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ABSTRACT
We report measurements of rapid ordering and preferential alignment in block copolymer films zone annealed below the order —disorder
transition temperature. The orientational correlation lengths measured after approximatel y 5 h above the glass-transition temperature (  ~ 2

pm) were an order of magnitude greater than that obtained under equivalent static annealing. The ability to rapidly process polymers with
inaccessible order —disorder transition temperatures suggests zone annealing as a route toward more robust nanomanufacturing methods
based on block copolymer self-assembly.

The self-organization of block copolymer (BCP) films into occurs at a front separating the hot and cold regions. The
periodic morphologies such as dense arrays of lines and post$act that all growth occurs at this planar front can result in
with line widths of (5-50) nm is considered a potential oriented crystals with lower defect densities. This technique
solution to the patterning of dense, high aspect ratio patternshas also been shown to successfully control crystal size and
for next generation microelectronics and data stotafy&he orientation in many organic systers22 Hashimoto and co-
critical cha_llen_ge facing bl_ock cop_o_lym_er self-assembly as \yorker@3-25 first applied zone annealing to BCP systems to
a nanofabrication method is the mitigation of defects. Many create “defect free” samples with long-range order, and

gm:rpgth%\;en:(;fﬁsgg _(:]rélln;pr:ovslr;? frﬂgéazlga?ﬁ?;jlirc:??ugh Register and co-workers further explored a novel variation
variety including solv : of this method involving an oscillating temperature gradfént.

fields,/ 2 and thermal annealing of films. Although thermal Both studies demonsirated that sianificant improvement in
annealing is the most broadly applicable of the techniques, studies S sIgnit 'mprov !

a significant number of defects persist even after days of the long-range order can be af:hleved whe.n. the sample is
uniform annealing. Much work, therefore, has focused on 20N€ annealed above the oréelisorder transition temper-
the combination of thermal annealing with top-down ap- ature, a process we refer to as hot zone annealing (HZA).
proaches such as topographi¢al” and chemical pattern- ~ However, the orderdisorder transition temperaturgdpr)
ing!819to enhance long-range order and shorten annealingis not always accessible for many high-molecular-mass
times. “Zone annealing” or “zone refinement” techniques BCPs, including the technologically attractive poly(styrene-
have long been utilized to produce high-purity metals and b-methylmethacrylate) (PS-PMMA). In addition, for cylinder
semiconductors, and the application of this methodology to forming BCPs, the cylinder orientation was not correlated
modify the defect structure of block copolymer materials is with the annealing directio?f.In this study, we have applied
thus natural from a practical standpoint of improving long- zone annealing to cylinder-forming block copolymer films
range order. We investigate long-range orientational order (ps-pMMA) for which the glass transitions of both compo-
in block copolymer films subje_:cted to a new p_rocessing nent polymers is relatively highT§ ~ 100 °C). Our results
platform based on zone annealiglowthe order-disorder jnjcate that processing these films with “cold zone anneal-
transition temperature. ing” (CZA), defined by a sample temperature rangig,<

Traditional zone annee_lllng involves a I_oce_lllzed melting Thot << Topt, produces preferential alignment of the cylinders
followed by recrystallization as the material is moved at a . . : :
as well as a significant improvement in the coarsening of

constant velocity\{) over a heated region having a thermal : . . . X
) 9 g the BCP, leading to relatively long orientational correlation

gradient (3) with a fixed slope. In this method, crystallization o :
lengths after short annealing times. An exceptional advantage
* Corresponding author. E-mail: ronald.jones@nist.gov. of this technique from an industrial standpoint is the ease
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A) v 111 so a vertical thermal gradient is expected to be present in
\ addition to the lateral thermal gradient from the zone

p— annealing assembly.

For this study, thin filmst(~ 168 nm, or 6.9, wheret
is the film thickness and., is the lattice spacing) of
asymmetric poly(styrenb-methyl methacrylate) (molar mass
= 47.7 kg/mol, volume fraction of polystyrene 0.74)
(Polymer Source, Inc.) were spun-cast from a 4% toluene
solution onto Q@ plasma-cleaned Si wafers. The as-prepared

B) . — Thiot films were pushed at varying velocitieg & 1—500um/s)
R through a temperature gradient such that the maximiygg)
g m and minimum Tco) Sample temperatures were 210 and 40
% sl °C, respectively. In this study, the slope of the linear region
K.

of the temperature profile was kept constant at’C7/mm.
Atomic force microscopy (AFM) phase images were then
0 @ 'ﬂ'%_m:?s) 0 160 10 obtained using an Asylum MFP3D atomic force microscope
in tapping mode. Images were collected near the thermo-
Figure 1. (A) Schematic of the cold zone annealing system. The couple location because the exact thermal history of that
temperature gradient is established using two temperature controlledocation was known.

cold blocks (1) on each side of a temperature controlled hot block . . .
(I). As the sample is pushed across the gradient with a translational To quantify the orientational order at the surface for these

motor (1ll), the temperature profile of the sample at a given point Samples, AFM_ phase ima_ges were analyzed using the
is recorded using a spring loaded thermocouple (IV). (B) Actual methods described by Harrison ef&i° To determine the

temperature profile recorded for a sample zone annealed at acylinder orientation, the local gradient in intensity for each

velocity of 200um/s. The maximum sample temperatutigf), point in the AFM phase image was calculatdhe local

and the time over which the sample is above the appdigtiines) .

are noted. gradient was then averaged over an area equal to that of the
square of the domain size to account for regions where the

with which it could be adapted to rapid roll-to-roll processing 9radient magnitude was small and not well defined (e.g.,
with virtually no limitations to sample dimensions. cylinder centers). The angle of this gradient vector in
A schematic of the CZA instrument is shown in Figure reference to the horizontal axis of the image was defined as
1a. The temperature gradient is established using two coldthe cylinder orientation angle). The color bar below the
blocks (1) placed on each side of a temperature controlled orientation maps correlates color with cylinder orientation.
hot block (I1). The blocks are laterally separated from each These orientation maps provide a straightforward method for
other ty a 1 mm airgap. Each of the cold blocks are visualizing BCP grains. The vectors describing local orienta-
constructed from a 25 mm 100 mm aluminum block with  tion are also used to construct an order parameter field for
a 6.35 mm hole through the center. Cold water from a 2-fold symmetry, defined ag(r) = %", where6 is the
programmable circulating water bath is passed through thecylinder orientation as defined above ands the position
blocks to maintain constant temperature. The hot block is VEctor. The orientational correlation function is then calcu-
constructed from a 12 mnx 100 mm aluminum block lated usingg(r) = [ (0)y(r)L) where the angular brackets
containing a Watlow heating cartridge (250 W) controlled indicate averaging over all angles for a given distance. An
by an Omega controller (CNig). Rectangular samples, €stimated orientational correlation lengé) ¢f a sample can
which are cut from standard 100 mm Si wafers, with widths then be obtained by fitting(r) to an exponentia¢™"".
ranging from 10 to 100 mm and lengths ranging from 40 to  As shown in Figure 2, the defect density of these samples
150 mm are translated across the cold and hot blocks atdecreases significantly with decreasing velocity. The defect
varying velocities using a push arm connected to an LEP density is particularly small fo = 1 um/s, where few
Bioprecision microscope stage (model 99S5021) (Ill). The defects arise in the 2m x 2 um area selected from a/n
stage velocity and total distance traveled is controlled using x 5 um scan. In addition to the AFM phase images, false
a LEP Mac5000 controller interfaced with LabView. To color maps of the cylinder orientation angle are shown.
ensure adequate thermal contact of the sample with the coldAlthough Figure 2d shows near-perfect order across the
and hot blocks, the top surface of the cold and hot blocks image area, larger area images provide a more comprehensive
are coated with a thermally conductive paste (Dow Corning picture of grain sizes and orientational order. Figure 3a
340 silicone heat sink compound). The temperature profile contains the false color cylinder orientation map calculated
at a given point is recorded during translation of the sample from a 10um x 10um AFM phase image of a sample zone
using a spring-loaded thermocouple (IV). Figure 1b is a annealed at km/s. Large grains can be observed across the
recorded temperature profile for a sample zone annealed atl00 um? area. Figure 3b is an enlarged image showing the
a velocity of 200um/s. The entire assembly is enclosed in microstructure within the 2m x 2 um area shown in Figure
a polycarbonate glove box chamber with nitrogen circulated 3a. The large grain size and low defect concentration
in it. We note that, in the present setup, there is no observed with CZA is remarkable when one considers that
temperature control across the top face of the sample waferprevious studi€d on monolayer films t{ ~ 1.5 L,) of

2790 Nano Lett, Vol. 7, No. 9, 2007



= N\l # =
PE T

Figure 2. AFM phase images (top) and false color cylinder orientation maps (bottom) of 150 nm PS-PMMA (mola=ma&s&00,fps

= 0.75) films annealed with push velocities of 10@/s (A), 40um/s (B), 5um/s (C), and Jum/s (D). The maximum temperature of the
sample Tho) Was~ 210 °C with a gradient of~ 17 °C/mm. Defect density decreases significantly with decreasing velocity. Sample 1
shows almost no defects within theu?n x 2 um area selected from an actuakkBh x 5 um. Differences in cylinder orientation can be

visualized using the orientation maps shown on bottom. The color scale indicates the orientation of the cylinders. Scale bars in all images

represent 500 nm.
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Figure 3. (A) False color cylinder orientation map calculated from 4
a 10um x 10um AFM phase image of a sample zone annealed at I T I
1 um/s. (B) Enlarged AFM image detailing the microstructure 4 0.01 4 0.1 4 1
within the boxed area located in image A showing a high degree -1
1V (um 's)

of orientational order across the image area. The scale bar in both

images is lum. . . . .
Figure 4. Correlation lengtht as a function of reciprocal push

velocity, V. The fitted line indicates a power law dependence with

PS-PMMA cylinders indicate thatdof annealing at 180  a fitted exponent of 0.46+ 0.05 (Uncertainty represents one

°C is required to achieve grain sizes equal to those obtainedstandard deviation).

by CZA in 90 min.

The coarsening of the grain structure in block copolymer near Y/, for grain coarsening in quasi-two-dimensional
films is usually discussed in terms of a power law relation monolayer BCP films under isotropic annealing condi-
betweent and the annealing tim&nnea?®3Our observations  tions283%31General scaling arguments and 2-D simulations
can be connected to this type of description by noting that based on the SwiftHohenberg model indicate that the
the time over which coarsening actually occurs correspondscoarsening exponent for isotropic coarsening in block
to the time regime over which the sample is in a state above copolymers should equdl, in the infinite time limit but
the glass-transition temperaturk, This “annealing time” that smallereffectve exponentsre expected over a wide
varies inversely withv in a CZA measurement because the intermediate time rang&.Harrison et al. physically inter-
width of the hot zone is constant for all velocities. In Figure preted their smaller than expected coarsening exponent value
4, we plot& as a function of ¥ and find a power law  near,in isotropic annealing block copolymer measurements
dependence with an exponent of 0.460.0532 Although to arise from long-range quadrupolar interactions between
the film thickness in our system is greater, our finding can the defects that inhibit defect coalesce®t¥®. Previous
be contrasted against previous observations of an exponenpredictiong*imply that the application of symmetry-breaking
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perturbations can give rise to a rapid approach to the long- }
time scaling limit (exponent equals), and this prediction
has been confirmed by Qian et &35who find an exponent
nearl/, for a system subjected to a simulated ordering field. =

Our observations are in agreement with these recent theoreti- 3 0-45‘}
cal and simulation studies of field-induced ordering kinetics -

in a model appropriate to describe block copolymer ordering. 0.40

Given the large correlation lengths and the apparently {
different kinetics observed for CZA, the mechanism of 0.35+ 3
coarsening (e.g., defect annihilation) can be expected to differ 0 100 200 300 400 500
from traditional thermal annealing of BCPs. It is reasonable Velocity (um/s)

to suspect that the differences in observed kinetics between

samples that are cold zone annealed vs those that are oveﬁjglﬁ 55)('; glf;:]gfcﬂ;iﬁ;re&r‘?g‘;ﬂ ?]feté‘sv iitnr:ig%%" Ogi‘iﬂéegni‘é‘;mhat
annealed are |nherent' to th? differences in z?mne'allng pro'directic!)-]n (orien - Cor¥sistent Witr%l simulation;> the degree o?‘
cesses. The most obvious difference to consider is thermalajignment of the long-axis of the cylinder with annealing direction
history, which has been shown to significantly affect the increases dramatically as the annealing velocity is decreased.
defect density and order in BCP systeth§.o determine

the role of thermal history in the improved coarsening, a
sample was annealed uniformly on a temperature program- §
mable hot stage under nitrogen (static annealing). The stage |
was programmed to heat the entire sample uniformly with a
thermal history equivalent to that of the sample that was cold
zone annealed at Am/s. The resulting correlation length
for the static annealed sample was an order of magnitude
lower (& = 291 nm) than the CZA samplé & 2150 nm),
indicating that thermal history is not sufficient to explain

the improved coarsening observed during CZA.
Explanations other than thermal history for the increased Figurel Gd (A)lggg? ccilgrhdirTehc_tor ar(njgle images 0{ a_safrple ﬁvefn

: : : Fe annealed at or . IS proauces a corre ation engt (0]

orderlng_ kinetics Ca_n be fOl.md by examining the CZ_A & =247 nm and a fraction of the image oriented witkir30° of

process in more detail. CZA differs from hot zone annealing the annealing directionfden) of 0.33. (B) False color cylinder

(HZA) in that ordering develops along a front as the sample orientation map following cold zone annealing atrh /s (Thot =

first approaches the edge of the hot zone because the BCR10 °C, G = 17 °C/mm) of the oven annealed sample in (A),

material is in the strong segregation limit thermodynamically indicating an increases ito 570 nm, and an increase fifken to

. 0.49. The histograms (insets) of the images show a clear increase
(T < Toor). As the sample moves further into the hot zone, ;S 1 ner of cylinders oriented with the annealing direction (0

a temperature gradient is established along the sample. Thigaq), suggesting that during CZA, cylinders tend to reorient with
spatiotemporal temperature gradient creates an in-planethe annealing direction.

spatiotemporal mobility gradient. This effect should be

especially large in polymer materials heated from the glassy grainsas they formwhich in turn strongly influences the
state because the structural relaxation time in polymer subsequent evolution and defect annihilation. This interpreta-
materials normally decreases by over 10 orders of magnitudetion is consistent with the mechanism of the enhanced defect
from Ty to Ty + 100 °C (e.g., mobility increases). Recent annihilation that occurs as a result of preferential alignment
self-consistent field (SCF) simulations of a moving mobility of BCPs in applied electric field&?3%-43

gradient® and Ginzburg-Landau type simulations of a The results presented in Figure 2 demonstrate the effects
moving quench boundaty both indicate that, at slow of CZA on “as-cast” films, without significant pre-existing
velocities, well-ordered systems are obtained in which the grains; however, its effect on misaligned cylinders is also
cylinders locally align during formation with respect to the of interest. To study the effect of the moving temperature
annealing direction. While not observed by Angelescu &t al. gradient on randomly oriented cylinders, a sample was oven
in their thin film HZA studies, clear evidence for the annealed under vacuum at a constant temperature°@p0
predicted alignment was observed experimentally in our for 18 h and then quenched and analyzed. The sample was
measurements. Figure 5 is a plot of the fractional orientation then subsequently cold zone annealed @tts (Tyo = 210
(forieny OF the fraction of the grain map image in which the °C, G = 17 °C/ mm). Figure 6 contains am x 5 um

long axes of the cylinders are oriented withtr80° of the cylinder orientation maps of the traditionally annealed sample
zone annealing pushing directi&hAlignment of the long at 180°C (A) and the same sample after it was subsequently
axis of the cylinders along the annealing direction becomes cold zone annealed (B). The correlation lengths of the two
more pronounced a¢ is decreased, which is in qualitative samples were determined to be 247 and 570 nm, respectively.
agreement with the aforementioned simulations. Although The increase i is significantly larger than what would be
our experimental resolution is currently limited, we anticipate expected from subjecting the sample instead to further
that the temperature gradient biases the orientation of theconstant temperature oven annealing, providing evidence for

0.50
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an increase in the extent of defect annihilation. Analysis of
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into the mechanism of this improved coarsening. The

histograms of images A and B (insets) show a significant References

increase in the number of cylinders oriented with the
annealing direction, fronfirient = 0.33 (expected value for
randomly oriented cylinders) after oven annealingfot@nt

= 0.49 following cold zone annealing. This result suggests
that the temperature gradient results in progressive local
reorientation of misoriented cylinders, which can also
facilitate defect annihilation.

Although the increased order observed in Figure 6 suggests
that the temperature gradient enhances defect annihilation,
the final correlation length&g(= 570 nm) is far less than
that of the sample that was cold zone annealed from the as-
cast film § = 2150 nm). This situation is similar to the
findings by Biker et al.?3 who found it was difficult to
realign BCP polymer materials with electric fields once a
low-energy, highly ordered state orthogonal to the field
direction had been formed. Althougtof the oven annealed
sample is relatively low, recent simulation studies and
analytic theory have indicated that block copolymers under
isotropic annealing conditions evolve into low-energy meta-
stable configurations that are highly persistéritAs a result
of the energetically frustrated nature of the oven annealed
sample, reorientation of the randomly oriented cylinders is
difficult. It is therefore reasonable to assume that the large
correlation lengths obtained via CZA are the result of both
the orientational bias present during grain formation as well
as the enhanced defect annihilation facilitated by the
reorientation of initially misaligned cylinders.

In summary, cold zone annealing has been shown to be
an effective means of controlling defects in block copolymer
thin films. This technique is particularly attractive because
it does not require annealing above thigpr, which is
inaccessible for some block copolymer materials. CZA is
also an effective tool for studying the development of order
under an applied temperature gradient. The kinetics of
ordering for asymmetric PS-PMMA are much faster than
traditional thermal annealing, resulting in-30 um? area
grains in less than 5 h. This enhancement in coarsening
kinetics is likely due to enhanced defect annihilation
facilitated by preferential alignment of the BCP cylinders in
the temperature gradient. While the grain size produced is
still an order of magnitude less than that needed for many
applications, one can imagine that combining this technique
with top-down techniques such as graphoepitaxy might lead
to an industrially accessible approach to achieving well-
ordered BCP morphologies over very large areas in short
times. In addition, the preferential alignment with the
annealing direction provides unprecedented control over
cylinder alignment using existing thermal annealing tech-
niques alone. This ability to control the alignment of the
morphology coupled with the ability to control orientational
order makes CZA a useful platform with which to probe the
evolution of long-range order in technologically important
block copolymer materials.
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