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Effect of Temperature on the Morphology and Kinetics of Surface
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Hole formation and growth on thep layerof thin symmetric diblock copolymer films, forming an ordered lamellar
structure parallel to the solid substrate (silicon wafer) within these films, is investigated as a function df)time (
temperatureT), and film thicknessl], using a high-throughput experimental technique. The kinetics of this surface
pattern formation process is interpreted in terms of a first-order reaction model with a time-dependent rate constant
determined uniquely by the short-time diffusive growth kinetics characteristic of this type of ordering process. On
the basis of this model, we conclude that the average holelsjanproaches steady-statgalue, Ap(t—0) = An«(T),
afterlong annealing times. The observed chandg(T) with temperature is consistent with a reduction of the surface
elasticity (Helfrich elastic constant) of the outer block copolymer layer with increasing temperature. We also find that
the time constant;(T), characterizing the rate at whidl(t) approacheg «(T), first decreases and then increases
with increasing temperature. This temperature variation(®j is attributed to two basic competing effects that
influence the rate of ordering in block copolymer materials: the reduction in molecular mobility at low temperatures
associated with glass formation and a slowing of the rate of ordering due to fluctuation effects associated with an
approach to the block copolymer film disordering temperatiige ffom below.

Introduction properties of these filmsroughness, wettability, optical trans-
Pattern formation in lamellae-forming films is a ubiquitous Parency, rigidity, permeability, etc. It is therefore important to
phenomenon with important ramifications in technological understand what factors |r_1fluence th(_e formation ofthesg surface
applications as well as for understanding the function and patterns so that the thin film properties can be determined and
properties of biological membranes. The in-plane pattern controlled. _ _ _
formation in such films often includes a progression between = Block copolymer (BC) film surfaces provide a particularly
island, labyrinthine, and hole patterns in addition to smooth films IMPortant example of this type of surface pattern formation. The

depending on the surface coverdgeSuch structures are seen
in self-assembled monolayets’ Langmuir films? end-tethered
polymer layers$,and block copolymer film&29-21 The existence

relatively large scale of the surface patterns (normally much
larger than the macromolecular dimensions) and their corre-
sponding slow growth facilitate the determination of the pattern

of these patterns can be expected to have a large impact on th@eometry and coarsening kinetics. Moreover, it is also possible

to vary the relative molecular masses of the block components,
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molecular variables to investigate models of this pattern formation
and facilitate the development of fundamental theories to describe
this type of pattern formation. We anticipate that many aspects
of pattern formation in block copolymer films should be broadly
applicable to other lamellae-forming films.

Block copolymer film pattern formation is a complex
phenomenon and the relevant parameter space is rather large. To
more efficiently explore this phenomenon in this study, a
combinatorial experimental approach is utilized. Combinatorial
experiments vary several different parameters simultaneously to
greatly improve experimental efficiency and throughptit?-24
This methodology isimplemented here by creating samples with
a continuous, controlled gradient in film thicknegsthat are
annealed on a temperaturd) (gradient orthogonal to the
[-gradient. These gradient films can be prepared with different
molecular mass\{) polymers, so that numerous measurements
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of the effect of andT on BC pattern formation are simultaneously 2 5|
acquired from a single film. By exploiting combinatorial methods [
in this work, the effects of, T, andM on block copolymer b l{
pattern formation are found and incorporated into a proposed |
theory of pattern formation in generic lamellae-forming films. = * :.""

Background - o gty

Block copolymers are systems having blocks of different H“;‘;‘-‘."..
polymers covalently linked together. The extent of segregation “ '-‘*‘:"—"--'5?'-'-' : .
of the blocks can be expressed in terms of the paraméter ~ Figure 1. Optical micrograph obtained from a block copolymer

wherey is the Flory-Huggins interaction parameter, related to  thin film gradient that varies from 25 to 3.3 in | showing the

the incompatibility of the monomers. ard is the dearee of progression from smooth to islands to labyrinthine to holes to smooth
| mpe 25 Z)élf h | fN N b deg | surface morphology. Arrows designate the approximate locations of

polymerizatiort><*1f the value ofyN Is above a given value 6 (a) 53 nm film and (B) 80 nm film along this continuous

(*10.5 for block copolymers) the system will microphase separate morphology variation.
into an “ordered” state. This transition is termed an order

disorder transition, and the transition temperature where this jncomplete lamella consists of islands or holes of helghtith
phase transition occurs is designated the ordeorder transition the exact morphology governed by the differeheels, and an
(ODT) temperature Ty). For a given polymer systeny, is example of this surface pattern formation is shown in Figure 1.
dependent on temperature and will generally decrease withThjs figure contains an optical micrograph of a thin film having
InCI‘eaSIngT such that a transition between the ordered and an'_gradientvarying from 215)]:0 3_5_oshowing the morphology
disordered state will occur when the critical valugifis crossed. progression from smooth, to islands, to labyrinthine, to holes,
The morphology formed upon ordering depends on the relative and finally back to smooth surfaces lais increased.
volumes of each block and can include spheres, cylinders,  jthough this phenomenon has been observed repeatedly, no
cocontinuous, and lamellar m_orpholog?éls‘ror blockswithnearly  complete theory of pattern formation in BC films exists.
equal volumes or symmetric block copolymers, lamellae are |nteresting models and ideas, however, have been proposed that
usually formed having a thicknesko that depends of. can serve as the basis for developing a more refined theoretical

When these symmetric materials are cast as thin films, the gescription. The most developed model for BC film surface pattern
thermodynamic interactions between the different blocks and formation proposes that the pattern formation corresponds to a
the substrate are found to influence both the morphology and type of two-dimensional “phase separation”. Here, film thickness
order—disorder transition temperatufez'->”*¢In general, one rejative to a critical valuel{) is analogous to the compositional
block will have an energetic preference for the substrate and thegrger parameter in the traditional fluid mixturte133.39-42
lamellae will form parallel to the substrate surface with athickness |ndeed, the early stage morphology and kinetics of BC pattern
equal toL,. This formation of lamellae parallel to the substrate foymation superficially resemble those observed in phase-
affects both the observed ODT and the film morphology formed. separated polymer blend films. This model predicts patterns
Tqis found to increase since the preference for the substrate byresembling spinodal decomposition for certain film thickness
one of the blocks has to be overcome for the system to ranges, which have been obserdéd?3643ending credence to
disordert63238As the film becomes thinner, the total number of  this model.
lamellae decreases and this effect becomes stréfgene Recent experimental observations of a tendency for the BC
morphology is affected s.lndeolls const'ant and asmooth film patterns to approach a constant size at long times, but the
can only form when the film thickness is an integral multiple of dependence of the pattern size on molecular feasnot be
Lo. This smooth film has a thicknesslaf= mLo (man integer)  explained within the basic phase separation model. To account
when one block prefers both the substrate and air interfaces and; these observations, surface elasticity considerations can be
ls = (m + Y/2)L, when one block prefers the substrate and the incorporated into the mod@lPrevious theoretical work has
other block prefers the air interface. When the film thickness jngicated that surface elasticity can limit the scale of pattern
deviates substantially from these characteristic values, anfqrmation in surfactantfilm43in addition, preliminary evidence
incomplete surface lamella forms when the system orders. This 5 5 (possibly transient) pinning of the scale of phase separation

(25) Bates, F. S.; Frederickson, G. Ahnu. Re. Phys. Cheml99Q 41, 525 .has been observed in C?IhHilliard type- SimUIation-S t-hat

(26) Hamley, 1. W.The Physics of Block Copolymei@xford Universiy ~ Incorporate surface elasticity.On the basis of these findings,
Press: Oxford, 1998. the inclusion of surface elasticity in a theory of pattern formation

(27) Hasegawa, H.; Hashimoto, Macromolecules 985 8, 589. ; ; fni ;
(28) Green, P. F.; Christensen, T.M.; Russell, T. P.; JeronMaRromolecules in BC films can be expected to limit the size of the surface

1989 22, 2189.
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Phys.199Q 92, 5677. Gallot, Y. Phys. Re. Lett. 1996 77, 4394.
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(33) Bassereau, P.; Brodbreck, D.; Russell, T. P.; Brown, H. R.; Shull, K. R. (43) Seul, M.; Andelman, DSciencel995 267, 476.
Phys. Re. Lett. 1993 71, 1716. (44) Jiang, Y.; Lookman, T.; Sayers, A. B.; Douglas, J. F. Unpublished. The
(34) Mansky, P.; Russell, T. P.; Hawker, C. J.; Pitsikalis, M.; Mays, J. Cahn-Hilliard model of phase separation in combination with the Helfrich model
Macromolecules1997, 30, 6810. of the surface elasticity shows that the scale of the film phase separation pattern
(35) Mansky, P.; Russell, T. P.; Hawker, C. J.; Mays, J.; Cook, D. C.; Satija, can “pin”, at least transiently, at long times due to surface elasticity. See also
S. K. Phys. Re. Lett. 1997, 79, 237. references 43 and 58. There are also interesting simulations of elastic effects in
(36) Heier, J.; Sivaniah, E.; Kramer, E.Macromolecules1999 32, 9007. alloy phase separation (Onuki, A.; Nishimori, Phys. Re. B1991, 43, 13649.),
(37) Heier, J.; Genzer, J.; Kramer, E. J.; Bates, F. S.; Walheim, S.; Krausch, which show that elasticity can modify the coarsening dynamics from the
G.J. Chem Phy4999 111, 11101. conventional one-third power scaling of “ordinary” phase separation. Smaller

(38) Mutter, R.; Stuhn, BMacromolecules 995 28, 5022. apparent coasening exponents are reported in this work.
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Figure 2. Images of film morphology. (a) Montage of 25optical micrographs showing the as-cast morphology of a 26KPSMMA

thin gradient film where the measurédalues have been overlain as contour plots. The temperature gradient used for annealing is given
across the bottom. The squares indicate the approximate locations of higher magnification images used for analysis. (b and ¢) Representative
micrographs showing the morphologies observed at higher magnification after an 84.5 h annealing time. Micrographs are acquired for the
regions (b)l = 53 nm, T = 175°C and (c)| = 80 nm andT = 163°C.

patterns by inhibiting long-range order in the system. This effect My/M, = 1.05. The lamellar domain sizéd) of this polymer is

is analogous to the suppression of long wavelength phasemeasured to be 18 niUnreacted homopolymer contamination is
separation in bulk block copolymer materials caused by the estimated to be less than 4% based on GPC and NMR data provided
covalent junction between the blocks. by the supplier. A gradient flow coatet?324vas utilized to produce

Oneinteresting feature ofthis phase separation model of patternathin polymer film with a gradient in thickness on Siwafers (Polishing

. . . . . ) Corp. of America) with an oxide surface produced by “piranha
formation in block copolymer films is that it predicts potentially etchl?ng"‘gthe wafe)r.Asqution with massfra(F:)tion 204 FBS%/MIE)/IA

dramatic changes in the film pattern morphology through changesin 4 ‘equal toluene/chloroform mixture was used with a stage
in the surface elasticity. In our previous wéfit was foundthat  acceleration of 5 mm#so produce a gradient ranging from 40 to
the “steady-state” size of the surface featudgsyas strongly 95 nm in thickness over a lateral scale of 30 mm (1.83 nm/mm
reduced aM was increased.(~ M~169, Additionally, the surface ~ average slope). The gradient film thickness was characterized with
(bending) elasticity of a BC layer is theoretically predié¢ted UV —visible interferometry (0.5 mm diameter with standard un-
to rise sharply £ ~ M?3) with increasingM in block copolymer certa_inty of+1 nm at 500 nm film thickness) on a grid with 2.5mm
and surfactant films. The observed behaviorafd the predicted ~ SPacing. The sample was subsequently placed on a gradient hot
behavior of as a function oM imply an inverse scaling between stagé3 with the thickness gradient orthogonal to the temperature
2 andx. In particular, a relation of ~ «~°5was proposed on gradient and annealed under vacuum for 84.5 h over a temperature

the basis of - b tidRzand the th tical i range of 122180 °C. The annealing stage was placed on an
€ basis of preévious observationsind ne theoretica’ scaling 5 1omated optical microscope, and optical micrographs were digitally
relation betweer andM. This relation reinforces the idea that

’ = : | captured throughout the annealing process. Low magnification
changes inthe surface elasticity caninduce changes in the patteri~25x ) images were obtained to provide an overview of the sample,
morphology. Finally, the inclusion af in the phase separation  while higher magnificatiorrc200x ) images were acquired to monitor
model implies thal should also effect the BC pattern formation. the morphological evolution of the sample at higher resolution.
As T is raised, the film becomes more disordered arsthould

drop. The rate at which the system approaches the asymptotic Results

organized pattern state (it is frankly unclear whether this state ] ] ) ] ) )

is an equilibrium state or just a long-lived metastable condition) A composite optical micrograph is shown in Figure 2a
may also be influenced by order parameter fluctuations near thedemonstrating the as-cast morphology of the thin film gradient
disordering temperature. The currentinvestigation therefore placeg/Vith | shown in the contour plot displayed over the micrographs.

particular emphasis on the influencélofariations on the surface 1 1iS figure shows a smooth film with a low number of defects
pattern size and pattern formation kinetics. and generally increasitfrom top to bottom, although the contour

lines show that thd-gradient is not linear or uniform. The
Experimental Section

(47) Certain equipment and instruments or materials are identified in the paper

A symmetric diblock copolymer of polystyrerepoly(methyl to adequately specify the experimental details. Such identification does notimply
methacrylate) (P®$-PMMA) was purchased from Polymer Source  recommendation by the National Institute of Standards and Technology, nor does
IncA”and was used as received. The molecular mas4g&(f the it imply the materials are necessarily the best available for the purpose.

; (48) According to ISO 31-38, the term “molecular weight” has been replaced
PSand PMMA blocks were 12.8 and 12.9 kg/mol, respec’nvely, and by “relative molecular massM;. The conventional notation, rather than the ISO

notation, has been employed for this publication.
(45) Wang, Z. G.; Safran, S. Al. Chem. Phys1991, 94, 679. (49) Kern, W., EdHandbook of Semiconductor Wafer Cleaning Technglogy
(46) Wurger, A.Phys. Re. Lett. 200Q 85, 337. Noyes Publications: Park Ridge, NJ, 1993.
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Figure 3. Optical micrographs of the= 80 nm andTl = 175°C 20 - -

film area showing the increase in hole size with increasing annealing - -

time. The lighter color corresponds to thinner areas and the scale i a1

bar applies to all images. 10 .

temperature gradient used to anneal the sample is indicated at 0 co e e e b ey T
the bottom of Figure 2a. The small squares in Figure 2arepresent 0 20 40 60 80 100

the approximate locations of the higher magnification images . .
acquired during annealing. These micrographs were obtained at Annealing time (h)
temperatures of 12% 1, 1394 1, 151+ 1, 163+ 1, and 175 Figure 4. Plots of;, for the (a) 53 nm and (b) 80 nm thick films
+ 1°C and film thicknesses of 58 3 and 80+ 3 nm foratotal ~ as a function of annealing time and temperatue 175 °C; W,
of 10 (, T) combinations. (Thet values indicate estimated 183 °Ci O, 151°C; x, 139°C; +, 127 °C) with the standard
. - ; - . uncertainties displayed. The line represents fits to eq 1.

standard relative uncertainties and this applies to all uncertainty
intervals indicated in this paper.) These film thicknesses
correspondito | = 2.94., and 4.44,, and the morphologies  min) shows a smooth film corresponding to a time when the hole
observed at these thicknesses are shown in Figure 2b,c. Theséatures are not detectable by the optical microscope. After 7 h
optical micrographs were obtained at 53 nm and A gFigure and 42 min, several holes have formed in the lamella surface and
2b) and 80 nm and 163 (Figure 2c) after 84.5 h of annealing  with increasing time they enlarge, with impingement and
(the lighter color corresponds to thinner film thicknesses). The coalescence observed in some cases. A similar set of micrographs
morphology observed in Figure 2b consists of a continuous lamellais obtained for eacii andl combination shown in Figure 2a. To
with a large number of holes extending down to the underlying quantify the growth behavior of the holes, the micrographs are
completed lamellae. These holes cover a majority of the sampleanalyzed to determine an average hole diamateas a function
top surface. (Note that the holes do not correspond to a dewettingof |, T, andt. (Since the holes are not perfectly round in all cases,
morphology, which would correspond to holes passing entirely we determineg, by measuring the area of the holes and specifying
through the block copolymer film.) For the 80 nm sample (Figure an effective diameter of a circle with the same area.) The results
2c¢), asimilar hole morphology is observed, but with a lower hole of this analysis are shown in Figure 4 for both the 53 nm (Figure
density and surface coverage. 4a) and 80 nm (Figure 4b) thickness series. Inspection of these

A sequence of optical micrographs similar to those in Figure plots reveals that, increases with increasirigand that the 80
2b,c was obtained throughout the annealing process to study theam thick film has larger values df, than the 53 nm films. The
kinetics of the surface pattern formation. Figure 3 shows this variation in the measured valuesA&fdue to film thickness is
sequence of micrographs for the= 80 nm film annealed at influenced by the relative deviation bfrom the characteristic
= 175°C for times €) up to 84.5 h. The initial imaget & 20 valuesls where smooth films are expect&t22°For a 53 nm
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Table 1. i, Data for Both 53 and 80 nm Thickness Films Obtained from a Fit to Eq %

53 nm 80 nm
T
(°C) Ahseo (M) 7 (h) o Ahyeo (M) 7 (h) a
127 10.8+ 3.9 101.24 28 0.444+0.15 8.7+ 0.1 28.1+ 0.6 1.47+ 0.09
139 11.0+£1.1 21.1+ 6.6 0.65+ 0.12 21.5+0.2 21.6+ 0.5 0.91+ 0.03
151 12.3+ 0.9 14.9+ 3.4 0.70+ 0.15 22.7+ 0.6 13.0+ 1.2 0.95+ 0.13
163 15.3+:0.9 19.1+4.1 0.51+ 0.05 241+ 0.9 16.2+1.9 0.94+ 0.14
175 229+ 5.2 4524+ 15 0.53+0.10 63.6+ 12 43.9+ 12 0.69+0.11

aUncertainty intervals indicate estimated standard relative uncertainty.

thicknessl(= 2.94,) film, the thickness is just above the value however, the saturation of the growth process at long times is
found for the bicontinuous morphology and is approximately due to excluded volume interactions rather than elastic effects
shown by arrow A in Figure %.In this case, large numbers of  within these layer§3-5°

holes nearly cover the surface, and pattern growth can only occur  |nspection of the model parameters summarized in Table 1
at the expense of other holes. In the case of the 80Inm ( reveals some interesting trends. First, the long-time steady-state
4.44.,) film, however | is nearly equal to a value characteristic  hole sizely. increases with rising for both the 53 and 80 nm
of smooth films (s = 4.5L), as shown by arrow B in Figure®l.  thickness films, as shown in Figure 6. This result demonstrates
The holes observed for this film thickness are well-dispersed that T not only affects the kinetics of pattern formation but the
and can grow in a nearly independent fashion. Next, a model is final size of the patterns as well. In addition, thealues (plotted
introduced to quantify the hole growth kinetics. as a function ofT in Figure 7) exhibit an apparemiinimum
Previous experimental studiéd8?'have suggested that the  around 151°C. Thus, the initial increase in the growth rate of
holes grow as a power law in time, although the apparent the holes is followed by a decrease in growth rat& esntinues
exponents reported were sometimes very small (e.g., 8?08). to rise. Our interpretation of these parameter variations with

These empirical forms are consistent with the phase separationyespect tr andT in terms of our working theoretical framework
model discussed above, where the diffusive nature of transportjs described in the next section.

processes leads to growth and nonlinear interaction effects
associated with the competition between the growing species
lead to an apparent power law coarsening. This general
phenomenon arises in awide range of pattern formation processes We first consider the increaseip.. with rising T. As discussed

and reasonably extends to a phenomenological description ofabove, an increase in the size of BC surface patterns was also
the early stage of the hole coarsening process in the blockobserved as a function of molecular makg.{~ M5 fixed
copolymer films. This simple picture must break down at long T)in our companion work2Although these observations focused
times, however, as the surface structures (holes) approach a steadpn the labyrinthine “spinodal” surface patterns that occur in a
state size at long times, an effect we ascribe below to the surfacenarrow film height region between the hole and island formation
elasticity of the film. Accordingly, the kinetics of the hole growth  regions, similar variations in the scale of the islands and holes
can be modeled on the basis of two plausible assumptions: (1)as afunction oM were also found. This behavior is demonstrated

a first-order rate law applies at short times, where diffusive in Figure 8, where AFM micrographs obtained at constant
coarsening dominates, and (2) a limiting value of the hole size magnification of PS-PMMA copolymers with totaM,, of (a)
exists at long timesiy(t—0) = An(T). This combination of 26 kg/mol, (b) 51 kg/mol, and (c) 104 kg/mol are shown (the
physically plausible assumptions yields the following expression lighter color corresponds to a higher topograpt¥fjhe samples

Discussion

for the hole size as a function of time, were annealed for 30 h at 17C and the film thickness is (a)
59 nm (3.2L,), (b) 68 nm (2.26,), and (c) 97 nm (2.30Q,),
A= A o{1 — exp[—(t/7)"]} Q) respectively. The micrographs show a clear decreaggwrith

increasing molecular mass, aiglis calculated as (a) 4,6m,
wherer describes the “coarsening time” ands an exponent  (0) 2.3um, and (c) 1.2zm for these micrographs. This dependence
governing the rate of coarsening. A fit of this expression to our Of the hole size oM was previously suggested to be due to the
data is shown as the lines in Figure 4, and the derived parameter$ame mechanism as the bicontinuous pattefnsamely an
(Ane, T, &) are given in Table 1. We see in Figure 5 that the data increase in the surface elastic constaniHelfrich elastic
for An/Ane can be collapsed onto a common master curve as aconstant*"=8of the outer block copolymer layer.
function of ¢/7)*. This data superposition suggests that similar  In a similar vein, the observed increase/if. with rising
physical processes govern the hole coarsening for each of thetemperature in the present work is attributed to a decrease in
film thicknesses and temperatures studied. In previous studieswith increasingl. Previous observations efor small molecule
a similar argument and data superposition was found to describeamphiphilic films have shown thatdepends sensitively on the
the characteristic length scale of phase separation in a surfactantdegree of system orderirig2 Specifically, as the disordering
micelle-forming fluid undergoing phase separation and subsequent
ordering®-52 and in the description of the coverage kinetics in (53) Douglas, J. F.; Johnson, H. E.; Granick,S8iencel993 262, 2010.
the diffusion-controlled growth of adsorbed polymer layers on _ (54) Johnson, H. E.; Douglas, J. F.; Granick,Phys. Re. Lett. 1993 70,
surfaces from solutioP?54 In this surface adsorption process, 3267. See also: Hubbard, J. B.; Silin, V.; Plant, ABiophys. Chenl998 175,

163.
(55) Douglas, J. F.; Schneider, H. M.; Frantz, P.; Lipman, R.; Granic, S.
(50) Wilcoxen, J. P.; Martin, J. E.; Odinek,Phys. Re. Lett.1995 75, 1558. Phys. Condens. Matteh997, 9, 7699. See also ref. 8.
(51) Emerton, A. N.; Coveney, P. V.; Boghosian, B. Rhys. Re. E 1997, (56) Further information about the polymer molecular masses of can be found
55, 708. in ref. 2.
(52) Nekovee, M.; Coveney, P. V.; Chen, H.; Boghosian, B.Rflys. Re. (57) Helfrich, W.Z. Naturforsch C1975 30, 841.

E 200Q 62, 8282. (58) Jiang, Y.; Lookman, T.; Saxena, Rhys. Re. E 200Q 61, R57.
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Figure 5. Plot of all the film thickness and temperatuse (L75°C; . .
W, 163°C; O, 151 °C; x, 139 °C; +, 127 °C) data presented Figure 7. Plot of the time constantfor the 53 nm @) and 80 nm

in Figure 4 collapsed to a universal curve. The line represents (M) films as a function of temperature. The minima correspond to
eq 1. a peak in film mobility. Lines serve as guides for the eye, and the

error bars correspond to the fit uncertainty.

80 CTTrTT T T 1T T TT T 1T L T T T 1]
ok E &, ‘ (b)' .,g ()-‘\-
: . - ;t
w0 E b‘f :‘,
-~ 50 i / j ' .“.i
g, T 100 ks —
S a0 b VA A% — 4um
5 E / ] Figure 8. AFM mlcrographs of surface holes in (a) 26K, (b) 51K,
30 - / E and (c) 104K PS-PMMA samples annealed for 30 h at 170
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10 ? E Although we only quantify this trend for the surface hole patterns
0 Covvolvvn o bvenn by b b in the current eXperiment, we eXpECt the same trend to apply to
120 130 140 150 160 170 180 the island and labyrinthine surface morphologies as well. We
Temperature (°C) now focus the discussion on the effect of temperature on the

Figure 6. Plot of the steady-state hole siz,() for the 53 nm @) observed time constants describing the surface pattern formation

and 80 nm M) thickness films as a function 6f. Lines serve as ~ Process.
guides for the eye and the uncertainty intervals represent estimates In eq 1, the parameteris used as a measure of how fast the
of standard relative uncertainty. pattern formation occurs [when= t, the hole sizely(t) has
reached{1 — Y/} of its asymptotic valuedne. or Ay(t=7) ~
temperature of these films is approachedjecreases due to  0.63lh.], SO that a large value af means the system reaches
thermal fluctuation§?6°We can expect a similar effect in our  its asymptotic pattern size slowly. Alternatively, the reciprocal
block copolymer films asT approaches the corresponding of 7 defines the rate of surface pattern formation.
disordering temperaturgy, so that lamellar interfaces become Although caution must be exercised due to the limited number
more diffuse and thermal fluctuations become large (As we discussof data points, we propose that the maximum in surface pattern
below, theTy of our block copolymer films is highly sensitive  formation rate (1) as function of temperature is due to two
to film thickness, and the precise valu€elgican only be roughly  basic competing effects that must influence the rate of ordering
estimated.). At any rate, a reduction«rwith increasingT is in block copolymer systems: a reduction in molecular mobility
quite understandable for ordered filng € Tg), and this trend atlow temperatures associated with glass formation and a slowing
is consistent with our former interpretation of tedependence  of the rate of ordering due to fluctuation effects associated with
of the surface pattern scalg,..>>Specifically, the scaling relation  an approach to the block copolymer film disordering temperature
betweerin . andk inferred from our former work (approximately Ty from below. Thus, increasing temperature at very low
Ane ~ k~1?) indicates a precise relation between the increased temperatures relative to the ordatisorder transition causes the
surface feature sizé,.. andT through theT dependence of. mobility to increasé! but the mobility then decreases as
The monotonic dependence &f. on T observed in Figures 4  compositional fluctuations slow down the ordering process as
and 6 is exactly the trend expected from this relation. Thus, as the film-ordering temperatuigis approached from below. (This
T is further increased, the holes are expected to become largeiinterpretation of the slowing down of the dynamics is consistent
and larger and more irregular in shape, ultimately disappearing with the mechanism that we discussed above for iependence
when the film fully disorders and has a vanishing surface elasticity. of ). We thus expect to see a nonmonotonic variation in the

(59) Helfrich, W.J. Phys. Fr.1985 46, 1263. (61) Doi, M.; Edwards, S. FThe Theory of Polymer Dynamic®xford
(60) Peliti, L.; Leibler, SPhys. Re. Lett. 1985 54, 1690. University Press: Oxford, 1986.
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rate of BC ordering, and indeed, this type of growth kinetics has ment condition$8 which can be understood to arise as a simple
been repeatedly observed in the grain growth of polystyrene consequence of the reduction of the effective spatial dimen-
polyisoprene block copolymers in relatively thick (bulklike) films  sionality (the interchain contacts depend on dimensionality)
diluted by solvents to enhance molecular mobiftyA non- with strong confinement. On the basis of these observations, and
monotonic variation in ordering rate with temperature is a rather the evident tendency of the boundary interactions to induce
general phenomenon that is also observed in the crystallizationordering in our films, it is highly plausible thaf; might ex-
of polymers and small molecule liquitisand in the ordering of it an insensitiity to film thickness over a restricted film
lamellae in lipid lamellar vesicle¥:* thickness range. Evidently, further investigations of the pat-
Although thequalitative origin of the peak in the surface tern-ordering rate /over a larger temperature range, glass
pattern ordering rate (i) as a function of temperature is clear,  formation in thin block copolymer films, and a serious effort
the in_sgnsitivity of this peak temperature to f_ilm thickness was 4 determineTy as a function of, especially in the regime of
unanticipated. Moreover, the morphology differences that ac- o4/ s needed to provide a firm basis for interpreting the

company thesé values suggest that the mobility peak IS als_o temperature dependence of the block copolymer ordering rate
insensitive to the type of surface pattern formed. This observation in thin films

raises the question of whether the dynamics of this surface pattern ™ . o )
formation might reflect the ordering dynamics of the block Flnal!y, we address anot_hervarlablethat|sd|ff|cultto|nt_erpret
copolymer film as a whole. Further work is obviously needed theoretically, the coarsening exponen{Table 1). Inspection
to confirm this possibility, which would establish the significance  Of these values suggests thais more sensitive th thanT and
of rand the peak surface ordering rate temperature as potentiallytends to take a smaller value in the thinner fil=(53 nm). It
basic processing parameters relevant to optimizing the fabricationis hard to provide a definitive explanation of this trend, but the
of BC materials by self-assembly. The insensitivity of the peak- phase separation model of block copolymer coarsening does
ordering rate with film thickness also raises questions about how provide some direction. First, the fits in Figure 4 emphasize
the thermodynamics of the BC ordering transition becomes late-stage coarsening kinetics, and different apparent exponents
modified in such thin films, and we briefly describe some issues would likely be obtained if short time data were emphasized. We
that need to be considered in future measurements. must also appreciate that these films are thin enough that

As discussed above, the solid substrate induces order in thedimensionality effects are relevant. Previous work indicates a
BC films, leading to a shift of the film-ordering temperature, crossover between three-and two-dimensional coarsening kinetics
Tq.16:3238Specifically, a power law upward shift of the order  of polymer blend phase separation for a film thickness in the
disorder transition temperature with decreasing film thick§éss, range between 20 and 100 §fin three dimensions, the late-
[Ta(l) — Tapud ~ 12 with 6 ~ —3, has been previously reported  stage exponent for fluid phase separation is 1 while the exponent
for our block copolymer system, where a580°C upward shift s in the range front/, to % for two dimension&17%73 The .
of the film-ordering temperature was estimated for the thinnest yariations observed seem consistent with this type of crossover
film considered in these previous studies«(90 nm). A similar from three- to two-dimensional phase separation kinetics. (Of
large shift in the magnitude oy relative to the bulk is inour o rse other interpretations are possible, butthe phase separation
own films, although the effect is expected to be smaller given ,qal of block polymer pattern formation remains a viable
the lower molegular mass O.f our block copolymers. We are then interpretation of the kinetic data.) This interpretation is potentially
e el pset, nowieve, by the g spparentexponet47 fond

g P P for the thicker film { = 80 nm) aff = 127°C. Such an exponent

formation as we vary film thickness. is characteristic of KolmogoroevAvrami ordering kinetics.

In_terpretmg th's. observation is _cc_)mp!lca_ted by the fact t_hat Notably a best-fit exponent®, has been reported in the ordering
the films are also thin enough to exhibit shifts in the glass transition | .~ : .
kinetics (fraction of material converted to ordered phase rather

temperature, as well as in the equilibrium BC ordering tem- . : L S
peratureTy. Despite these complications, these limited observa- than pattern S.'Ze) of multllamellar lipid bilayefs’>Obviously,
further study is required to better resolve the naturec.of

tions lead us to question holy depends ohin films composed
of only afew lamellar layers. Can we extrapolate the shifts found

in thicker films%6to such thin films? Indeed, theoretical estimates __ (67) Li.H.; Paczuski, M.; Kardar, M.; Huang, Rhys. Re. B1991, 44, 8274.
The exact calculations of the ordering temperature of systems with interacting

of the shift of the ordering temperature in layered liquid crystal poundaries in this work suggest that other basic phenomena must be considered
films, which have many features in common with block copolymer in thin block copolymer films than just a nonmonotonic dependence of the-erder

; indi ; _ disorder temperature with film thickness. Specifically, these illustrative calculations
films, indicate that the ordering temperature can vagmono show that the ordering process can invotwe distinct ordering temperatures

tonically with film thickness if there is a strong ordering effect  when the boundary interaction strongly induces ordering in the film, a physical
induced by the boundary interactibhMoreover, recent self- situation that is thought to be prevalentin block copolymer films. These calculations

. . . P also indicate that the shift dhe order-disorder transition temperature can be
consistent field calculations for block copolymer orderlng inthe strongly dependent on the magnitude of the substrate interactiphenomenon

presence of a neutral interacting boundary show a strong that could have tremendous consequence for the ordering of block copolymer
downwardshift of the ordering temperature under high confine- films on chemically patterned substrates. Finally, we point out that a monotonic

variation of the critical temperature of blend films (Kumar, S. K.; Douglas, J. F;
Szleifer, I. unpublished) and even the superconductivity transition in thin films
(62) Chastek, T. Q.; Lodge, T. Rlacromolecule®003 36, 7672. Chastek, (Strongin, M.; Kammerer, O. Rl. Appl. Phys1968 39, 2509) can exhibit a

T. Q.; Lodge, T. P2004 37, 4891. Chastek, T. Q.; Lodge, T. ®.Polym. Sci. similar nonmonotonic shift with confinement, so the effect appears to be rather
B 2005 43, 405. general.
(63) Brandrup, J.; Immergut, E. H.; Grulke, E.Polymer Handbookjth ed.; (68) Alexander-Katz, A.; Fredrickson, G. Nlacromolecule2007, 40, 475.

Wiley-Interscience: New York, 1999. Broughton, J. Q., Gilmer, G. H., Jackson, (69) Sung, L.; Karim, A.; Douglas, J. F.; Han, C. Bhys. Re. Lett. 1996
K. A. Phys. Re. Lett.1982 49, 1496. See also Figure 4 of Beers, K. L.; Douglas, 76, 4368.

J.F.; Amis, E. J.; Karim, ALangmuir2003 19, 3935 and references on this topic (70) Bray, A. J.Adv. Phys.1994 43, 357.
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(64) Gershfeld, N. L.; Mudd, C. P.; Tajima, K.; Berger, RBiophys. J1993 (72) SanMiguel, M.; Grant, M.; Gunton, J. Phys. Re. A 1985 31, 1001.
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Conclusions growth. Unexpectedlyr exhibits a minimum as a function of

The surface pattern formation in block copolymer and other temperature, v_vhich in hindsight is nqt surprisin_g, s_ince a similar
lamellar-forming materials is a complex phenomenon that remains Phenomenon is normally observed in crystallization and many
poorly understood from a fundamental perspective. Since manyother condensed matter ordering processes due to a competition
parameters influence this type of pattern formation, we pursued between viscous and thermodynamic factors on the rate of
a combinatorial investigation of this pattern formation as a ordering. Indeed, a nonmonotonic temperature dependence of
function of film thickness, annealing time, and temperature in the ordering rate well below the ordedisorder temperature has
order to establish the basic phenomenology of this growth processbeen observed before in the ordering of bulk block copolymer
Our study has revealed some new and basic aspects of this typenaterials? The temperature dependence of the asymptotic surface
of pattern formation. First, we find that the pattern dimensions pattern scale is interpreted to arise from a variation of the surface
(holes were the focus in the present study) approach a constangjasticity with temperature, an interpretation consistent with our
size at long timesiy.. Moreover, we find thafn. increases  eaylier interpretation of the variation of surface pattern size with
with temperature SO that the surface pattern size is contlnuou§lymo|ecu|ar mas&2We also find support for a phenomenological
tunable On the basis of these observations, and the observahonmodel of block copolymer pattern formation based on a phase

of a power-law growth of the scale of the pattern size at short separation model, subject to the constraint of a molecular mass-

times (the typical trend for phase ordering processes), we propose ) . o .
a simple reaction kinetic model to describe the pattern growth and temperature-dependent surface bending elasticity (Helfrich

and apply the model to our hole growth data. This model allows elastic constant) of the outer block copolymer layer.
usto reduce our hole-coarsening data to a universal master curve,
and we deduce that the relaxation timgoverns the pattern ~ LA701084X



