing and understand-
ing emerging SPM techniques. In later publications, we will

employ these specimens toward advanced methods such as

CFM and AFAM.

In the latter case, we appliédup specimens toward the
high-throughput analysis of thin film stability. Our example
specimen library encompasses a huge range of PS film
dewetting behavior over the patterned area and flanking
calibration fields. Automated optical microscopy (AOM)
enabled rapid characterization of droplet morphology over
the library. In this paper, we highlighted some of the
interesting phenomena exhibited by the library. In particular,
the Vup provides insight into the effect of pattern chemical
contrast, which was previously unexplored. In a later
publication, we will report on the full range of phenomena
exhibited in this library.
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Supporting Information Available: Fabrication details,
including stamp preparation and notes on specimen lifetime,
and detailed SPM procedures. This material is available free
of charge via the Internet at http://pubs.acs.org.
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