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Abstract: The method of spectroscopic ellipsometry is applied to complex periodic nanomaterials,
consisting of shear-ordered polymeric nanosphere composites, with intense resonant structural color.
A corresponding multilayer optical quasi-model of the system, parametrizing the inherent degree of
sample disorder and encompassing key properties of effective refractive-index and index-contrast,
is developed to elucidate the correlation between the A and Y ellipsometric parameters and the
shear-induced opaline crystallinity. These approaches offer reliable means of in-line tracking of the
sample quality of such “polymer opals” in large scale processing and applications.

Keywords: ellipsometry; structural color; opal; polymers; optical modelling

1. Introduction

Ellipsometry is well established as an advanced optical characterization tool, by
which the key parameters of thin-film materials (such as thickness, surface roughness, and
complex refractive index) may be determined over macroscopic areas by a non-invasive,
non-destructive method, and potentially tracked in real time [1-4]. In addition to high preci-
sion metrology of monolithic planar layers of (for example) oxides in microelectronics [5-7],
ellipsometric models can be developed towards single parameter, high-throughput monitor-
ing of key processing tolerances, such as thickness uniformity and interfacial roughness, in
other thin-film manufacturing processes. This is indeed pertinent where “roll-to-roll” (R2R)
approaches may be applied, such as in large area organic photovoltaic (OPV) cells [8-10].

Amongst the many candidate smart materials and functional coatings, where ellip-
sometry could be used as an in-line monitor, are periodic optical materials with engineered
photonic and light scattering properties [11,12]. Such photonic structures are of significantly
greater optical complexity than simple dielectric layers, usually consisting of a 2D or 3D
periodicity of the order of the wavelength of light. In many manifestations, the active layer
may be considered as being a form of bulk heterostructure and, importantly, coloration
results from structural resonance rather than oscillator absorption from pigments [13-15].
Hence, a key research goal in this area is to use detailed ellipsometric studies on suitable
target materials to provide correlated measurements of optical constants, and to develop
the most appropriate and robust optical models to describe these systems.

In this paper, a suitable target thin-film material, “Polymer opals” (POs), are therefore
investigated. These consist of polymeric nanosphere composites, utilizing a core-interlayer-
shell (CIS) approach, which may be shear-ordered into large-scale flexible opals [16,17]. In
a number of our earlier reports, the emulsion polymerization synthesis of CIS particles
(see Figure 1a) with rigid cross-linked polystyrene (PS) spheres, capped by a softer poly-
ethylacrylate (PEA) shell via a poly-methylmethacrylate (PMMA) grafting layer, has been
developed [18,19]. The net refractive index contrast (An) between the PS core and PEA shell
material is therefore 0.11-0.12, with 7 ~ 1.52. Engineered approaches to generating shear-
induced ordering of the particle ensembles into characteristic random-hcp lattices have
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been a particular focus, and bending-induced oscillatory shear (BIOS [20], as illustrated in
Figure 1b) has been notably successful in producing high-quality low-defect polymer opals
with structural color resonances across the UV /visible and near-infrared regions. These
resonances are tunable both by variation of the particle size and mechano-chromically, mak-
ing POs an attractive platform for next generation coatings and R2R compatible functional
materials [21,22].

_Soft Shell - Hard Core
- PET

(d) )

Figure 1. The core-interlayer-shell structure of polymer precursor particles is illustrated in (a), with
the polystyrene (PS), poly(methyl-methacrylate) (PMMA) and poly(ethyl-acrylate) (PEA) components
as indicated. In schematic (b), the processing of particles into ordered arrays using the bending-
induced oscillatory shear (BIOS) is illustrated, as bending shear is applied to the material encapsulated
within rigid PET layers. In (c), a photographic image of a resultant thin-film polymer opal sample is
shown, which the shear-processing direction indicated by arrow. The scale bar is approximately 1 cm.
In (d), the multilayer pseudo-model used to evaluate ellipsometric constants at incident angle 6 is
illustrated, where a random disorder of 6 nm (Gaussian distribution) is introduced into A/4 layers of
alternating higher and lower refractive index (11, ny).

Here, the method of spectroscopic ellipsometry is applied to the exemplar POs sys-
tem, across a range of thin-film samples with intense resonant structural color. Building
upon earlier reported multilayer ellipsometric models of the system [23], a quasi-model
encompassing the inherent degree of sample disorder and key properties of effective
refractive-index and index-contrast is developed to elucidate the correlation between the
ellipsometric parameters and the shear-induced opaline crystallinity. These approaches
offer reliable means of in-line tracking of the sample quality, homogeneity, and engineering
tolerance of such complex periodic nanomaterials in large scale processing and applica-
tions. Other candidate technologies for non-contact in-line monitoring of POs, in various
current states of viability, might include hyperspectral imaging [24] and coherence tomogra-
phy [25,26]; ellipsometry may in future be used as either a complementary or an alternative
method to these.

2. Materials and Methods
2.1. Samples

The structurally colored polymeric opal materials used in this paper are based on
ensembles of core-interlayer-shell (CIS) particles, as synthesized at Aberystwyth University
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and Varichem Ltd., via a multi-stage emulsion polymerization process [18,27,28]. As
illustrated in Figure 1, the CIS particle precursors have a total diameter of around 220 to
250 nm, and consist of a relatively rigid cross-linked polystyrene (PS) core, coated with a
thin polymer layer containing poly(methyl-methacrylate) (PMMA) as a grafting agent, and
a soft poly(ethyl-acrylate) (PEA) outer-shell. The particular batch of “green opal” used here
has been widely characterized previously as having a mean CIS diameter of 223 nm with
a poly-dispersity of better than 1% size variation [17,28]. The fractional refractive index
contrast between core and shell material (An/n) is ascertained to be ~0.07, with the volume
fraction of PS core particles in the material set at about 50% by the initial reaction mix
composition. The average index (7) is independently determined as being 1.52, by sample
refractometry [27]. A MiniLab mini-extruder (Haake, Technik, Vreden, Germany) was used
at a temperature of 150 °C to melt-homogenize the material and to produce extrudate
ribbons of thickness 1 mm.

Film samples for ellipsometric studies are then produced via the BIOS process. The
ribbons are roller-laminated between two pre-cleaned PET sheets at 80 °C, giving a polymer
opal thin film of ~150 pm thickness in a “Timoshenko sandwich’ arrangement between the
sheets (Figure 1b). The sandwich beam was then drawn over rollers of 2 cm diameter, at a
stabilized temperature of 85 °C and shear-rate ~ 1 cm s~!. Multiple samples were generated
varying the number of BIOS shear passes between 0 and 40, in order to investigate the
effects of improving particle ordering. After processing, the opals have a characteristically
brilliant blue—green iridescence (Figure 1c), and can then be readily peeled away from
the PET tapes to produce free-standing films as required. Experimental and micrographic
determinations of the physical mechanisms of BIOS shear-ordering, and the resultant
structural ordering metrics, have been extensively reported on [17,28,29] and theoretically
elucidated elsewhere [30], and these issues are thus not a focus of the present paper.

2.2. Ellipsometry

The polarimetric response of the PO samples is measured using a Woollam RC2 spec-
troscopic ellipsometer instrument and with the BIOS processing direction (see Figure 1c)
aligned parallel to the plane of incidence-detection. As per standard, ellipsometry measures
the complex reflectance ratio (p) of the films at an incidence angle of 6;, parametrized by
the amplitude component (¥) and the phase difference (A). By definition and convention,

T .
p=-"L =tan¥-e?, (1)
s
where r, and 75 are the reflectance amplitude coefficients in the p- and s-polarizations of inci-
dent light, respectively [31]. With p being measured across a spectrum from A = 210 to 1660 nm,
it is then possible to determine the parameters as a function of wavelength; ¥(A) and A(A).

2.3. Modelling and Simulation

We note that there are marked differences between the approach used here for the
structurally colored periodic arrays and those standard methodologies used for dielectric
layers with resonant oscillator absorption (e.g., Drude model) [32].

To further elucidate the roles of both order/disorder and index-contrast in the po-
larimetric properties of POs, we have developed an optical multilayer quasi-model of the
opaline structures, as developed from our earlier studies of the development of structural
color [33]. Previous characterizations of POs have repeatedly confirmed the intuitive pack-
ing of the (111) plane at the top surface next to the PET laminate, and the subsequent
stacking/layering normal to the plane. Hence representing the in-plane periodicity of
the opals, rather than their exact three-dimensional structure, the model thus consists of
non-absorbing A/4n layer-pair stacks of the high and low n components giving resonant
reflectivity at central Ay corresponding to the experimental data, as illustrated in Figure 1d.
Whilst the quasi-model focuses on generic matching to optical properties; as a rough con-
sistency check when A¢ = 560 nm, we can compare the implied PS layer of thickness 89 nm
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to the core particle radius of 85 nm and the implied PEA layer thickness of 95 nm to the
shell-to-shell thickness of ~80 nm.

Coherent superposition at the reflectance peak is disrupted by the cumulative phase
shifts from thickness fluctuations (disorder) since the light penetrates to depths of
10-100 layers in such low An systems (i.e., Bragg length, Lg). Indeed, the model is re-
stricted to 15 alternating pairs of layers, which corresponds to a total depth of around
3 microns, which is safely beyond the values for Lg, as calculated in our earlier simulation
reports [28]. The layers are also modified to have an inbuilt disorder, whereby there is a
Gaussian-distributed thickness variation of width (standard deviation) §, which accounts
for deviations from perfect crystalline order within the photonic crystal. As a quantita-
tive example, a value of 6 = 15 nm for A/4 layer thicknesses of 150 nm would represent
a fractional disorder of 10%, and so on. The reflectivity amplitudes (r, and 7;) of these
model structures are calculated at specified angles of incidence using a transfer-matrix
method averaged over many cycles [34], and the ellipsometric parameters, A and Y, are
then determined across the spectral using the standard definitions as above. In order to
give meaningful outputs that are representative of the time- and spatially-averaged bulk
properties, we apply a “Monte-Carlo” type approach to average out the inherently chaotic
variations over a number of cycles/iterations, until an acceptably stable and reproducible
output is reached.

Whilst both & and refractive-index contrast, An, may be varied within this model,
the values of the effective refractive index (77 ~ 1.52) and An (~0.02) may be set based on
the semi-empirical micrographic analysis from Zhao et al., whereby the periodicity and
amplitude in the An contrast have been ascertained as a function of sample depth [17,29].
This value of An is lower than the notional nps—7pga value, on account of how the layer-
by-layer stacking of the intercalated spheres translates into the one-dimensional interlayer
model. The parameter § may then be varied in order to match the simulated ellipsometric
parameters with the experimental data, and this is seen to give realistic spectral profiles
with Lorentzian FWHM values of 50-60 nm. The fitting of these simulated outputs to
appropriate analytical functions is detailed below in the Section 3.

3. Results
3.1. Experimental Ellipsometry

Experimental spectroscopic data showing ellipsometric parameters delta (A) and psi
(¥) are shown in Figure 2. In each case, broad resonant features are seen around the
structural colour peak at A ~ 460 nm (6; = 50°). The sharpness and intensity of these
features, as inferred from a Lorentzian FWHM fitting of ¥(A), increases markedly as the
structural order is improved by BIOS processing (Table 1); and the effect of sequential
ordering up to 40 BIOS shear-cycles is evident.

Table 1. Comparison of experimental and simulation outputs relating to the ¥(A) and A(}) ellip-
sometric parameters for the range of samples studied, with one-sigma confidence intervals. The
corresponding nearest matching Gaussian disorder factor is listed in each case.

Y A
Samol Experimental Simulation Experimental Simulation F ]t)l:(;rig (st)Fit
ampie FWHM (nm) FWHM (nm) FWHM (eV) FWHM (eV) actor ror bes
(£0.5 nm)
0-BIOS 48.5 (+1.7) 47.9 (+0.6) 0.298 (+0.034) 0.351 (+0.004) 19
5-BIOS 28.8 (+1.6) 28.3 (+0.3) 0.166 (+0.017) 0.124 (+0.002) 10
20-BIOS 19.6 (£1.5) 18.7 (£0.2) 0.066 (40.005) 0.086 (4-0.003) 4
40-BIOS 22.6 (+3.5) 20.2 (+0.1) 0.077 (+0.011) 0.097 (+0.003) 5
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Figure 2. Experimental data showing ellipsometric parameters delta (A, left) and psi (¥, right) as a
function of wavelength. Results from polymer opal films with 0, 5, 20, and 40 BIOS shear processing
steps are shown in (a—d), respectively.

A notable artifactual feature in these spectra is the periodic modulation phenomena
at the long wavelength end (near-IR). The wavelength spacing of these fringes (of order
30 nm) is indicative of thin-film interference from structures of thickness order tens of
microns, and amplitudes apparently become more pronounced as the BIOS processing
of samples is increased. Additionally, all samples show absorptive behaviors at the short
wavelength end, well above the structural color feature.

3.2. Simulation

As an illustration of the simulation outputs, Figure 3 shows the ellipsometric param-
eters A(A) and Y(A) at incidence angle 0 = 50° and with low disorder (6 = 0). In order to
extract parameter metrics from these simulations which can be meaningfully compared to
experiments, appropriate fitting functions were developed for the A and ¥ plots vs. wave-
length (or frequency/energy). The parameter ¥ may be conveniently fitted to a Lorentzian
resonance lineshape

Y(w) =yo+ 2

(w—wy)*+ B’
where the ratio of constants A/B is indicative of the amplitude of resonance at wyp, and
the FWHM may be evaluated as 2v/B. As per the expected Kramer-Kronig consistent
relationship between the Lorentzian ¥ spectrum and the dispersive A spectrum [35], these
metrics may also be extracted from a fitting, thus

ey = 2 ®)
- (w-wy)

Particularly within these conditions of low disorder, the simulations also show the
periodic modulation phenomena, with some similarity to the effects noted experimentally.
However, the fringes here tend to occur over the entire wavelength range, rather than
being prominent only in the infra-red end of the spectrum. At wavelengths outside of
the resonance condition, this overall structure presents a dielectric layer, which is around
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3 microns thick, and where interference phenomena may arise from the reflections at
the substrate and superstrate interfaces. The disorder uncertainly introduced at higher
values of § causes the fringing to become less pronounced (as is also seen in the experi-
mental data trends). A rough calculation of thickness L, based on the spacing of fringes
(AA) being 50 nm in the near-IR at 900 nm, and taking into account the refractive index
7 of 1.52 and incidence angle of 50°, gives L = A%sinf;/2nA\ = 3.4 microns, which is
acceptably close to the notional value. The fringing in the experimental data (Figure 2)
shows a tighter arrangement with smaller AA, reflecting the greater thicknesses of the “real”
sample structures.

- 20
300 —
250 - 10
o )
S 200 @
© /\\//‘\v — | 03
= 150 - @
[1}] w
3 Q
100 | 10
50 —
- .20

T T T T T T
400 500 600 700 800 900
wavelength (nm)

Figure 3. Simulation outputs showing ellipsometric parameters delta (A, left) and psi (¥, right) as a
function of wavelength at incidence angle 6 = 50° (5 = 0, An = 0.02, 250 iteration cycles). The corre-
sponding fitting functions used to determine the Lorentzian height and FWHM are superimposed on
the A and ¥ plots.

To attain a perspective of how the global simulation inputs can be varied to achieve a
matching with the experimental data, in Figure 4, simulation outputs of line fitting of the
ellipsometric parameters at spectral resonance are shown as the refractive index contrast
(An) and Gaussian disorder factor () are varied. As expected, increasing An leads to a
sharper optical resonance, with increasing amplitude and commensurate narrowing, which
are both a strong function of An in the pertinent 0.15-0.25 range (Figure 4a). Increasing
b rather has the effect of reducing the resonance amplitude and increasing the linewidth
(Figure 4b). As 6 increases past around 25 nm (corresponding to a fractional layer-thickness
variation of 27%), the spectral feature can no longer be clearly discerned.

20 - 35 100 -
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Index contrast (An) Order parameter, & (nm)

Figure 4. Simulation outputs of Lorentzian line fitting of the ¥ ellipsometric parameter at spectral
resonance. In (a), refractive index contrast (An) is varied for a model structure where the Gaussian
disorder factor is held constant at 5 = 10 nm. In (b), similar simulation outputs are displayed as 5 is
varied for a model structure where An is held constant at 0.02. Transfer matrix models are averaged
over 150 cycles, and indicative smoothing-spline fits are added to each of the plots.
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3.3. Matching of Data to Simulation Outputs

In Table 1, some comparisons of the experimental data and the simulation derived
optical resonances are given, with the values 77 = 1.52 and An = 0.02 being fixed in the
model, as described above. It can be seen how the parameter 6 may be varied across a
range of 4 to 19 nm (or 5-21% of average A/4-layer thickness) to iterate to a close fit for
each of the sample groups studied. Of note, is the marked decrease in the  value of best fit
between the relatively disordered “0-BIOS” samples and the BIOS shear-ordered 5-BIOS
and 20-BIOS samples. Beyond ~20-BIOS passes, these well-ordered samples no longer
show a strong variation in terms of the optimized & parameter; indeed, in line with earlier
reports [28], there are some indications of degradation in the surface ordering quality with
the continued application of shear-ordering beyond equilibration.

Note that the simulations by their nature do not give us an analytical /formulaic output
that can simply be fitted to data. However, Figure 5 shows the confirmatory corresponding
matching of experimentally measured and fitted ellipsometric parameters of ¥ and A as a
function of photon energy with the outputs from simulation models as per Table 1. These
show a reliable qualitative agreement of functional trends for all the cases studied, and also
a good quantitative fit, in terms of the Lorentzian derivative amplitude, for samples where
BIOS had been applied.

260 — 240 —
(a) ° 40 BIOS
2404 220 = 5="5nm
220 — 200 —
D 180 -
o 180
Z 160
< 140 -
—— Data 120 —— Data
—— Simulation 100 — (C) — Simulation
IIllIIIIIIIIIl!IIIIII BU |||r'||r|r'||||r'||1|r'||||r
15 2.0 25 3.0 35 40 15 20 25 30 35 4.0
Energy (V) Energy (eV)
o] (b) NRC)
240 - d=4nm 230 a=5nm
= 220 5 300 o
@ 200 — @
E 180 - E 180 o
< <1 160
160 o
1404 —— Simulation 1404 —— Simulation
120 - — Data fit 120 < —— Data fit

LI B B B B B B B B B S B N B LJNNL N B B I B B B LN B B LR R

5 1 2 3 4 5

1 3 4
Energy (eV) Energy (eV)

Figure 5. Comparisons of the experimentally measured ellipsometric parameter A as a function of
photon energy with the outputs from simulation models shown in (a) for 20-BIOS and in (c) for
40-BIOS, as indicated. The corresponding matching of the resultant Lorentzian data fitting with the
simulations are also shown in (b) for 20-BIOS and in (d) for 40-BIOS.

4. Discussion and Conclusions

In summary, the method of spectroscopic ellipsometry is applied to the exemplar
of the BIOS shear-assembled polymer opals system, across a range of thin-film samples
with intense resonant structural color. A corresponding multilayer optical quasi-model
of the system, encompassing the inherent degree of sample disorder and key properties
of effective refractive-index and index-contrast, is developed to elucidate the correlation
between the ellipsometric A and ¥ parameters and the shear-induced opaline crystallinity.

The reported simulations give reliable outputs and predictive trends across the wide
range of sample parameter space explored. Using empirically derived values of 77 and An,
the variation in the bulk ordering of samples may be effectively and reproducibly tracked
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within the model via a Gaussian disorder parameter. Fitted matching of the experimentally
measured ellipsometric parameters with the outputs from simulation models show a
reliable qualitative and quantitative agreement for all the cases studied.

Improved ellipsometric models of structurally colored materials may be also be further
applied to imaging ellipsometry methods to provide spatially correlated measurements of
optical constants associated with the layers under study [36,37]. With application to large
area applications and high-throughput processing, these approaches thus offer reliable
means of in-line tracking of the sample quality, homogeneity, and engineering tolerance of
such complex periodic nanomaterials.
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