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ABSTRACT: Nanosphere lithography employs single- or multi-
layer self-assembled nanospheres as a template for bottom-up
nanoscale patterning. The ability to produce self-assembled
nanospheres with minimal packing defects over large areas is critical
to advancing applications of nanosphere lithography. Spin coating is
a simple-to-execute, high-throughput method of nanosphere self-
assembly. The wide range of possible process parameters for
nanosphere spin coating, however—and the sensitivity of nano-
sphere self-assembly to these parameters—can lead to highly
variable outcomes in nanosphere configuration by this method.
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Finding the optimum process parameters for nanosphere spin coating remains challenging. This work adopts a design-of-experiments
approach to investigate the effects of seven factors—nanosphere wt%, methanol/water ratio, solution volume, wetting time, spin

time, maximum revolutions per minute, and ramp rate—on two

response variables—percentage hexagonal close packing and

macroscale coverage of nanospheres. Single-response and multiple-response linear regression models identify main and two-way
interaction effects of statistical significance to the outcomes of both response variables and enable prediction of optimized settings.
The results indicate a tradeoft between the high ramp rates required for large macroscale coverage and the need to minimize high
shear forces and evaporation rates to ensure that nanospheres properly self-assemble into hexagonally packed arrays.

B INTRODUCTION

Nanosphere lithography (NSL), also known as colloidal
lithography, is a bottom-up fabrication approach that uses a
single- or multilayer stacked nanosphere array as a template for
nanoscale patterning. Compared to top-down lithography
approaches, NSL is a low-cost, simple fabrication technique
that can achieve sub-100 nm feature sizes without the need for
complex protocols or expensive equipment.' NSL has been
demonstrated as a useful nanoscale patterning approach in
many applications, including surface-enhanced Raman scatter-
ing,”’ patterning of nanogap electrodes,’ gas sensing,’
antireflection coatings for solar cells,”” photoluminescence,”’
optical fiber tip nanoprobes,'* plasmonic electrodes,""'*
superhydrophobic surfaces."” Since the first demonstration of
equilateral triangle and dot array patterns by Hulteen and Van
Duyne," NSL has been used to achieve a wide range of pattern
geometries, such as bimetallic “cup-like structures”, rods, and
rings produced by shadow (or “angle-resolved”) NSL,"*~'°
core—shell-structured nanohole arrays in conjunction with
triangular nanopillars,” and nanobridged NSL featuring
connective linkages between nanospheres.'” To further
demonstrate its versatility, NSL has been used for patterning
a wide range of materials, including metals, insulators, and
organic semiconductors." "’

and
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Numerous methods may be used to induce nanosphere self-
assembly into single and multilayer hexagonal close-packed
(HCP) configurations required for subsequent patterning and
templating. Focusing on single-layer NSL, traditional methods
of self-assembly include convective self-assembly and shear-
induced ordering via spin coating,”’”>* solvent evaporation,”
doctor-blade coating,“’25 drop-casting,26 and confined con-
vective assembly.”” Alternative methods based on electro-
phoretic or electrostatic self-assembly,”*~° capillary-based self-
assembly on patterned substrates,”’ and micropropulsive
injection®>** have also been explored. Of these methods,
spin coating remains one of the most versatile and widely
implemented approaches for preparing single-layer HCP
nanosphere arrays. The primary advantages of spin coating
are the high-throughput®® and large-area processing capabil-
ities, including wafer-scale substrates (4 in silicon).”™** Spin
coating is also compatible with standard methods of semi-
conductor manufacturing and can be implemented in
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combined top-down and bottom-up fabrication protocols.*
Finally, spin coating is particularly well-suited for self-assembly
of large diameter nanospheres, a process that is especially
challenging with other methods such as gravitational
sedimentation.””

Despite the advantages of spin coating for NSL, there are
few systematic studies exploring the effects of spin coating
parameters on the self-assembly of single-layer nanosphere
arrays. Colson et al. used principal component analysis to study
the effect of ramp rate and revolutions per minute (rpm) on
nanosphere monolayer coverage and percent HCP (%HCP).*
While the study is one of the first to combine an experimental
design approach with quantitative evaluation of nanosphere
film quality, the experiment did not consider the effects of
nanosphere concentration, solvent properties, or solution
volume on the resulting monolayers. Jiang et al. explored the
effect of spin speed and spin time on the self-assembly of
multilayer colloidal crystals by spin coating.”” The authors
determined that multilayer thickness depends on the inverse of
spin speed and the inverse square root of spin time. The
thickness of the resulting films varied from two-layer colloidal
crystals to 25 pm films comprising several tens of stacked
nanosphere layers. Khanna et al. studied the effect of various
process parameters (including concentration of silica nano-
spheres, surface treatment, spin rate, and spin time) on the
resulting nanosphere surface coverage.*’ While the report is
useful for confirming the effects of these parameters
independently, no interaction effects were considered and
the relative importance of each parameter was not determined.
In addition, the study used a qualitative approach for
comparing scanning electron microscopy (SEM) images,
without quantifying response variables such as monolayer
coverage or %HCP. Mathematical models of nanosphere self-
assembly driven by capillary forces provide a theoretical basis
for understand convective or shear-induced self-assembly
processes; ** however, these models cannot account for
stochastic effects resulting from small variations in self-
assembly conditions. In addition, highly complex self-assembly
processes with one or more spin coating stages are typically
impractical to model."* With a wide range of NSL spin coating
parameters reported in the literature, a detailed experimental
study of the effect of process parameters and their interaction
effects is needed to improve the quality and reproducibility of
single-layer nanosphere self-assembly by spin coating.

This work presents a design of experiments (DOE) multiple
linear regression modeling approach to understand the effects
of spin coating parameters on single-layer nanosphere self-
assembly. A DOE screening study was conducted with seven
factors: (1) nanosphere concentration (“NS wt%”), (2)
methanol/water ratio (“MW ratio”), (3) solution volume
(“volume”), (4) wetting time, (5) ramp rate, (6) maximum
spin speed (“max rpm”), and (7) time at maximum rpm (“spin
time”). Two response variables were considered: (1) %HCP
and (2) fraction of the substrate coated with nanosphere
solution (“macroscale coverage”). DOE screening studies are
useful for identifying main and interaction effects of statistical
significance to the response variables using a minimum number
of experiments. In this work, 72 spin coating trials were run in
a custom DOE study with the ability to identify two-factor
interactions as well as quadratic effects. A test matrix was set up
using JMP Pro statistical software with factors set at minimum,
maximum, and midpoint levels (Table S1). Macroscale
coverage was estimated from image analysis of digital

photographs (Figure S1). Within regions of nanosphere
coverage, %HCP was quantified using SEM images. The
SEM images were processed using an image analysis program
that counts numbers of “total” and “loose” spheres in an image,
with “loose” spheres defined as any nanosphere not in perfect
HCP configuration.*> %HCP values were averaged over 2—5
images per sample. The results of the 72 experimental
conditions (Table S2) were fit to linear regression models
that predict macroscale coverage and %HCP based on process
parameter settings. Linear regression models were first fit to
the response variables independently (single-response models).
A combined model utilizing a common set of parameters was
then fit to the two response variables simultaneously (multiple-
response model). The results provide insights into the factors
that most significantly affect nanosphere self-assembly by spin
coating. Additionally, the models can be used to determine
optimal settings for process parameters to maximize %HCP,
macroscale coverage, or both response variables simultane-
ously.

B EXPERIMENTAL SECTION

Design of Experiments. JMP Pro statistical software was used to
prepare the experimental matrix for the DOE. A customized response
surface design with 72 experiments enabled modeling of two-factor
interactions and quadratic effects. To reduce the likelihood of human
error in conducting the DOE, the experiments were split into eight
groups with each group having the same DOE setting for nanosphere
(NS) wt%. Table S1 summarizes the groupings and the parameters
used for each experiment.

Nanosphere Spin Coating. Polystyrene (PS) nanospheres were
purchased from Bang Laboratories, Inc. (10 wt% solution, 390 nm
diameter). All other materials were obtained from Millipore Sigma
and used as received. PS nanosphere stock solution was sonicated for
10 min prior to all dilution steps. PS nanospheres were diluted to
concentrations of 2, 4, and 6 wt% in a solution of type 1 deionized
(DI) water with 1:400 (by volume) solution of methanol/Triton X-
100 surfactant. Three different MW ratios were used: 0:1, 0.33:1, and
0.67:1 by volume. The PS nanosphere solutions were stored in the
refrigerator until 1 h prior to use. Silicon wafers were coated with 20
nm SiO, by plasma-enhanced chemical vapor deposition (Oxford
Plasmalab 80) to create a hydrophilic surface for nanosphere spin
coating. The wafers were then diced into 20 mm X 20 mm chips using
a Disco DAD641 dicing saw. A layer of protective photoresist was
applied to the wafers prior to dicing. Following dicing, the chips were
cleaned and the photoresist removed using an acetone bath with
sonication for 5 min, followed by isopropyl alcohol rinse for 30 s, DI
water rinse for 1 min, and drying under nitrogen. PS nanosphere
solutions were sonicated for 5 min just prior to spin coating. The
chips were loaded individually onto a CEE 100 spinner, and spin
coating of nanosphere solutions was performed according to the
parameters listed in Table S1 once the chips were centered.
Nanosphere solutions were dispensed onto the chip while motionless
and allowed to spread on the chip for the prescribed wetting time. All
nanosphere solution and chip preparation steps, as well as spin
coating, were completed in a Class 100/1000 clean room environ-
ment. The relative humidity in the clean room was 40% during the
experiments.

Characterization and Image Analysis. All imaging of nano-
sphere spin coating was performed without modification of the chips.
A digital photograph was taken of each chip post-spin coating, and a
MATLAB image analysis program was used to determine the
macroscale coverage of the PS nanosphere solution on each chip
(Figure S1). SEM imaging was conducted using an FEI Helios
Nanolab 650 Dual Beam FIB and field-emission SEM. A MATLAB
image analysis program was used to determine %HCP from the SEM
images.”> Two-to-five SEM images were taken per chip, and the %
HCP values for each image were averaged to give the “%HCP”
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Figure 1. Conceptual illustration of nanosphere convective and shear-induced assembly during spin coating. (a) In phase 1 (static dispensing),
some convective self-assembly occurs depending on the solution volume (V), methanol mole fraction (xy), nanosphere concentration (c), and
wetting time (fy). (b) In phase 2 (ramp phase), excess solution is removed by centrifugal forces depending on V, xy;, ¢, ramp rate (@), and
maximum spin speed (@,,,,). (c) In phase 3 (maximum spin speed), nanosphere convective self-assembly occurs due to capillary forces between
nanospheres arising from solution evaporation and horizontal sphere flux. These processes depend on x,, ¢, @, and the time at maximum spin

speed (tna)-

response analyzed in the linear regression models. %HCP and
macroscale coverage results for the 72 spin coating trials are provided
in Table S2.

Linear Regression Modeling. Linear regression with two-way
interactions was performed in JMP Pro using a standard least squares
model. A backward selection technique was used for variable
selection. First, a full two-way interaction model was fit. Terms
were then removed one at a time starting with the highest p-value.
The model was rerun after each parameter removal to check for
reordering of factors. Backward selection continued until the R
adjusted (Radjz) value was maximized. In the case of multiple
response variables, the backward selection technique was adapted to
eliminate the factor with the lowest average LogWorth across both
response variables and no p-value < 0.2 in any response. Backward
selection continued until the average Radjz value for both response
variables was maximized. If a main effect was present in an interaction
or quadratic effect of significance, that main effect was not eliminated
from the model following the principle of effect heredity. All final
linear regression models were checked using residual-by-row, residual-
by-predicted, normal quantile, and actual-by-predicted diagnostic
plots (Figures S2—S4). Variable importance was calculated in JMP
Pro using the independent uniform input assumption (Figure 7).

B RESULTS AND DISCUSSION

Figure 1 provides a conceptual illustration of nanosphere
convective self-assembly via spin coating. The process can be
considered in three phases. In phase 1, a volume of nanosphere
solution is deposited on the substrate (Figure 1a). This may
occur with a stationary or slowly spinning substrate; in this
work, we used static dispensing onto a stationary substrate.
Some convective self-assembly of nanospheres occurs due to
solvent evaporation, depending on the solution volume (V),
solvent MW ratio (xy), NS wt% (c), and wetting time (fy).”"
In phase 2, the substrate undergoes ramping from stationary to
maximum spin speed (Figure 1b). Excess solution is removed
from the substrate, and the solution level decreases due to
solvent evaporation. Phase 2 outcomes are affected by V, xy,
and the ramp rate (@) to max rpm (@y,,). In phase 3, the
substrate is spinning at maximum rpm and the solvent level
decreases below the height of the nanospheres (Figure 1c). A
meniscus forms between nanospheres that induces capillary
self-assembly with solvent evaporation. Shear forces further
induce movement of the colloidal crystal, depending on the
solution viscosity (a function of xy), ¢, Wy, and spin time
(tme)-> This work considers a nanosphere spin coating
process consisting of one ramp stage and one constant rpm

stage to minimize the number of DOE factors. Colson et al.
considered a nanosphere spin coating process employing two
ramp phases and three rpm levels.** Their results indicate that
the first ramp rate and first rpm are the most important
variables affecting the resulting nanosphere self-assembly when
compared with subsequent ramp/rpm levels.

Table 1 summarizes the DOE parameter ranges used in this
study. Ranges were determined based on maximum and

Table 1. DOE Factor Ranges and Predicted Optimum
Settings Based on Single- and Multiple-Response Linear
Regression Modeling

single response

optimum
macroscale  multiple response
factor min max %HCP coverage optimum®
NS wt% 2 6 4 2 6
MW ratio 0:1 0.67:1  0.67:1 0.67:1 0:1
(v/v)
Volume[ 20 80 20 80 80
(uL)”
wetting time 20 60 20 40 20
(s
spin time 2 30 2 20 21
(s)
max rpm 200 5000 200 1770 200
ramp rate 200 1000 200 1000 1000
(xpm/s)

“Results depend on the relative importance of response variables and
desirability functions, which can be set in JMP. Table 1 results assume
equal response importance, with desirability functions shown in
Figure 8a. quuivalent to 5—20 uL/cm>

minimum values commonly reported in the literature (see
Table S3 for detailed references and commonly reported values
for each factor). We note that changing the MW ratio of the
solvent changes three properties known to affect nanosphere
self-assembly: surface tension, vapor pressure, and kinematic
viscosity.**™* Figure 2 plots the effects of the MW ratio on
each of these variables based on experimental results reported
in the literature for methanol—water solutions without
nanospheres. While the presence of nanospheres at 2—6 wt%
will affect solution values of surface tension, vapor pressure,
and kinematic viscosity, in general, we can expect increasing
the MW ratio of the nanosphere solution to correlate with
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Figure 2. Effect of the MW ratio on surface tension,”® vapor

pressure,”” and kinematic viscosity."® The MW ratios used in this
study are indicated as dashed red lines corresponding to methanol
mole fractions of 0, 0.13 (0.33:1 MW ratio), and 0.23 (0.67:1 MW
ratio). Plotted values of surface tension, vapor pressure, and viscosity
do not consider the presence of nanospheres or Triton-X surfactant.

decreasing surface tension and increasing vapor pressure.
Kinematic viscosity increases with the MW ratio for mole
fractions up to 0.3, followed by a decreasing trend. In the range
of methanol mole fractions considered in this work (0—0.23),
kinematic viscosity consistently increases with the MW ratio.
Many other solvents besides methanol—water have been used
for nanosphere self-assembly via spin coating, including most
commonly N,N-dimethyl-formamide®*' and ethanol—

water."”~>' Methanol—water was used in this work as it is
commonl em4ployed in many nanosphere spin coating
studies.”*”**7>* A nanosphere diameter of 390 nm was

chosen as it is within the range of 150—1000 nm typically
reported for nanosphere spin-coating processes.*”>">*

Figure 3a provides results for the single-response linear
regression model for %HCP. A maximum Radjz value of 0.685
was achieved by backward selection of parameters. The
resulting model contains 21 parameters and has an R* value
of 0.778. Table S4 provides a list of main effects and two-way
interactions included in the model and their p-values. Five
parameters in the model are statistically significant (p-value <
0.01): (1) max rpm (main effect), (2) MW ratio (main effect),
(3) ramp rate X spin time (interaction effect), (4) MW ratio X
max rpm (interaction effect), and (5) MW ratio X volume

(interaction effect). Diagnostic plots for the linear regression
model—including residual-by-row, residual-by-predicted, and
normal quantile—are provided in Figure S2. The actual-by-
predicted plot (Figure 3a) shows the model fit and range of
values covered by the experimental data (~12% HCP to ~75%
HCP, with a mean of 51%). SEM images from data points with
high and low %HCP are provided in Figure 3b,c, respectively,
illustrating the contrast between nanosphere self-assembly at
the extremes of the linear regression model. We note that the
maximum value of %HCP achieved in the current data set of
72 experiments is less than 80%, and may not meet the
requirements for nanosphere ordering required for some
applications of NSL. As a screening study, the DOE conducted
in this work is able to identify main and interaction effects of
importance to the response variables. Future DOE studies
focused on optimization may then be implemented following
the screening study to achieve higher values of the response
variables.

Figure 4a contains profile plots of %HCP as a function of the
seven experimental factors and a desirability plot indicating
maximum %HCP as the preferred response setting. The
maximum %HCP predicted by the model with the current data
set is 80.7%. This maximum is achieved at intermediate NS wt
% (4%), maximum MW ratio (0.67:1), and minimum settings
of max rpm (200 rpm), volume (20 xL), spin time (2 s), ramp
rate (200 rpm/s), and wetting time (20 s) (Figure 4a, Table
1). The combination of the minimum final rpm and minimum
ramp rate likely reflects improved nanosphere self-assembly
resulting from lower shear forces and reduced solvent
evaporation rates. This has been demonstrated experimentally
by Ogi et al. through varied parameter settings,”> by Toolan et
al. using in situ stroboscopic studies,”® and by Reyes and Duda
through Monte Carlo simulations.”” Principal component
analysis results of Colson et al. also suggest an inverse
relationship between %HCP and the ramp rate for single-layer
nanosphere self-assembly.*” The high MW ratio which results
in higher vapor pressure indicates preference for faster liquid
removal through evaporation when operating at minimum rpm
and ramp rate.

Figure 4b provides interaction plots for the three statistically
significant interactions, with all other factors at the optimized
settings indicated in Figure 4a. Interaction effects are
inherently more complex to interpret than main effects;
however, some theories may be posited from the trends
observed in Figure 4b. First, the model suggests that the MW
ratio has little effect on %HCP at low rpm, while higher MW
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Figure 3. Single-response linear regression model results for $HCP. (a) Actual-by-predicted plot including R* and Radjz values. (b,c) SEM images
associated with high (b) and low (c) values of %HCP. Scale bar: 2 ym.
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ratios are necessary to achieve good %HCP at high rpm
(Figure 4b(ii)). One possible explanation of this trend is in
terms of solution viscosity. In spin coating of polymer films,
higher solution viscosity is required to achieve comparable film
thicknesses when the max rpm increases."* Likewise higher
kinematic viscosities associated with higher MW ratios (Figure
2) may be required to maintain minimum solvent thicknesses
for capillary-induced self-assembly of nanospheres at high rpm
(Figure 1c). The interaction of volume and the MW ratio
indicates that the MW ratio does not greatly affect %HCP at
high solution volumes (80 yL), while a higher MW ratio is
necessary for lower volumes (20 uL) (Figure 4b(iii)). The

12423

minimal change in %HCP with volume at a low MW ratio
(Figure 4b(iv)) is similar to the case of polymer film spin
coating, where film thickness is roughly constant as a function
of dispense volume for a given solution viscosity.** Figure
4b(v,vi) plots interaction effects of spin time and the ramp
rate. At low spin times (2 s), the benefit of the lower ramp rate
is consistent with the findings of Colson et al, where lower
accelerations produced higher %HCP* (Figure 4b(v)). At
higher spin time (30 s), the model indicates a slight increase in
%HCP with increasing ramp rate. The mild dependence of %
HCP on the ramp rate at high spin times may be similar to
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observations from polymer spin coating, where film thickness
is, in general, independent of the ramp rate.”*

Figure S provides the single-response linear regression
model results for macroscale coverage. Additional diagnostic
plots are provided in Figure S3. A list of main effects and
interactions included in the model is provided in Table SS,
including p-values for each parameter. A maximum Rad,-2 value
of 0.849 (R* = 0.887) was achieved with 18 parameters
included in the model. Of these, three are statistically
significant: (1) volume (main effect), (2) ramp rate (main
effect), and (3) spin time X spin time (quadratic effect).
Differences in macroscale coverage of the nanosphere solution
post-spin coating can be seen upon comparing Figure Sb (high
coverage) and Figure Sc (low coverage). Recommended
settings for experimental factors to maximize macroscale
coverage of nanosphere solution on the substrate are:
maximum pipette volume (80 yL), ramp rate (1000 rpm/s),
and MW ratio (0.67:1); minimum NS wt% (2 wt%); and
intermediate values for wetting time (40 s), final rpm (1770
rpm), and spin time (20 s) (Figure 6). The results are
consistent with the basic physics of spin coating, with a high
ramp rate and high solution volume promoting effective
spreading of the nanosphere solution during the acceleration
phase (Figure 1b). We note that the linear regression model
allows for surface coverage predictions exceeding 100%. Any
macroscale coverage >100% is interpreted as full substrate
coverage, with desirability for macroscale coverage set at “1”
for any value >100% (Figure 6). No significant interaction
effects are included in the macroscale coverage linear
regression model.

Figure 7 plots variable importance for the single-response
models %HCP and macroscale coverage. Variable importance
is divided into main effect importance and total effect
importance (which includes main, interaction, and quadratic
effects). Main effect importance is defined based on eq 1 as the

variance of the expected value of y when «; is fixed (variance
taken over the distribution of x;), divided by the variance of y>*

Var(E(ylx;))
Var(y) (1)

where y is the response variable %HCP or macroscale
coverage, and x,, .., x, are the DOE factors (Table 1). Total
effect importance is defined similarly and includes all terms
involving factor x;. Full details on total effect importance
estimation are provided in ref 58. As expected, macroscale
coverage variable importance is dominated by volume as a
main effect. %HCP variable importance is spread over more
factors, including most notably maximum rpm, NS wt%, and
MW ratio. Wetting time is of minimal importance for both
response variables.

Single-response models provide insights into process
parameters for optimizing %HCP and macroscale coverage
independently and are consistent with existing knowledge of
the combined shear and convective nanosphere self-assembly
process, particularly, the results of Ogi et al,,>* Toolan et al.,*®
Jiang et al,>® and Reyes and Duda.”” In practice, it is desirable
to achieve high levels of %HCP and macroscale coverage
simultaneously. Comparing single-response model optimum
values in Table 1, it can be seen that some adjustment of factor
settings will be needed in order to effectively optimize both
responses. A multiple-response model can provide insights into
factor settings that provide high values of %HCP over large
substrate areas. In the multiple-response model, the same set of
parameters (including main, interaction, and quadratic effects)
is used in the linear regression models for %HCP and
macroscale coverage. Table S6 provides a list of the 21
parameters that provide concurrent maximum Rad]-2 values for
linear regression models of the two response variables (Table
S7 provides the complete list of factors for each model prior to
the application of the backward selection technique).

main effect importance =
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Diagnostic plots for both models are given in Figure S4. An
Radj2 value of 0.672 was obtained for %$HCP (corresponding to
an R? value of 0.769), only slightly less than that of the single-
response %HCP model (Figure 3). The macroscale-coverage
multiple-response model attained an R,* value of 0.843
(corresponding to an R” value of 0.889), comparable to the
single-response model (Figure 5). Significant factors are similar
for both response variables in the multiple-response models
compared to the single-response models, although the total list
of factors included in each model differs due to the joint
backward selection approach.

Multiple-response prediction profile plots (Figure 8a) show
optimized parameter settings corresponding to maximum
desirability across both response variables. %HCP and
macroscale coverage are set to equal importance in
determining optimized parameter settings; different results
may be obtained if one response is weighted more heavily than
the other. A desirability of “1” is set for maximum %HCP and
any macroscale coverage values exceeding 80% (Figure 8a,
desirability plots). These conditions were chosen to ensure
that %HCP did not suffer to obtain “perfect” macroscale
coverage; in practical applications of nanosphere lithography,
excellent self-assembly over most of the substrate is generally
preferred. Table 1 compares optimized factor settings for the
multiple-response model with those obtained for single-
response models. Factors with statistical significance for a
given response generally stayed at the values specified in that
response’s single-response model (e.g., volume and ramp rate
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values are consistent with those of the macroscale-coverage
single-response model; max rpm is consistent with the %HCP
single-response model). The MW ratio, a factor of statistical
significance for %HCP, did change from its single-response
setting for %HCP; however, prediction profile plots in Figure
8a indicate a gradual slope for both response variables versus
the MW ratio. Further explanation of this change may also be
gained from contour profile plots, as described below.
Contour profile plots (Figure 8b—d) indicate regions of
factor settings that achieve specified minimum desirability
levels. The overlap of these regions provides insights into why
certain combinations of optimal parameters exist in the
multiple-response model. The contour plot of max rpm versus
volume (Figure 8b) illustrates the tradeoff between good
solution coverage achieved at high max rpm and the need to
minimize rapid solvent evaporation or excessive shear forces
that hinder nanosphere self-assembly into ordered HCP
structures. A high solution volume at lower max rpm achieves
a compromise. Figure 8c provides a contour plot of ramp rate
versus max rpm. %HCP at the contour level indicated is more
sensitive to max rpm compared to the ramp rate. This result is
consistent with convective and shear-induced self-assembly
occurring predominantly in phase 3 of the spin coating process
(Figure 1c). In contrast, macroscale coverage is governed
primarily by the ramp rate (phase 2 of the spin coating process;
Figure 1b). A combined optimal region for both response
variables exists at high ramp rates and low max rpm; this is in
contrast to the %HCP single-response model in which a lower
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ramp rate is selected (Table 1, Figure 4a). Finally, the contour
plot of the MW ratio versus rpm in Figure 8d illustrates why a
0:1 MW ratio is used in the multiple-response model
compared to the 0.67:1 ratio in both single-response models.
Under the conditions of the optimized multiple-response
model—including maximum NS wt% (6%) and maximum
ramp rate (1000 rpm/s)—a low MW ratio is needed to
achieve predicted %HCP values >63%. This is likely due to the
need for reduced solvent vapor pressure (Figure 2) to lower
the evaporation rate under high ramp rates with high NS
concentrations. Meanwhile, the more lenient requirement of
>80% macroscale coverage can be met at any MW ratio and
max rpm combination, given the other parameter settings
indicated in Figure 8a.

B CONCLUSIONS

In conclusion, we present here the results of a 72-trial DOE for
optimizing %HCP and macroscale coverage for nanosphere
self-assembly via spin coating. The results agree well with
current understanding of convective and shear-induced self-
assembly, specifically the need for lower ramp rates and lower
max rpm to achieve high %HCP. High macroscale coverage is
achieved with higher ramp rates and greater solution volumes.
Multiple-response linear regression modeling proves useful for
selecting parameters that can produce combined high levels of
%HCP and macroscale coverage. The strength of the DOE and
regression modeling approach is apparent in the ability to set
relative importance and desirability for multiple response
variables, enabling process optimization tuned to specific
applications requiring more uniform nanosphere packing or
higher surface coverage.

While the current work provides a framework for under-
standing the relationship between the seven factors considered,
future studies are needed to explore the effects of additional
NSL spin coating parameters on the response variables.
Substrate size is an important parameter for NSL applications.
Future DOE studies are needed to examine how spin coating
factors should scale with substrate size and if/how the
observed trends in variable interactions and optimization
vary for wafer-scale substrates of 4 in. diameter and larger.
Wafer-scale uniformity of self-assembled nanospheres should
also be considered in such studies. In addition, spin coating
parameters could be correlated with specific types of defects
observed in SEM images, such as vacancies, grain boundaries,
and dislocations. The effect of nanosphere size, material, and
surface coating, and the wettability/surface free energy of the
substrate, are additional factors worthy of exploration in future
DOE studies of nanosphere spin coating.
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