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We investigate block-copolymer (BCP) thin film ordering kinetics during annealing across a moving

in-plane temperature gradient. We operate in the so-called cold zone annealing (CZA) regime, where

ordering temperatures are above the glass-transition, but well below the order-disorder transition. By

measuring the order through the in-plane gradient, using atomic force microscopy and grazing-

incidence small-angle X-ray scattering (GISAXS), we confirm that CZA greatly enhances ordering

kinetics, as compared to uniform oven annealing. The maximal ordering occurs over a narrow range of

the heating-up phase, and not during the subsequent cooling phase. The large grain sizes obtained using

CZA are due to enhanced kinetics, and not the preferential formation of certain grain orientations.

Kinetic enhancement is apparent even below the bulk glass-transition temperature. We suggest that the

in-plane temperature gradient drives enhanced kinetics.

Introduction

Block-copolymers (BCP) are self-assembling polymeric systems

which microphase-separate during annealing due to the chemical

incompatibility of the blocks. These systems form nanostructures

of a variety of morphologies (e.g., cylinders, lamellae, gyroids)

with periodicity in the 5 nm to 100 nm regime,1 making them

attractive candidates for high-density patterning and nano-

manufacturing. However, there are challenges in achieving

defect-free control of the order and orientation of structures. A

variety of strategies have been presented, including application of

electric fields,2–4 solvent annealing,5,6 topographic7–12 and chem-

ical13,14 patterning, and tuning the substrate surface energy15–17

and/or roughness.18–21

Moving thermal zones are an established processing method

for metals and semiconductors, where recrystallization and

oriented grain growth occur on the planar front formed by the

cooling-edge of the zone. Such methods are routinely applied

to generate macrostructures with single-crystal orientation

(e.g., silicon ingots). Thermal zones have also been applied to

organic systems,22–24 including block-copolymers.25–33 We have

recently demonstrated that annealing a BCP thin film with

a moving thermal zone whose maximum temperature (Thot) is

below the order–disorder transition temperature (TODT) can lead

to greatly enhanced ordering kinetics, and preferential alignment

of the microstructure.34 This ‘cold zone annealing’ (CZA) does

not disorder the material during the processing, which makes it

of fundamental interest in understanding BCP ordering physics.

CZA is also of technological interest since both control of

orientation and the ability to rapidly order systems are critically

necessary. Moreover, many self-assembling systems have

a practically inaccessible TODT (e.g., it may be above the mate-

rial’s degradation temperature). Because CZA does not drive the

system into a disordered state, the origin of alignment and

ordering is qualitatively different from conventional thermal

zone refinement or ‘hot zone annealing’ (HZA) techniques. Here,

we investigate the origin of enhanced kinetics in thin films pro-

cessed using CZA by measuring the structure of a cylinder-

forming block-copolymer throughout the thermal zone itself. By

combining grain-size estimation from atomic force microscopy

(AFM) and structural information from grazing-incidence small-

angle X-ray scattering (GISAXS), we quantify the evolution of

structure as it passes through different regimes of the thermal

zone, in an effort to understand the mechanism of cold zone

annealing.

Experimental

Samples were thin films of asymmetric poly(styrene-block-methyl

methacrylate) (PS-b-PMMA) with total molar mass 47.7 kg mol�1

and a polydispersity index of 1.04 (Polymer Source, Inc.).35 The

mass fraction of PS was 0.74, leading to the formation of hexag-

onally-packed cylinders upon phase separation (repeat distance

z 24 nm). Films were cast from toluene solution onto cleaned

(via ultraviolet-ozone treatment) silicon wafers (z 500 mm thick)

using either spin-coating or flow-coating,36 and were baked at

60 �C for 15 h prior to any annealing steps. Film thickness was

determined using interferometry (uncertainty of �1 nm).

The zone annealing apparatus has been described previously.34

Briefly, we establish an in-plane temperature gradient using

a temperature-controlled hot block (250 W Watlow heating

cartridge) flanked by two water-cooled cold blocks. A 1 mm air

gap is used to thermally isolate the blocks. Samples are translated

across this thermal gradient, at a constant speed of 1.20 mm s�1,

using a robotic arm (Bioprecision Microscope Stage Model
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99S021) with computer control (LEP Mac5000 controller inter-

faced with LabView). To ensure thermal contact with the sample,

the cold and hot blocks are coated with a thermally conductive

paste (Dow Corning 340 Silicone Heat Sink compound). In order

to study the zone in detail, a series of ‘frozen zone’ samples were

prepared by rapidly removing the sample from the hot block

midway through the zone annealing process. By pushing the

sample onto the cold block, it is quenched and the annealing

process arrested. The quench translation is sufficiently fast

(20 mm s�1) that we expect no effects from the hot zone during

this step. These films represent a combinatorial library, where

each sample position corresponds to a different subset of the

zone annealing history.

Surfaces were imaged using atomic force microscopy (AFM)

in the intermittent contact (‘tapping’) mode of an Asylum

MFP3D instrument. AFM phase images were analyzed using

established methods.33,34,37,38 Spatial derivatives are used to

compute vector orientations throughout the image. For visuali-

zation, the angles of these vectors are mapped onto a false-colour

scale. The orientation vectors are also used to compute a local

two-fold symmetric order parameter:

j(r) ¼ e2iq(r) (1)

where r is a position vector, and q is the angle of the cylinders at

that location. The orientational correlation function is then

calculated using:

g(r) ¼ hj(0)j(r)i (2)

where the angled brackets denote averaging over all angles for

a given distance. Finally, we compute a correlation length, x, by

fitting g(r) to an exponential function of the form e�r/x. We use

this correlation length as a metric of average grain size.

Grazing-incidence small-angle X-ray scattering (GISAXS)

measurements were performed under vacuum at the Advanced

Photon Source (Argonne National Laboratory) using the 8-ID-E

beamline. Two-dimensional scattering images were measured

using a charge-coupled device (CCD) detector at a distance of

1.945 m or 1.975 m, and an X-ray wavelength of 0.169 nm

(photon energy of 7.35 keV). The images presented in this paper

were obtained at a grazing angle of 0.20�, which is above the

critical angle of the polymer–vacuum interface. The sample stage

incorporated heat control (via a combination resistive heater and

Peltier element), allowing scattering measurements in situ during

hot-plate heating.

Results and discussion

Frozen zone

Cold zone annealing (CZA) is a film-processing technique where

the sample is pushed across a temperature gradient at a constant

speed (see Fig. 1). Our previous work34 has demonstrated that

CZA of block-copolymer thin films produces ordering kinetics

that are considerably faster than conventional oven annealing at

comparable temperatures. Moreover the directionality of CZA

(the push direction and/or the direction of the temperature

gradient) generates a preferential alignment of the mesophases.

In order to understand the origin of these unique properties, we

measured the ordering of a cylinder-forming block-copolymer at

various stages within the thermal zone. To do so, we prepared

‘frozen zone’ samples by rapidly pushing the sample off of the

heating block midway through the zone annealing process. By

pushing the sample onto the cooling block, we quench the entire

annealing process. The resultant sample is essentially a combi-

natorial library, where each position along the sample has

experienced a subset of the full annealing curve.

Fig. 2 shows representative AFM images for various positions

through the thermal zone. The sample, a 151 nm film annealed up

to a maximum temperature of Thot ¼ 221 �C (refer to Fig. 3a for

the associated annealing curve), phase separates into hexago-

nally-packed cylinders that are ultimately oriented parallel

(laying horizontally on the substrate). The false-colour orienta-

tion maps allow easy identification of grains and grain bound-

aries. The orientational correlation length, x, is used as a metric

of grain size. From Fig. 2 a–d, it is evident that the system phase

separates into a large number of small randomly-oriented grains,

with subsequent grain coarsening. From the GISAXS data, we

see that early in the annealing process, the film phase-separates

into a well-defined morphology but with a three-dimensionally

random orientation distribution (which leads to the isotropic

ring seen in the scattering data of Fig. 2a). As the zone annealing

proceeds, this isotropic state converts to a state with cylinders

well-aligned parallel to the substrate interface, as seen in Fig. 2c.

The peaks at |Qy| ¼ 0.23 nm�1 (and double that value), as well as

the higher-order peaks along +Qz, are consistent with hexago-

nally-packed cylinders with their lattice-planes aligned with the

substrate interface (but isotropic in-plane). The last stages of

zone annealing (Fig. 2d) show decreasing peak widths and

intensification of the higher-order reflections, which suggest

better ordering and larger grain sizes. We note that AFM is

a surface technique probing small areas, whereas GISAXS can

measure the entire film thickness, and averages over a large area.

However, the present AFM and scattering data agree well on the

stages of the ordering process, including the region where

maximum ordering occurs. Quantitative ordering data (Fig. 3)

further establish the strong agreement between the two tech-

niques.

The grain-size correlation lengths as a function of the zone

annealing history (Fig. 3a) indicate that significant phase

Fig. 1 Schematic of the cold zone annealing (CZA) apparatus. The thin

film, cast on a silicon substrate, is mounted to a moveable arm. A ther-

mocouple reads the sample temperature during the run, and presses the

sample onto the stage. The sample is moved across a temperature-

controlled hot block (red) which is flanked on either side by a water-

cooled cold block (blue). The three blocks thus form an in-plane

temperature gradient. The computer-controlled arm pushes the sample

across this in-plane gradient at a prescribed velocity. Each position on the

sample thus experiences a Gaussian-like annealing history with a peak

temperature of Thot.
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separation occurs shortly after the sample crosses the glass-

transition temperature (Tg z 105 �C). We note that ordering

occurs predominantly on the heating edge of the temperature

gradient. This differentiates CZA from conventional zone

refinement or HZA techniques, which heat the sample into

a melted or disordered state, and ordering occurs along the

cooling edge.29 In CZA, because we do not cross TODT, the

system is in the ordered portion of the phase diagram at all times,

but mobility is being increased as the sample moves through the

heating edge. Thus properties of soft materials related to

mobility (e.g., nanoscale dynamic heterogeneities39) are likely

crucial to understanding CZA. Another unique feature in Fig. 3a

is the rapid increase in grain size across a very narrow range in

time and temperature (detailed GISAXS images for this region

are shown in Fig. 4). This rapid ordering occurs in the high-slope

region of the heating edge, where the in-plane temperature

gradient is greatest (PT z 18 �C mm�1). In fact, the final grain

size is achieved prior to reaching the peak of the temperature

history. Although higher annealing temperatures lead to larger

grain sizes (as will be discussed later), it seems that CZA ordering

is not predominantly driven by the maximum temperature, but

instead the enhanced kinetics are correlated with the large

thermal gradient.

The scattering intensity from the GISAXS data is plotted, as

a function of the annealing history, in Fig. 3b. In order to

describe the ordering, we have summed the scattering signal from

three portions of the GISAXS image (denoted in Fig. 2d): 1, the

diffuse low-Q scattering (|Qr| < 0.20 nm�1, where |Qr| is the

reciprocal-space distance to the centre of the specular beam at

(Qy,Qz) ¼ (0 nm�1, 0.26 nm�1), behind the beamstop); 2, the ring

of scattering at |Qr| z 0.26 nm�1; and 3, the intense peaks near

(|Qy|, Qz) ¼ (0.23 nm�1, 0.38 nm�1). These three signals provide

a measure of the disordered, the isotropic cylinder, and the

parallel-oriented cylinder populations, respectively. This

Fig. 2 Representative AFM and GISAXS data across the thermal zone of a 151 nm sample annealed using Thot ¼ 221 �C. The four columns (a–d)

present data progressively further through the annealing history (the time and temperature are indicated; refer to Fig. 3a for the full temperature profile).

The top row are the AFM phase images (scale bar is 500 nm); the center row are the corresponding false-color orientation maps (the color scale below the

images indicates grain orientations, the zone-annealing direction is 0�); and the bottom row are GISAXS detector images. The three boxed-in areas in the

scattering data (d) denote the regions used for further analysis (e.g., Fig. 3b): 1, the diffuse scattering; 2, the isotropic population; 3, the well-ordered

population.
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scattering data confirms the AFM measurements: we see a rapid

increase in the highly-ordered population across a narrow range

of the annealing history, in the region where the in-plane

temperature gradient is large, and comparatively little ordering

thereafter. The isotropic population appears shortly after

crossing through Tg, and disappears as the ordered population

grows (the isotropically-distributed grains are being converted

into parallel-cylinder domains). We note a quite interesting

feature in the diffuse-scattering data: it decreases as the system

orders, as expected, but significant diffuse scattering has

appeared before the system has crossed the glass-transition. We

return to this point below.

Annealing temperature

Because BCP ordering and morphology can depend on

annealing temperature and history, we investigated this

parameter in detail. Fig. 5 shows AFM and GISAXS data for

a 161 nm film. At this thickness, the surface exhibits hexago-

nally-packed perpendicular-oriented cylinders (standing verti-

cally), as determined by AFM, in certain portions of the

annealing curve. Nevertheless, the corresponding GISAXS data

suggests that the sub-surface population adopts a parallel

orientation (cylinders laying horizontally on the substrate). The

surface layer of vertical cylinders exists only during the initial

stages of zone annealing; as annealing progresses the surface

converts to a mixed morphology (vertical and horizontal

cylinders) and finally to a fully horizontal morphology.40 A

scattering peak at |Qy| ¼ 0.26 nm�1 appears when some fraction

of the film surface is in a vertical orientation (see GISAXS in

Fig. 5b). This peak disappears upon further annealing, once the

sample converts to a completely parallel orientation. This

behaviour is, in fact, consistent with our recent study of the

surface morphology diagram for PS-b-PMMA block-copoly-

mers.41 In particular, a zone annealing experiment appears to

trace out a path through the surface morphology diagram,

converting from vertical surface structures to horizontal surface

structures as the temperature increases (although it may be that

zone annealing shifts the boundaries of the phase diagram). The

structure of this diagram may also explain the sensitivity to film

thickness: for the thicknesses and temperatures studied here, we

may be in a ‘high-slope’ region, where small changes in either

Fig. 3 (a) Correlation length (black circles; left axis) as measured by

AFM, and sample temperature at quench (grey line; right axis) across

a 151 nm CZA sample heated up to Thot ¼ 220 �C (the grey diamonds

denote the times at which the sample crossed through the bulk Tg).

The sample was rapidly quenched mid-way through a push across the

hot-zone: each sample position (upper axis) was thus exposed to

a subset of the annealing time history (lower axis; the origin of time is

defined to be when the sample crosses Tg). The error bars are based

upon the standard deviation of replicate AFM images. (b) Intensity of

scattering from various portions of the GISAXS detector image (left

axis). The diffuse low-Q scattering (red line) decreases as the system

orders. The scattering from the isotropic population (orange line)

increases after crossing through Tg but then drops as the well-ordered

population (blue line) increases. From both the AFM and the scat-

tering data, we see a rapid increase in order over a short span of

annealing time.

Fig. 4 GISAXS images for four locations in the thermal zone of a 151 nm film annealed using Thot ¼ 221 �C (time above bulk Tg and temperature are

indicated; refer to Fig. 3a for the temperature profile). These images are taken in the region demonstrating maximum ordering kinetics, based on AFM

grain size and GISAXS scattering. Over a very short span of time and temperature, the film evolves from a nearly isotropic state into having nearly

maximal order.
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parameter can push across the vertical-horizontal transition

line. The formation of a vertically-oriented surface layer is

consistent with our previous work in CZA in the sense that this

state is transient; the final state is of horizontally-oriented

cylinders throughout the thin film. We note that for films

annealed at sufficiently high temperature ($248 �C), the

vertical-cylinder morphology can reappear near Thot. This may

be because the weak surface tension mismatch between the

blocks has been eliminated, or the sample has crossed a surface

phase transition.42 The appearance of vertically-oriented surface

structures highlights the utility of scattering-based measure-

ments: purely surface measurements (e.g., AFM) would be

unable to deconvolute film ordering from this surface reorga-

nization, or would mistakenly attribute the surface structure as

being representative of the entire thin film.

Despite the appearance of perpendicular-cylinders at the film

surface, GISAXS analysis can quantify the ordering kinetics

within the film (an example is shown in Fig. 6). The same qual-

itative behaviour is seen for samples annealed at all Thot that were

studied (from 196 �C to 266 �C): the maximum ordering kinetics

occur not at the maximum temperature, but rather over a narrow

range of the heating phase, where the in-plane gradient is large.

There appears to be a small film thickness effect, since some films

(z 160 nm) exhibit vertical-cylinder orientation early in the

annealing process, whereas films z 10 nm thinner do not

generate substantial vertical orientations. However the general

ordering processes within the film, and in particular the rapid

ordering, evidently do not depend on film thickness.

Enhanced kinetics

In order to demonstrate the enhanced kinetics of CZA, we

compare the ordering from the Thot ¼ 221 �C frozen zone sample

to a sample heated on a hot-plate using a nominally identically

thermal history (the temperature profile is shown in Fig. 7i). This

sample experienced a time-variation of temperature identical to

the zone-annealed sample, but with the entire sample heated

uniformly (hence there are no in-plane thermal gradients). This

hot-plate annealing is expected to be similar to conventional

oven annealing. GISAXS images, acquired in situ throughout the

annealing, are shown in Fig. 7, e–h, and are compared to scat-

tering images from the corresponding CZA sample at similar

points through the annealing history (Fig. 7 a–d). The CZA

samples have, unmistakably, achieved greater ordering for any

given stage in the annealing history. CZA is able to phase

separate into an isotropic population earlier in the annealing

history, and achieves a final state with better order (as demon-

strated by the sharper peaks and higher scattering intensity in

Fig. 7 d as compared to h). The final correlation length for the

hot-plate sample is43 x ¼ 450 nm � 110 nm, whereas the equiv-

alent CZA sample achieves x ¼ 810 nm � 190 nm after the same

annealing time. The conversion from the isotropic to aligned

state is also not as abrupt as seen in CZA (Fig. 7i). Interestingly,

the hot-plate annealed sample shows no significant scattering

prior to crossing the glass-transition (Fig. 7e). This would be

expected, as a vitrified as-cast sample cannot phase-separate until

sufficient mobility is induced. However the equivalent zone-

annealed sample (Fig. 7a) shows significant diffuse scattering,

and even the appearance of a weak isotropic ring, prior to being

heated above the bulk Tg. This suggests that the zone annealing

induces sufficient polymer mobility for a small amount of phase

separation to occur below the conventional bulk glass-transition

temperature. Deviations from bulk Tg are known in thin films,44

but expected shifts are insufficient to explain the ordering at

Tg �50 �C we observe in films T151 nm. Moreover, the same

shifts would be expected in both the CZA and hot-plate samples.

Our data suggest that CZA generates enhanced kinetics

throughout the entire annealing curve (except near the peak,

where the in-plane temperature gradient approaches zero).

Fig. 5 AFM and GISAXS data for a 161 nm BCP thin film annealed

using Thot ¼ 224 �C. The two columns (a and b) represent two different

regions within the thermal zone (time above the bulk Tg and temperature

as indicated). The upper row AFM phase images (scale bar is 200 nm)

show that films of this thickness convert from having perpendicular-

oriented cylinders at the free surface to having parallel-oriented cylinders

as annealing progresses. The corresponding GISAXS data (bottom row)

confirm that there is a large population of parallel cylinders beneath the

film surface.

Fig. 6 GISAXS scattering intensity for a 161 nm thin film heated to

Thot ¼ 248 �C (the annealing history is denoted by the gray line, which

corresponds to the right axis): the diffuse low-Q scattering (red line), the

scattering from the isotropic population (orange line), and the well-

ordered perpendicular-cylinder population (blue line).
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Activation energy

Fig. 8 shows the correlation length, after a full CZA processing

run, for a variety of Thot. By using this grain size as a measure of

kinetics,45 we can perform an Arrhenius analysis:

x ¼ x0e�Ea/RT (3)

where R is the universal gas constant, Ea is an activation energy,

and x0 is a scaling constant. From the slope in Fig. 8, we calculate

Ea¼ 110 kJ mol�1� 40 kJ mol�1. This activation energy for grain

growth is lower than the reported values of 270 kJ mol�1 for

defect density46 and 377 kJ mol�1 for defect motion,47 for

monolayers of cylinder-forming PS-b-PMMA in conventional

annealing experiments. This suggests that the zone annealing

technique may lower the activation barrier for grain growth. The

Fig. 7 GISAXS data for various portions of the thermal history of a 151 nm film heated up to Thot¼ 220 �C (the times and temperatures are indicated).

(a–d) A film processed using zone annealing (where a thermal front moves through the material). (e–h) A film annealed on a hot-plate using a thermal

history nominally identically to the zone-annealed sample (but where there are no in-plane thermal gradients, and no thermal front movement). For any

given point along the annealing curve, the zone-annealed samples have markedly greater ordering. Images have been selected to provide a close

comparison; the comparison is conservative in the sense that the zone-annealed examples have in fact experienced a slightly shorter thermal history and

yet display greater order. (i) Scattering intensity as a function of the annealing history for the hot-plate sample confirms that the extent of ordering, and

ordering kinetics, are lower than for zone annealing. Also of note is the absence of significant diffuse scattering prior to crossing the bulk glass-transition.

In conventional oven or hot-plate annealing, phase separation is initiated only after crossing Tg.

Fig. 8 Correlation length as a function of the maximum annealing

temperature for CZA samples. Plotted in an Arrhenius fashion, we can

estimate an activation energy for the grain growth of 110 kJ mol�1

� 40 kJ mol�1.
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orientation bias of CZA may arise from a lower energy barrier

for grains with preferred orientations.

Ordering process

From the AFM and GISAXS data, it is obvious that CZA does

not operate by nucleating a preferred population of grains

(e.g., aligned in a particular direction), which grow and coalesce.

Instead, the entire film phase-separates into small grains with an

isotropic distribution. The action of zone annealing is instead to

grow these grains much faster than would be expected for

conventional oven annealing: CZA enhances ordering kinetics.

The increased mobility may be related to a decrease in the

effective energy barrier for grain growth or reorientation. One of

the qualitative differences between CZA and hot-plate (or oven)

annealing is the presence of an in-plane thermal gradient.

Further, we note that maximum ordering occurs where the in-

plane thermal gradient is maximized. We thus suggest that

temperature gradients are able to enhance the kinetics of self-

assembling systems. In zone annealing the temperature gradient

is coupled to movement of the thermal field; experiments to

deconvolute these two effects would thus be critical to under-

standing the role of thermal gradients. Preliminary measure-

ments indicate the degree of the kinetic enhancement depends on

the magnitude of the thermal gradient. The precise relationship

should provide insight into the enhancement mechanism. The

movement of the thermal zone may be crucial in inducing pref-

erential alignment of the BCP microstructure. Although the

thermal gradient is macroscopic (the temperature is approxi-

mately uniform on the scale of self-assembly), its presence would

induce a substantial directional flux of heat throughout the film.

It is worth noting that the cooling edge of the CZA annealing

history also has a large in-plane thermal gradient, yet does not

appear to re-initiate rapid grain growth. However, undoubtedly

the growth of grains in CZA, as in oven annealing, is convoluted

with saturation effects, where large grains need progressively

longer times to annihilate defects, coalesce, and reorient. The fact

that for all temperatures measured the maximum (abrupt)

ordering was observed prior to Thot suggests that the thermal

gradient dominates the ordering process (rather than Thot itself).

Finally, it is interesting to note that the detailed progress of

a sample through different morphologies may depend on its

processing history. For instance some samples produced a tran-

sient perpendicular-cylinder surface population during the

annealing process. Despite sensitivity to preparation history

(e.g., residual solvent, residual stresses) or film properties

(e.g., film thickness), it appears that the effect of CZA is gener-

ically applicable: kinetics is greatly enhanced. For this reason we

suggest that similar enhancements may arise in other self-

assembling systems exposed to moving thermal gradients that are

below their disordering temperature.

Conclusions

We have investigated in detail the ordering steps which occur

during a zone annealing experiment, by quenching a sample mid-

anneal and probing by AFM and GISAXS through the thermal

zone. Zone annealing generates phase-separation into a state

with isotropic grain distribution, which coarsens into larger

parallel grains (laying horizontal on substrate), similar to oven

annealing. CZA, however, greatly enhances ordering kinetics.

The maximum ordering rate occurs on the heating edge (not at

the maximum temperature), where the in-plane temperature

gradient is maximum. We suggest that thermal gradients can

generically lead to enhanced self-assembly kinetics, and that the

motion of a thermal zone and/or the directionality of heat flux

generate an orientational bias.
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