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Using environmentally controlled, high-speed atomic for(_:gaaéﬁv_vébc

microscopy (AFM), we examine dynamiactuations of topographically R
con ned poly(styrendslockmethyl methacrylate) (PB-PMMA) cylinders. = SR
During thermal annealing, uctuations drive perturbations of the block=—= ~
copolymer (BCP) interface between polymer domains, leading to pattern

roughness. Whereas previous investigations have examined roughness inm
Iem—

temperature and kinetically quenched samples, we directly visualize
dynamics of PS/PMMA interfaces in real space and time situtemperatures

above the glass transition temperatufg, Imaging under these experimentally

challenging thermal annealing conditions is critical to understanding the

inherent connection between thermalictuations and BCP pattern assembly. Through the use of slow-scan-disablt
AFM, we dramatically improve the imaging time resolution for tracking polymer dynamics. Fluctuations increase
intensity with temperature and, at high temperatures, become spatially coherent across theingquotential.
Additionally, we observe that topographic caement suppressesictuations and correlations in the proximity of the

guiding eld. In situimaging at annealing temperatures represents a signi step in capturing the dynamics of chain
mobility at BCP interfaces.

atomic force microscopy, block copolymer, directed selfeaisattamtsdygraphoepitaxy, line roughness,
poly(styrene-block-methyl methacrylate)

he length scale and regularity of self-assembled blottkes, advantageous for both device fabrication and for cre

copolymer (BCP) patterns make them attractivestable environments to study BCP assembly. In particl

candidates for next-generation lithographic andraphoepitaxial control using topographically patterned
templating applicatioh$BCP Ims natively self-assemble to strates enforces the alignment of med polymer cylinders
form periodic nanostructures, including spherical, cylindricaising the trench sidewalls as weltettboundary conditions.
gyroid, and lamellar phasédhis self-assembly process is DSA-templated systems have been extensively studied \
thermodynamically driven by microphase separation of tfiecus on producing long-range domain aligh™enand
polymer domains as governed bythe Flory Huggins  removing point defects.”> Concerted eort by the DSA
interaction parameter between polymer segments. Strongymmunity has resulted in the realization of single-cry
segregated BCPs produce wehetd features that may be essentially defect-free BCP tHins on the 300 mm wafer
transferred onto hard substrates for subsequent lithograpsiealé*® Nevertheless, even with perfect domain connecti
processing. While the dimensions of BCP domains a@id control over defect density, structural disorder remair
favorable for device applications, in the absence of an extef@@P thin Ims>’ *° Pattern roughness, which arises from bt
guiding eld, the patterns lack long-range order and form &omposition uctuations in segregated polymer dorffaifs,
randomly oriented ngerprint-like pattern. Traditional top- is enhanced by thermally excited interfacial dyrfaffiés.
down lithography can be used to engineer the polymedteeper understanding of these boundary dynamics is ess
substrate, through processes known as directed self-assembhlyv

(DSA), to create locaelds for controlling domain orientation July 21, 2019
and alignment. Chemitalor topographic® templates October 4, 2019
induce the organization of globally ordered BCP nanostrug: October 11, 2019
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to understanding the intrinsic role oftuations in defect asymmetric volume fraction in cylinder morphologies, the
healing and driving changes in pattern connectivity. minority block exhibits eahced coherence within the
Researchers have developed a variety of models amdjority matrix. In this report, we describe the use of slow-
experimental methods to fully characterize line roughnessan-disabled AFM imaging to directly capture and quantify
including its spatial correlation and spectral dependemhe interdomainuctuations in comed BCP and show that
ce? “®Steinet al compared the use of soft X-rayatition these uctuations increase in intensity and become spatially
and scanning electron microscopy as tools for nondestructivebherent with temperature. Ultimately, this method provides
measuring domain rouglee which they modeled as direct experimental insight of BaRtuations in real time and
interfacial capillary wavésturther investigation by Bosse real space, illuminating their contribution to interfacial
employed computer-simulated phatmodels to track the roughness, defect heafihgnd pattern agirfg™*
e ects of temperature, segregation strength, amieownt
on roughness. ** In his theoretical treatment of coad ~ RESULTS AND DISCUSSION
BCP ordering, Bosse demonstrated that the line-edge roughSSD Imaging.To optimize our time resolution, images are
ness (LER) power spectra of lamellae-forming BCP can laequired in the slow-scan-disabled (SSD) AFM mode. An
modeled with a two-term expression that includes thexample SSD AFM image is showridnre 1in which the
contributions of thermal capillary wawetuations and bulk

composition uctuations! Ruizet al adapted Bossemodel ———— s ¢ ()
by modifying the description of interfacial dynamics to include Conventional 1 \\‘: _
a set of undulatory and peristaltic mdd&hese modes AFM } "‘\\‘.
correspond to line-placement roughness (LPR) and line-widtl _ | ~easasy. .‘:’\
roughness (LWR), respectively, following a phenomenologici g o \". \\.
description used for bilayer membranes. Additionally, while= . > .'/\
traditional imaging techniques are limited to the polymer ™ - -t v \
surface, several experimentge hmvestigated interfacial . 1~ '-. <
uctuations in three dimensiorthrough modeling of the .%. | ! - |
reciprocal space signal with X-rayadtioi*** and in real e -
space with transmission electron microscope tomagraphy Slow-scan
to develop a complete, throudn-description of roughness disabled 3
and to characterize theeets of substrate interactions. z ‘
The previously described experimental studies examine © 5
roughness in systems cooled below the glass transitian E :
is, at temperatures where dynamatuations are quenched. [R—
While low-temperature analysis can quantify residual spati 0 '

roughness, these methods are limited to static systems ai
cannot separate theeet of uctuation damping duri_ng the x (nm)
cooling process. Measurements afigvare essential for
directly visualizing the dynamics of BCP patterns, whickigure 1. AFM phase channel image of alignedoPSAMA
alongside domainuctuations, include defect heaftiy’” cylinders within a topographic trench, with surrounding regions of
and domain alignmeff® Using in situ AFM heating uncon ned ngerprint pattern; the PS and PMMA domains are
techniques, several groups have independently investigdiglt and dark blue, respectively. The slow-scan axis is disabled
the behavior of BCP interfaces during thermal annealin@idway through the scan, as indicated by the white horizontal line,
Tsarkovaet al observed periodic undulations of domain@nd they-axis becomes time while theaxis remains the lateral
boundaries and found qualitative correlations between tR@Sition. Disabling the slow-scan axis increases thective
uctuations of adjacent domaitiS. When studying the sampling time resolution to 50 ms.
formation and growth of BCP microdomains, ¥tfal
measured spatiotemporal autocorrelation of the interdomagfow-scan axis is disabled midway through the AFM scan, as
boundary structure and observed an interfacial restoring foiigelicated by the white horizontal line. The AFM phase image
resulting from curvature minimizafion. shows aligned REPMMA cylinders within a topographic
Recent advancements in high-speed AFM haveasitlgi  trench anked by two neighboring regions of unued
improved instrumental stability and imaging rates, enhancinggerprint pattern; the PS and PMMA domains appear as light
our ability to track domainuctuation§? Together, these and dark blue, respectively. Above the dividingiinee 1
developments allow us to achievecint delity to shows a conventional AFM image, as collected over a two-
characterize interfacial dynamics during the thermal annealufighensional surface raster. Then, after the slow-scan axis is
process. In this work, we applgituAFM imaging to measure disabled, the AFM probe begins to continuously trace over the
uctuations in topographically coed cylinder-forming same line of the sample along fhaxis, enabling rapid
poly(styrendlockmethyl methacrylate) (RSPMMA). sampling of a single one-dimensional cross-section of the
Although lamellae are more widely used in lithographisurface. With this technique, yeexis of the image becomes
applications, a cylinder-forming BCP was selected as a maiitake, while, as usual, thaxis indicates the lateral position of
system for mapping interfaciattuations due to the relative the probe. With typical high-speed AFM imaging under our
simplicity of preparation under coement The aligned  experimental conditions, a full image with 512 lines takes 25 s.
BCP cylinders act as a controlled environment for analyzify disabling the slow-scan axis, thetiee time resolution is
disorder under varying experimental conditions, includingnhanced to 50 ms, while still fully capturing the dynamics of a
temperature and camement strength. Because of the single cross-section.
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Figure 2. (a) SSD AFM phase channel image of alignelotP8MA cylinders in a coming trench. Phase contrast distinguishes PS (light

blue) and PMMA (dark blue). Because the slow-scan axis is disabledatiee of the image measures time. A phaseoss-section of the

seven cylinders, marked as a white horizontal line acrossr#tdarench, is plotted in (b). The / x derivative curve and associated
Gaussian ts are used to determine the position of cylinder edges (dashed red lines), placements (dashed green lines), and widths (blue
shaded areas). The left- and rightmost interfaces are fhas maxima are poorly deed at the trench sidewalls.
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Figure 3. (a) Schematic including dstions for cylinders edgesg , placements,p , and widths, w averaged over time and their
residuals ¢ p, and w. (b d) Measurements at 150C of the respective residuals (red, green, and blue points) for each of these
parameters, follow Gaussian distributions (blatknes). Cylinder uctuations include contributions from (e) correlated edgestuations

and (f) anticorrelated edgeuctuations.

As an example of our method, an SSD image of alignélde phase due to dirences in energy dissipation at the AFM
polymer cylinders in four lithographic trenches is shown itip, allowing us to distinguish between the two bloBlesiks
Figure 2. The PS and PMMA domains have strong contrast iand valleys in, shown inFigure B, correspond to the PS
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Figure 4. (a) Representative trajectories showing edge (red points) and placement (green points) residuals of a PMMA cylinder at 150, 210,
and 240°C. Trajectories show strong spatial correlation, but have ic$ent time resolution to fully capture polymer dynamics. (b)
Corresponding discrete PSD plots of the spectral roughness as a function of temporal frequency at each temperature. The red bands indicate
the rst standard deviation bounds of the discrete PSD as averaged over cylinder trajectorid® iARBV images. Roughness spectra
increase in magnitude andatten with increasing temperature.

matrix and PMMA cylinders, respectively, in the image crodssundaries of the trench, where thm height changes

section, marked as a line scaRigure 2. We identify the rapidly, we see an unavoidable convolution of the phase signal

domain interfaces as the points of greatest change in phat#e to coupling with the sample topography. Interactions

determined from the extrema of th&t-derivative signal / between the AFM probe and the trench sidewall dissipate
x. BCP domain interfaces are often described as arctangesnergy, leading to a change in the phas#!dAs a result, we

or error function$-*> We therefore model the boundary line cannot directly identify the position of the left- and rightmost

using a Gaussianto the rst derivative signal. Further details cylinder edges, that &, and gg, from the rst-derivative

on Gaussiartting are included iRigure Sin the Supporting  signal. Instead we assign the location of these edges by

Information. Each guiding trench contains seven PMMAssuming the cylinders are symmetric about their central

cylinders, indexad= 1 7, and each has two corresponding position, determined from theminima for these cylinders.

domain interfaces, with positiepswheren = L or R denote Because of this methodological discrepancy, these edges are

the left and right edges. We obtain the cylinder placement omitted from analysis of spatial correlations.

from the average of the left and right edge positions and theTime-Dependent Trajectories. Our in situ imaging

widthw from the edge separation: directly captures the time-dependemt¢tuations of each
. domain boundary. Each SSD image includes 512 linescan
p=1/2(g + ) W (eSS g ) traces, which together produce a time-resolved trajectory of the

uctuations for each PS/PMMA interfag). The position
In our conned system, cylinders have a wed pitch of of thei-th interface uctuates from its average point, with
46.5+ 4.1 nm, which remains stable over the temperaturaesidual:
surveyed, as shown in Supporting Inform&iigume SZ2This .
pitch slightly exceeds the native cylinder periddjafyour ) = e(tS g (2)

BCP, 44.% 1.7 nm, as measured in thim samples without where - represents the time average. These terms are
lateral connement. The polymer pattern is moderately."us,[rated in the schematic figure @, From the edge

incommensurate with the trench width, and the resulting _: . : X
strain is distributed between the cylinder dofhains:. ajectories, we obtain the corresponding placeyfteaind
: width wi(t) time series for each cylinder, with residuals:

measurements examinetuations of these domains within

the free energy landscapened by the coming trenches. p() = () S p; Wt W w 3)
Within the trenches, thém topography varies slowly with ' '

respect to the AFM tip radius, and phase imaging serves as &he uctuations for each term are observed to be normally

true measure of the surface composition. However, along ttlistributed about their equilibrium values, as shokigure
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Figure 5. (a) Box plots showing the median and distribution of measured roughness parameters@t Rédghness varies between
cylinders at sidewall positions £ 1, 7) and those at central positions< 4). LER (3 ) and LPR (3 ), and LWR (3,) are suppressed
adjacent to sidewalls, wheractuations are pinned by the comement potential. The edge&dge covarianceis constant across the trench.

(b) Box plots comparing roughness measurements owvsitutemperature. Roughness initially increases with temperature and saturates
above 220°C. The value ot increases above 15C but varies due to measurement uncertainty. To control for cement eects,
cylinders at sidewall positions € 1, 7) are excluded from the temperature series data.

3b d. Additional examples over variirgjtutemperature are  Similar denitions are used for LPR and LWR:
included in Supporting Informatidrigure S3 Roughness 2 1/2 2 1/2

iati =3 p®~ "5 3.7 3 w
parameters based on the variation of each of these terms aré p i w (5)

categorized as LER, LPR, and LWR. While rOLJghnessw'/?mere LPR and LWR are not independent variables, but rather

conventlonally determined from the spatial variation alon, e linked by their daitions ineq 1 and they are related to
pattern stripes, here we measure these parameters from R as

distributions of the time-resolved ensemble. Although we

expect spectral dependence terdin the time domain, the 2_ 1 A1+ 2= 2 18 9
magnitude of uctuations remains consistent in either P 2 € ' W ©
ensemble. Following convention, LER igatkas the third
standard deviation of the edge position:

(6)

wherec is the linear correlation cogent between adjacent

edges under the assumption that the edge roughness is
_ 212 consistent across each cylinder. The vatueadés between

3.=3 ed) (4) 1 (total negative correlation), 0 (no correlation), and 1 (total
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positive correlation). Models of the in-phase and out-of-phasad analysis of spatial correlations of cylindarations are
behavior of fully correlated and anticorrelated edgea- expanded on below.
tions, respectively, are depictefdignre &,f. We note that in Line Roughness. In the strong-segregation limit, the
eq § positive correlation enhances LPR, while negativieterdomain boundary has aite width where the
correlation enhances LWR. In BCP patterns, polymer chaimomposition continuously transitions between PS and
connectivity and incompressibility lead to coherence betwe®MMAZ*° When examined in systems quenched dglow
the interfacial positions, and we anticipate positive values tbe block composition varies along the boundary resulting in
c*’ spatial roughness. Abdyg the interface is dynamic and is
Representative trajectories showing the edge (red pointspntinuously modulated byctuations as seen above in
and placement (green pointagtuations of a PMMA cylinder Figure 4, and theseuctuations, in turn, contribute to the
for a range of temperatures 150, 210, anti24fe shown in  pattern roughness. Because thermal annealing conditions are
Figure 4. Following thermal equilibration, the observeddi cult to access experimentally, roughness has been tradi-
trajectories remain stable over time throughout SSD imagirtgpnally measured in cooled samples. Howevein itu
With increasing temperaturagtuations intensify due to both measurements allow for analogous determination of roughness
an increase in thermal energy and a decrease in domaarameters in the time domain.
segregation. The resulting trajectories include a set ofTo understand the ect of the coming potential, we
contributions over frequency spacegctérg a range of consider LER (3), LPR (3 ), and LWR (3,) as a function
dynamic time scales. Each time series tracks a slowly vanghglomain position. Wend that each of the roughness
low-frequency signal modulated by high-frequency variatiggarameters and their associated uncertainties are enhanced
The relative frequency components of each trajectory awéth increasing distance from the trench sidewallsat, 260
described using the discrete power spectral density (PSD) gsifown inFigure &. The sidewalls act as external guididg
edge displacements, as showigime 4. In the plots, thered and suppress interfacialctuations of sidewall-adjacent
bands show therst-standard deviation bounds of the PSDcylindersi(= 1, 7)>>* At the center of the trenches, polymer
signal averaged over1® SSD images, which themselvesdomains are insulated from the hard sidewall by neighboring
include multiple trenches and cylinders. Analogous spatial P&inders and experience a local environment that more closely
plots of real-space images are frequently used to quanti§sembles uncamed polymer, leading to increased roughness.
roughness and correlations in BCP pattéthsn our Interestingly, we measure a consistent vatue®¥8 at 240
temporal PSDs, we observe an increase in roughness at f@y suggesting that the enhanced roughness does not result
frequencies, recting the combined roughness contribution offrom changes in interfacial correlation. Tinkng contrasts
multiple polymer chains over longer time scales. Witlith phaseeld simulations of comed polymer in which
increasing temperature, roughness spectra increase in maBosse idented damping of the interfadeterface covariance
tude and atten as interaction dynamics extend to highein the proximity of the guidingld>° This discrepancy arises
frequencies. because we examined PMMA cylinders, as opposed to the two-
The PSD plots span a frequency range 6éftaQl0 Hz, dimensional and fully symmetric patterns studied insBosse
limited at low frequency by the survey time and high frequensymulations. Cylinders act as incompressible units which have
by the scan rate. Imaging parameters were selected to ensurifbormly high interfacial correlation and are therefore less
that the sample region was notuenced by the AFM  susceptible to the inence of the guide pattern. A complete
scanning action, as ved by survey scans following each SSDist of values for 3 3 ,, 3, andc as a function of trench
experiment. Scanning too quickly can lead to abrasion of thesition are collected iifable 1 with uncertainties
polymer surface; scanning for too long can lead to local sampt@responding to theirst standard deviation.
cooling due to the proximity of the AFM tip. Ultimately, these
limits dene the dynamic regime accessible to our invesfable 1. LER, LPR, LWR, and Eddedge Covariance As a
tigation. Because the interdomaictuations exceed the rate Function of Position within the Trenéh
of our AFM imaging, we see no time correlation in edge
positions between line scans. Polymer dynamics faster than POSiign (at 240
Nyquist frequency cannot be detected and instead contribu.c
to aliasing of theé%?gD signal, observedgttening of the PSD
at high frequencies:” More rapid scan rates will be_necessary 100 09 91+ 08 65 04 07% 002
to fuIIy_ resolve the spectral dependence of interdomain 111+ 20 94t 10 73 10 07% 005
uctuations. o o
Although we are unable to resolve time correlations, we é‘yncertalntles correspond to thiet standard deviation bounds.
observe sigriant spatial correlation between cylinder edge
displacements at each time step. The measured trajectoriel addition to measurements across trenchesn itu
show coherence that is not consistent with stochastic thernialaging allows us to directly measure LER, LPR, and LWR at a
noise. To test for the possibility of systemic noise, wseries of temperatures abbyas plotted ifrigure 6. At 150
considered two controls: (1) comparison of cylinder edges &C, we measure a baselinetuation intensity consistent with
the same time step in spatially separated trenches and (Rg instrumental response at room temperature, as shown in
measurements of sidewall motion in substrate trenches withéufjure S3in the Supporting Information. Above I&D)
BCP. Under each control condition, we observe no spatimdughness parameters, based on averages from multiple data
coherence, aming that our sampling serves as a reliablsets at each temperature, initially increase with temperature
measure of boundary dynamics. Information on the roughnetise to an enhancement of thermadtuations alongside an
and correlation of the empty trench sidewalls is reported @mccompanying decrease in the domain segregation strength.
Figure S4n the Supporting Information. Further discussionHowever, above 22C, the roughness plateaus, andnde

3 o (nm) 3 p(m) 3, (nm) c
9.8 04 86£03 6401 0.7% 0.01
105+ 1.3 9.2 0.7 6.9 09 0.78 0.03

wnheE
a o N~

11746 DOI:10.1021/acsnano0.9b05720
ACS Nan®019, 13, 1174111752


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b05720/suppl_file/nn9b05720_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b05720/suppl_file/nn9b05720_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b05720

limiting values of 3 10nm, 3, 9nm,and3, 7nm. where cov] measures the covariance agdn) is the
In our system, the range of cylinder positions is constrained btandard deviation of theh edge of theth cylinder® This
the conning trench, which determines an upper limit for LERmethodology follows a procedure employed by Constantoudis
and LPR. Meanwhile, variations in cylinder widths are limiteet al to describe cross-line correlations in DSA-templated
by the chain length and domain incompressibility, setting gratterns?® Similar denitions may be used to compare cylinder
upper bound for LWR. widths and placements. This approach allows us to measure
In all cases, our measurements include contributions frotihe extent of lateral correlation across a trench based on PCC
both cylinder uctuations and AFM imaging noise. However,values ranging froml (negative correlation) to 1 (positive
at 220°C, imaging noise is further amgdi due to reduced correlation).Figure 6shows a set of correlation matrices
phase contrast betweene tipolymer domains. At this comparing the positions of cylinder edges, placements, and
temperature, PS and PMMA have similar interaction energetigilths over a temperature series of 150, 210, afn@.2#0
with the air interface, consequently lowering their contraghese plots, each matrix element compares the position of a
during AFM imagind. reference cylinder to that of another cylinder in the trench at
Over the temperatures surveyed, we measure positive valilessame time step. Correlations are then averaged over time
for cin the range front 0.5 to 0.9. At 150C, where and over multiple trenches to generate PCC matrices
uctuations are relatively small, dynamics at one interface hagpresentative of the statistical correlation for each pair of
a minor inuence on neighboring interfaces, and we measurecylinders. The matrices are symmetric, and diagonal elements
= 0.54+ 0.10. Above 15TC, coherence helps accommodate have an autocorrelation of unity. Collectively, these plots reveal
the strain of increasedictuations, leading to a general trends in uctuation intensity and correlation as functions of
increase in the valuemHowever, we see large variatian in temperature and domain separation.
at 220°C that can be partially attributed to imaging noise, Correlations of edgeaictuations are shown figure @.
resulting in an apparent decorrelation of edge measuremefidyer this series, we observe that the strength and extent of
Mean values for 3 3, 3, andc as a function of spatial correlations are enhanced with increasing temperature.
temperature are collected Tmble 2 with uncertainties At 150°C, adjacent domains, which arged by one from the
corresponding to theirst standard deviation. matrix diagonal, show positive correlation, while more
separated domains show weaker correlations. Increasing the
Table 2. LER, LPR, LWR, and Eddedge Covariance As a temperature to 210C, we nd that the intensity of the
Function of Temperaturé positive correlations strengthens and that the range of
coherence increases to include most of the trench, while still

temperature°C) 3 .(nm) 3 ,(m) 3, (nm) c smoothly decreasing with separation. Finally, %€ 24Bust,
150 2502 2102 2402 054 0.10 positive correlations extend fully across the trench, indicating
200 58 05 5404 31+02 086 0.03 strong coupling between the awd cylinder edges. This
210 7717 6812 5715 0.72 0.05 range exceeds correlation lengths measured of DSA patterns on
220 102+ 25 8.6 1.3 84 17 060G 022 chemically templated substrates, in which correlations are
230 9306 8505 7.0:04 072004 limited by the three-fold periodicity of the underlying guide
240 10.3 1.3 9.1+ 0.8 6.7+ 0.7 0.78 0.03 patterr’®

#Uncertainties correspond to thst standard deviation bounds. While edge correlations are consistently positive, the

intensity of correlations between adjacent cylinders is observed
) ) _ ~to modulate between alternating edges: Edges that span
When Interpreting these values, we note that AFM ImaginrMmMA domainse{l_ QR) show a stronger correlation than
is limited to measuring the structure and roughness of the B@kbse across PS doméia@ ( e.1,). The eect is most
pattern at the atmospheric interface, and we therefore expggharent when examining the adjacemtiagonal terms in
our analysis to overestimate roughness. At the free surface,fthgire @ at 150C. With increasing temperature, the intensity
polymer forms a melt-like layer with increased chain mobilityi erence between alternating matrix elements narrows as the
leading to heighteneductuations” *“Three-dimensional  system becomes globally coherent. This contrast arises because
surveys of BCP interfaces have rooed that surface the longer-chain PS domains have greategurational
roughness is enhanced with respect to thé*Bulk. . exibility, and elastic deformation of the majority block more
Spatial Correlation. Within each trench, cylinder motions e ectively screens interfacial correlations. The PMMA
are coupled. The coherent behavior of the striped pattern mayjinders are comparativelyekible, leading to a stronger
be described by a continuum model in which the motion ofdge correlation. As such, the predominant stable mode of our

spatially separated cylinders is coupled by a set of collectiygtem is characterized by undulations of the minority-block
undulatory and peristaltic modes. LPR is directly associatelj\mA cylinders in the PS maftix.

peristalsis, but is also wenced by bulk composition cyjlinder placements, which are directly related to undulatory

. 3 . A . L
uctuations: _ . oscillatory modes. The motion of placements is positively
Heretofore, we have only examined the correlations betweg#yrelated, that is, as one cylinder oscillates, its neighbors tend
adjacent interfaces across a PMMA cylinder. We generalize @lifnove in the same direction. At 280 we observe weak

previous analysis to include long-range correlations usipgsitive correlation between nearest neighbors, which further
Pearson correlation cagents (PCC) to identify correlations \yeakens between more distant cylinders. Then, %, 248

for a pair of edgesy, andg, at each time step nd a signicant increase in the strength of placement

cov@e, (), en()) correlations that propagate throughout the cylinders in the
i, n;j,m) = — ~ trench. However, we observe that the coherence of sidewall-
di.n) g m @) adjacent cylinders £ 1, 7) is damped, due to the rigidity of
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Figure 6. (a) PCC matrices show cross correlations of edge positions across the trench at 150, 210,°@ndEadb matrix element is

colored according to the PCC value for a pair of edge resideajaind g, The matrices are symmetric, and diagonal elements have an
autocorrelation of 1. At 150C, the edge displacements of adjacent cylinders show positive correlation, and the correlation strength
decreases with separation. As the temperature is increased to 210 afd, 248 magnitude and range of correlations increase to extend

across the trench. The left- and rightmost edges, which were not diréctlye not included in the matrices. (b) PCC matrices of cylinder
placements at 150, 210, and 240. At 150°C. Positive correlation is observed between the placements of adjacent cylinders, which
weakens with greater separation. With increasing temperature, the range and magnitude of placement correlation increase to extend across
the trench, which we associate with coherent undulatory modes. (c) PCC matrices of cylinder widths at 150, 210,°@ndvi2diénal

correlation is observed at 15C, while at higher temperatures the widths of adjacent cylinders become negatively correlated. The range of
the width anticorrelation, which is associated with peristaltic modes, does not extend beyond adjacent cylinders.

the lithographic trench. Finally, wel complete coherence of one domain induces compression in its neighbors, leading to
cylinder placements at 241) with a small decrease along the anticorrelated behavior. The strength of the anticorrelation
sidewalls. These correlations arise from in-phase edgetween adjacent cylinders is further increased ‘i, 2a@
dynamics and correspond to a collective undulatory modthere is no corresponding increase in range. Global coherence
The similar trends between edge and placement correlatiass mitigated by the contribution of local composition
are expected because placements are determined from thetuations to width variatidh.Notably, we observe that
numerical average of directly adjacent edges, which dhe magnitude of the anticorrelation at 210 and°Q4i3
observed to be positively correlated in all temperaturesippressed for cylinders1, 7, due to stabilization from the
surveyed. trench sidewalf§:’

Correlations between cylinder widths, shown in a set of PCCDue to the BCP microstructure, interfadgigtuations are
plots inFigure 8, are comparatively weak. At X60we see  inherently structurally anisotropic. Our SSD measurements,
minimal correlation between cylinder widths at any separationhich show long-range coherence extending across multiple
With increasing temperature, at 2X0, we observe domains to encompass the trench, only examine behavior
anticorrelation between adjacent cylinders with no long-rangerpendicular to the cylinder alignment. Previous studies have
coupling. Due to coupling of peristaltic modes, extension &dund that small-anglaictuations in BCP patterns form
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Figure 7. Two-dimensional histograms showing the pairwise distributions of edge displacements over a series of cylinder segsrations (
second, and third order) and temperatures (150, 210, and°’@j0Each plot corresponds to a set of-diagonal PCC matrix elements as
indicated by the colored lines. The distribution spread shows the magnitudeiatfiations, while the distribution shape indicates
correlation between the edge displacements. Ti@uation magnitude increases with increasing temperature, and the covariance decreases
with increasing separation.

anisotropic grains oriented orthogonally to BCP p&ttérn. and vertical gridlines, while also displaying nearest-neighbor
Although inaccessible to our one-dimensional measuremeymmetry. From the variance and shape of the distributions,
technique, we expect a shorter length scale for correlations obtain information on bothuctuation intensity and
along the axis parallel to the stripes, which have predominamtherence: Tight clustering sigaismall uctuations, while a
wavelength contributions on the oider wide distribution indicates largectuations. As shown in

As an additional representation wftuation correlation, Figure 7 the distribution is initially compact at 280and
sets of pairwise distributions of edge displacements aseoadens with increasing temperature uasuations are
collected in hexagonally binned, two-dimensional histograreshanced. Meanwhile, covariance in the pairwise edge
shown inFigure 7 for a series of domain separationst,( displacements, which appears as a linear trend in the histogram
second, and third order) and temperatures (150, 210, and 2#4(bts, directly corresponds to correlations of the associated
°C). Each histogram corresponds to a collection of cylindé?CC matrix. At all temperatures, the plots become less linear
pairs with uniform domain separation, as indicated by thend more diuse with increasing separation as edge displace-
colored diagonal lines in the associated PCC matricesients become decoupled. Generally, we observe that edge
Hexagonal binning allows for visualization of the magnitudeictuations increase with temperature and become less
and correlation of roughness without biasing toward horizontebrrelated with increasing domain separation.
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These trends result from local coupling of cylinder dynamid¢gnch patterns. Globalm thicknesses were measured with a
by BCP chain connectivity and compositional constraints. Aaertner Waferskan ellipsometer and found to be roughly 20 nm.
each time point, the transient structureeas a thermal After pre-annealing in a tube furnace under argon ‘4l 2508 h
perturbation from the equilibrium state, as determined by & produce aligned patterne (locally free of defects), samples were
balance between the enthalpic penalty of polymer mixing ateaged with an Asylum Cypher ES Environmental AFM. A single
the entropic freedom of the random %oihcreasing samPIe was stepped overase_rlesscmtemperatures from 150 to
temperature weakens domain segregation, resulting 4f°°C While under argorow with cell gauge pressures of480
enhanced compositioructuations and interfacial broad- MPar- The sample was initially heated @5t a ramp rate of 2
ening:® With increased thermal energy, the polymer chaingZ 270 T2 TEC v R IEERE, o e e
?"SO have greater _Cg[lratlonal freedom, which IS V|S|l.0|e as e qyilibrated for at least 5 min at each temperature before imaging;
mcrgased |nterfaC|_aI roughness. The aSS(_)Clated mterfag ilibration was veedd by comparing results over a sequence of
tension and bending strain from edge displacement afg ges over time.
accpmmodated by neighboring domains, Ieadl_ng to correlate igh-speed, tapping-mode imaging was performed using gold-
motion. At 150C, the observed edge perturbations are smalhgated Arrow UHF cantilevers with resonant frequencylds 1
with a range of2 nm, and become sciently damped by one  pHz, achieving a scanning rate of 20 Hz and 5.9 nm pixel resolution.
neighboring domain. Comparatively, at@4@dge displace- For our measurements, the slow-scan axis was disabled, yielding an
ments have magnitudes 6fnm, roughly 20% of the cylinder e ective time resolution of 50 ms per line. Images were collected with
width, resulting in large deviations from their equilibriuma 500 mV set point and in repulsive mode. These scanning parameters
positions, and stabilization from correlated motion becomegre selected to reliably track surface features while avoiding sample
signi cant. Our measured displacements correspond closekygradation. Following each measurement, the surrounding sample
with interfacial widths of 490.1 nm reported by Stethal region was inspected to verify that the pattern was not locally
in lamellar PB-PMMA after thermal annealing at 28Gnd damaged by the AFM scan.
guenching to room temperature. Fluctuations during thermal Subpixel edge tracking is achieved through linear interpolation of

annealing directly contute to the ultimate quenched the AFM data. A large pixel size was necessary (1) to include multiple
roughness' trenches in each image and (2) to prevent sample damage. Including

multiple trenches in each image allowed us tancothat only

cylinders in the same trench were correlated to each other and that

the correlations were not an artifact of the AFM line scan. Imaging
Lithographic templating applications of aligned DSA systemsger a large region also distributed AFM interaction forces over a
rely on careful understanding and control over structurddrger scan area.
disorder in BCP patterns. While previous investigations haveAll images were collected from the same region of one sample to
characterized roughness in quenched, room-temperat@@trol for any variations in polymém thickness or in the
systemsin situhigh-speed AFM imaging serves as a diredtthographlc_ trench boundaries. Throughout the imaging process, the
method for capturing the BCP dynamics afgvedigh- local Im thickness over patterngd regions remalned consistent, as
temperature imaging represents a s@mti step in under-  €ON rmed from.Al.:M topography images. Pattern pitch was found to
standing the intrinsic connection between the assembly of B@IE’ constant within error over the temperature range surveyed, as
patterns and dynamiactuations. Using SSD AFM imaging, S10Wn in Supporting Informatiéngure S3Drift was minimal, less
we nd that oughness scales wih the amealing temperatlf %0 P 6005 e messuement e of & snge mage D1
and saturates above 220. We identify robust spatial ’

- U discussed in the Supporting Informatiamre S5
correlation that extends ey across each individual To accurately and reproducibly track and analyze domains, we used

con ning trench. This coherencee®ts continuum behavior ;- stom image analysis software written in Python based on the
in which cylinder oscillations may be described as a set §fipy frameworR At each temperature, the approximate location of
undulatory and peristaltic modes. These coupled dynamigg rst PMMA domain in each trench was manually located on the
directly contribute to the roughness and structural disorder @fe-averaged phase trace; the six successive PMMA domains were
BCP patterns. In the future, we hope to examine timenhen identied by nding the next six local minima. Each phase trace
dependent correlations and believe this to be feasible in hlghﬁ{s then processed in parallehtbthe true position of each domain
molecular weight systems. Fluctuations should be understagida given time step. In this procedure, the approximate cylinder
not just as a barrier to pattern alignment, but as fundamentalpiacement was updated to the nearest local phase minimum. The
thermal annealing and defect healing of BCPIthin neighboring left and right maxima themed a local window that
encompassed the interfaces between a given PMMA domain and its
two adjacent PS domains. Th&t derivative of the phase signal was
. o ) then t with a model Gaussian to precisely locate the extrema
Silicon wafer substrates (purchased from Virginia Semlconductcb%sitionsy corresponding to the steepest slope of the phase and, thus,

were ultrasonically cleaned under toluene, acetone, and isopropafal ps/PMMA domain edges. An example of this procedure is
z_and dried W'th b Trench patterns were c_reated by EIGCtron'beamllustrated inFigure 2and the Gaussiariting process is further
Ilthograph_y using an FEI NanoSEM 230 \.N'th PMMA as the eIeCtrorHiscussed in the Supporting Informatiamyre S1The phase signal
beam re(stSt' Aftler developlng |dn mehthyl isobutyl lketodnz f_o:jz35_:;, theas not well-deed at the boundary of the trenches due to a rapidly
patterned samples were rinsed with isopropanol and dried.wit - .

Patterns were transferred to the silicon wafers wjttar@FQ changing sample topography. To account for this, the leftmost and

plasma dry etching, using a South Bay Technologies, Inc. RIE-200@htmost edges along the trench were determined by doubling the
The resulting trenches were about 375 nm wide and 50 nm deepdistance between thest-derivative maximum and half-maxima. For

Cylinder-forming PEPMMA (55 22k, PDI 1.09) with, = 44.1 each of these experiments, we analyzed data sets ranging from 3 to 10
+ 1.7 nm was purchased from Polymer Source. A 0.9 wt % polyrigtages. Altogether, at 180, we averaged over a total of 129,024
solution was prepared in toluene and spin coated at 3000 rpm for 5@aints for widths and placements (doubled for edges), 86,368 points
onto the patterned substrates to produce a monolayer within thet 210°C, and 28,672 points at 2%0D.
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