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at the air/film interface can control diffuse reflection by 
omnidirectional scattering of light.[9–12] This concept has 
been realized via fabrication of diffuse reflectors through 
vacuum deposition of metals,[13] as well as via 3D lithog-
raphy techniques.[14] Similarly, surface-roughened nano-
structures can enhance the efficiency of light extraction 
in LED devices.[15–18] Other methods involve the use of 
nanoparticle assembly on polyelectrolyte multilayers 
to enhance diffuse reflectance.[19] However, all of these 
methods are relatively expensive for large-scale production 
of diffuse reflectors. Hence, a self-assembly technique that 
offers control over surface feature dimensions would be 
a desirable alternative to control diffuse reflectance. This 
is not unlike use of self-assembly processes such as block 
copolymer phase separation[20–22] and polymerization- 
induced phase separation[23] for optical applications. 
Indeed, polymer-blend-based nanopillar morphologies 
were recently studied for their applicability to LEDs.[24,25] 
In this regard, phase separation in polymer blend films 
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studied. Temperature-induced spinodal phase separation of polymer blend films in which 
one of the components is selectively extracted is shown to exhibit enhanced surface rough-
ness as compared to unextracted films, leading to a notable increase of diffuse reflectance. 
Diffuse reflectance of UV–visible light from such selectively leached phase-separated blend 
films is determined by a synergy of varying lateral scale of phase separation (≈200 nm to 
1 μm) and blend film surface roughness (0–40 nm). These critical parameters are controlled 
by tuning annealing time (0.5–3 h) and temperature (140, 150, 160 °C) of phase separation. 
Angle-resolved diffuse reflection studies show that the surface-roughened polymer films 
exhibit diffuse reflectance up to 40° from normal inci-
dent light in contrast to optically uniform as-cast films 
that exhibit largely specular reflectance. Furthermore, the 
intensity of the diffusively reflected light can be enhanced 
(300–700 nm) or reduced (220–300 nm) significantly  
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1. Introduction

Diffuse reflectors are used in numerous applications such 
as the back-lit units of liquid crystal display panels[1] 
(LCD) to enable uniform distribution of light, light emit-
ting diodes[2–5] (LED) to enhance light extraction efficiency, 
solar cell devices[6,7] to increase light trapping, and in coat-
ings[8] to reduce gloss. Surfaces with controlled roughness 
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may be a useful self-assembly approach, as the length 
scales of phase separation in polymer blends can span the 
full range of optical wavelengths, making them suitable 
for artificially inducing diffuse reflectance from polymer 
films. Notably, a key advantage is that a polymer blend 
thin-film-based diffuse reflector fabrication technique is 
advantageous because it is compatible with a roll-to-roll 
(R2R) process, facilitating large-scale processing for future 
flexible electronic applications.

Spinodal dewetting and decomposition in polymers 
has been used to obtain patterned substrates and genera-
tion of hierarchial meso, macroporous carbon.[26,27] How-
ever, little is known about the optical activity of phase-
separated structures through spinodal decomposition 
that produce nanoroughened polymer blend films over a 
wide range of scale of phase separation.[28,29] The aim of 
this study is to understand and correlate the specular and 
diffuse reflectance of spinodally phase-separated polymer 
blend thin films with thermal processing parameters. 
Phase separation in polymer blend films depends on the 
interaction parameter between the polymer blend com-
ponents and annealing conditions, including thermal 
quench depth relative to phase boundary and annealing 
time,[30] finite size effects of film thickness,[31] preferential 
substrate interactions of polymer blend components,[32] 
quality and volatility of casting solvent, and interactions 
with substrate and blend components.[33] Temperature-
induced phase separation of polymer blend films, after 
which one of the constituents is selectively removed after 
phase separation, offers a promising route to impart sur-
face roughness. For example, phase separation in a lower 
critical solution temperature deuterated-polystyrene/
polyvinylmethylether system and upper critical solution 
temperature (UCST) polystyrene/polymethylmethacrylate 
(PS/PMMA) polymer blend thin films results in surface 
roughness that, in turn, depends on annealing condi-
tions.[30,34] We used PS/PMMA as a model system in this 
study because phase separation in PS/PMMA blend films 
is extensively studied,[30,31,35,36] and it exhibits UCST.

2. Experimental Section

2.1. Materials, Film Casting, and Imaging

3 wt% PS (Mn: 10.5 kg mol−1; polydispersity index (PDI): 1.3) 
and PMMA (Mn: 3.1 kg mol−1; PDI: 1.09) solutions in toluene 
were mixed in the ratio of 40 wt% PS:PMMA, i.e., PS is 40 wt% 
of PMMA. These PS/PMMA (upper critical solution temperature, 
UCST is 450 K as estimated from Flory–Huggins Theory[37,38]) 
blend films of nominally 100 nm average thickness were cast on 
cleaned silicon wafer (2 h of ultraviolet–ozone treatment) using a 
custom-built flow coater.[39] The molecular weight and composi-
tion of the polymer blend were chosen based on a previous study 
on fabrication of phase-separated polymer blend structures via 
spinodal decomposition.[40] The polymer films were coated with 

silver using Emitech K575x Turbo sputter coater. The optical con-
stants of a 100 nm thick PS and PMMA film were determined 
using a spectroscopic ellipsometer (M-2000, J.A. Woollam). Sur-
face morphology of the films was characterized using tapping 
mode in Dimension Icon Atomic Force Microscope (Bruker, AXS). 
Optical images were taken with Canon PowerShot SX60 HS dig-
ital camera with Raynox DCR-250 Super Macro Snap-On Lens and 
Bestlight® 48 LED Macro Ring Light. Samples were fixed on a rotat-
able stage, the tilting angle of the stage was measured by Wixey 
Digital Angle Gauge (WR300 Type 1) before photos were taken.

2.2. UV–Visible Spectroscopy

Normal specular reflectance of the films was measured using 
a CRAIC AX10 microspectrometer (CRAIC Technologies Inc. 
15× objective). Reflectance measurements were normalized 
using a white Teflon standard. Diffuse reflectance was measured 
using an integrating sphere (AvaSphere-50-REFL) with a black 
gloss trap to exclude specular reflectance. All reflectance meas-
urements were taken as percentages relative to a diffuse white 
standard (WS-2, Avantes). Angle-resolved diffuse reflectance 
was measured using a spectrometer equipped with two fibres 
that rotate independently from one another; one fibre was con-
nected to a light source (AvaLight-XE pulsed xenon light) and the 
other fibre (detector) to a spectrometer (AvaSpec-2048 spectrom-
eter, Avantes Inc., Broomfield, CO, USA). Reflectance was meas-
ured between 300 and 700 nm at varying angles (15°–40°) from 
normal incidence (in order to elucidate optical activity in the 
UV–visible region). Specular and diffuse reflectance values of the 
films reported in the figures include the area under the reflectance 
curve in the wavelength region 300–700 nm in the spectral plot.

3. Results and Discussion

3.1. Preparation of Surface-Roughened Polymer Films

A schematic of preparation of thermally surface-rough-
ened PMMA film (SRPF) on silicon substrate comprised of 
spinodal-like phase-separated structures of PMMA and 
air starting from as-cast PS/PMMA blend film is shown 
in Figure 1a. The as-cast film (ACF) consisted of kineti-
cally trapped nonequilibrium morphology because of 
the rapid evaporation of the solvent and random distri-
bution of PS nanophase in the PMMA matrix (Figure 1a; 
Figure S1, Supporting Information). Notably, at micron 
resolution, such films were uniform in-plane, although a 
silicon substrate wetting layer of PMMA can be expected. 
Upon thermal annealing (thermally annealed film, TAF), 
the PS and PMMA blend components of the film phase-
separated through spinodal decomposition, leading to 
limited roughening of the blend film surface (Figure 1a).  
In-plane phase separation is largely responsible for the 
increased roughness of the film. Immersion of these TAFs  
in cyclohexane selectively removed the PS phase, leaving 
behind structures comprised of PMMA, and air in place of 
the PS phase (Figure 1a). Polar interactions between PMMA 
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and hydrophilic silicon substrate presumably enhanced  
the PMMA wetting layer, which is evident from the 
nanoscale roughness of the valleys between elevated 
PMMA domains, while both the polystyrene and polym-
ethylmethacrylate components were present near the pol-
ymer–air interface. TAFs consisted of two interfaces: (1) a 
polymer blend film–air interface and (2) PS–PMMA inter-
face within the blend film. Selective removal of the PS 
phase from the thermally annealed phase-separated PS/
PMMA polymer blend film (TAF) enhanced both surface 
roughness (Figure 1b), and presumably internal film 
porosity. Consequently, these highly porous and SRPF are 
15 and 60 times rougher than TAF and ACF, respectively 
(Figure 1b). The refractive-index contrast for the PS–PMMA  
interface is nPS −nPMMA = 0.066, where n is refractive index in 
TAFs, while nPMMA −nair = 0.5 for PMMA–air interface in SRPF 
at 580 nm (Figure S2, Supporting Information). A fast Fou-
rier transform (FFT) of the atomic force microscope (AFM) 
images of these SRPF film images indicate an isotropic 
phase-separated surface morphology (inset in Figure 1a).

3.2. Impact of Surface Roughening on Specular and Dif-
fuse Reflectance

Optical images of the films taken at normal incidence under  
diffuse incident white light demonstrated that the bright-
ness of SRPF films was higher than that of as-cast and ther-
mally annealed films (Figure 1a). We then measured the 
normal specular and diffuse reflectance (in the wavelength 
region 300–700 nm) of films that were annealed at 150 °C 
for 2 h (Figure 1b). Surface-roughened PMMA films exhib-
ited lower normal specular and higher diffuse reflectance 
when compared to as-cast and thermally annealed films, 
because of its rougher surface. ACF and SRPF films exhib-
ited diffuse reflectance of 12.6% and 19%, respectively, 
relative to the white standard used (Figure S3, Supporting 
Information).

Since the surface roughness of the films in this 
case is less than the wavelength of the incident light 
(300–700 nm), the films were considered relatively 
smooth or slightly rough. We used the Beckmann and 
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Figure 1. a) Schematic representation of phase separation in PS/PMMA blend film leading to surface-roughened PMMA film (SRPF) com-
prising of PMMA and air (first column). 3D representation of atomic force microscopic (AFM) images (second column) and optical images 
(third column) of as-cast (ACF), thermally annealed phase-separated PS/PMMA blend film (TAF), surface-roughened PMMA film (SRPF). Scale 
bar is 5 mm for optical images. b) RMS surface roughness of as-cast (ACF), thermally annealed (TAF), and surface-roughened PMMA films 
(SRPF). c) Normal specular and diffuse reflectance in the wavelength region 300–700 nm region of the ACF, TAF, SRPF that were annealed 
at 150 °C for 2 h.
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Spizzichino diffuse reflectance model[41] (B–S DRM) as a 
reasonable estimate for diffuse reflectance of surface-
roughened PMMA films. The intensity of reflected light 
from a smooth or slightly rough surface according to B–S 
DRM is given by the following equation
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reflected light with local angle of incidence and reflection 
being θi and θr, respectively. Rrms,λ, T, vx, and vy indicate 
RMS surface roughness, lateral scale of phase separation 
(in this case), wavelength of incident light, and velocity of 
incident light in the X- and Y-directions, respectively. The 
first term in Equation (1) corresponds to a specular spike 
indicative of specular reflection, whereas the second 
term corresponds to a specular lobe indicative of diffuse 
reflectance. Hence, the increase in diffuse reflectance 
with increase in surface roughness for normal incidence 
of light from as-cast and thermally annealed to surface-
roughened PMMA films is in agreement with the B–S 
DRM predictions (Equation (1)).

The effect of casting solvent (toluene, chloroform, and tet-
rahydrofuran) on phase-separated film morphology and fur-
ther on diffuse reflectance is shown in Figure S4 (Supporting 
Information). The morphology of the phase-separated PS/
PMMA blend films varied somewhat with casting solvent.[33]

3.3. Impact of Annealing Conditions on Scale of Phase 
Separation

The lateral scale of phase separation (λ) increased with 
annealing time from 0.5–3 h (Figure 2a) at a constant 
annealing temperature (150 °C). The increase in λ of PS/
PMMA blend films with annealing time can be attributed 
to the late-stage coarsening process in polymer blend 
phase separation. The 2D FFT of the phase-separated struc-
tures (inset of Figure 2a) showed that they are isotropic. 
Along with λ, the root-mean-square surface roughness 
(Rrms) of SRPFs varied with annealing time.

The lateral scale of phase separation (λ) also increased 
with greater annealing temperatures, which is in 

congruence with deGenne's theory[42] that the domi-
nant wavelength of phase separation in polymer blends 
is related to thermal quench depth (ε = |Ts −T|, where Ts is 
spinodal temperature and T is annealing temperature) as 
per the following equation (2)

λ ε= −1/2  (2)

As annealing temperature increased, thermal quench 
depth of polymer blends decreased because of UCST 
behavior of PS/PMMA blend resulting in longer wave-
length fluctuations, i.e, higher λ (Figure 2b). Films 
annealed at 160 °C for 2 or 3 h had droplet-like mor-
phology and were not studied further. Roughness of 
surface-roughned PMMA films also varied with lateral 
scale of phase separation (Figure 2c). The value of “As” 
(=λ × Rrms) varied with annealing time and temperature 
(Figure 2d). Therefore, annealing temperature and time 
can precisely control domain spacing and surface rough-
ness. Governing equations for the phase separation in PS/
PMMA blend films studied are given in the Supporting 
Information.

3.4. Impact of the Scale of Phase Separation on Specular 
and Diffuse Reflectance

Normal specular reflectance of SRPFs decreased and dif-
fuse reflectance increased with greater surface area, 
As = λ × Rrms, wherein λ values ranged from 150–1000 nm 
and the corresponding Rrms values ranged from 1–40 nm 
(Figure 2e). Since it was difficult to decouple the effect 
of lateral scale of phase separation (λ) and RMS surface 
roughness (Rrms), the value of “As” is taken as an approxi-
mate quantitative measure of the “rough surface area” 
from which diffuse reflectance took place. Diffuse reflec-
tance of SRPF varied from 13% to 20% with change in sur-
face area from 4800 to 25 800 nm2 (Figure S6, Supporting 
Information). Therefore, by precisely controlling the lat-
eral scale of phase separation and surface roughness of 
polymer films, we can control both specular and diffuse 
reflection.

The term λ= λ− −H e geg 2 2

 in Beckmann–Spizzichino dif-
fuse reflectance model (Equation (1)) incorporates both 
the lateral scale of phase separation and surface rough-
ness (in this study) and determines the diffuse reflectance 
from slightly rough surfaces. Experimental (measured) 
diffuse reflectance increased with greater surface area 
As for SRPF, and followed a similar trend as theoretical 
diffuse reflectance (H × 104) in this study, thus agreeing 
with the B–S DRM (Figure 2e). Phase-separated surface-
roughened films with an adhesion layer, as provided by 
the wetting PMMA layer in this case, may be applied as 
optical adhesive diffusers[43] that can be used in LCDs or 
LEDs.

Macromol. Rapid Commun. 2017,  ,  1600803
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3.5. Impact of Silver Coating on Diffuse Reflectance

Diffuse reflectance of visible light was further enhanced 
by coating surface-roughened PMMA films with a thin 
metal overlayer (silver in this study), as high reflectance is 
desirable for practical applications and reflectance from 
polymer–air, polymer–polymer interfaces is limited, as 
refractive indices of most of the polymers range from 1.44 to 
1.58. However, most of the metals have higher refractive 
indices than polymers. SRPFs (annealing temperature: 
150 °C, annealing time: 2 h) were deposited with a 4.6 ± 
2.2 nm thick silver layer, denoted by surface-roughened 
silver film (SRSF). Prior to AFM and diffuse reflectance 
experiments after silver deposition, silver would have con-
verted to silver oxide due to oxidation of silver; nominally 
silver here refers to silver oxide as well. Here, we want to 

demonstrate the idea that materials with higher refractive 
index (RI) exhibit higher diffuse reflectance, e.g., silver or 
silver oxide here. The silver coating did not affect the surface 
morphology of the film (Figure 3a,b) but reduced the sur-
face roughness of the SRSF compared to that of SRPF due to 
a planarizing effect (Figure 3c). The silver coating enhanced 
the intensity of the (diffuse) light by 2.16 times as compared 
to uncoated, leached blend films (Figure 3d) in the wave-
length region 300–700 nm. This is because refractive index 
contrast for silver–air interface is greater than the PMMA–
air interface in the wavelength region of 300–700 nm (local 
surfaces with normal incidence of light) and is responsible 
for the increase in intensity of reflected light. For example, 
RI contrast between PMMA–PS (in TAF), PMMA–air (in 
SRPF) interface is nPS − nPMMA = 0.066, nPMMA − nair = 0.5  
(at 580 nm), respectively, and is lower than RI contrast 

Macromol. Rapid Commun. 2017,  ,  1600803

Figure 2. a) AFM height images of surface-roughened PMMA films (SRPF) that were annealed at 150 °C for different annealing times. Inset 
shows the fast Fourier transform (FFT) of the corresponding AFM images. b) Impact of annealing conditions (time and temperature) on 
lateral scale of phase separation (λ) in SRPF. c) Variation of RMS surface roughness (Rrms) with lateral scale of phase separation (λ) in SRPF. 
d) Impact of annealing conditions (time and temperature) on rough area “As” (=λ × Rrms). e) Normal specular, experimental, and theoretical 
diffuse reflectance (H = e−gλ2ge−λ2, based on Beckmann–Spizzichino diffuse reflectance model for slightly rough surfaces) of SRPF with 
varying rough area “As”.
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between silver–air interface (nsilver − nair = 2.97 at 580 nm) 
in SRSF.

3.6. Angle-Resolved Diffuse Reflectance

Angle-resolved diffuse reflectance of surface-roughened 
PMMA films varied with surface area As for normal inci-
dence of light (azimuthal angle is constant in this case) 
(Figure 3e). The spectral dependency of SRPF is shown in 
Figure S7 (Supporting Information). The intensity of dif-
fusively reflected light depended on angle of observation 
(studied up to 40° from normal incident light direction) 
and increased with increase in “As”(Figure 3e), thus placing 
it under the category of non-Lambertian surfaces (in a 
Lambertian surface, light is reflected uniformly in all the 
directions and vice versa). Nonuniform diffuse reflectance 
is observed in those cases where reflectance primarily 
depends on the surface structure. The Beckmann and 

Spizzichino diffuse reflectance model (Equation (1)) also 
suggests that for normal incidence of light, intensity of 
reflected light depends on angle of observation. Therefore, 
we understand that light diffusivity can be imparted to the  
films and can be controlled by incorporating varying degrees 
of surface roughness and lateral scales of phase separation, 
parameters that can control the intensity of the diffusively 
reflected light. Furthermore, silver coating enhanced reflec-
tance of SRPF in the 300–700 nm wavelength region as 
compared to uncoated surface-roughened polymer films  
(Figure 3f). Notably, in the wavelength region of 
220–300 nm, we see a lower reflectance from silver-coated 
film compared to uncoated film that is related to the extinc-
tion coefficient of silver (220–300 nm wavelength region) 
(Figure S2, Supporting Information). It is interesting to 
note that at 40° from surface normal, the intensity of diffu-
sively reflected light from silver-coated film decreased with 
increase in angle of detector (Figure 3g).

Macromol. Rapid Commun. 2017,  ,  1600803

Figure 3. AFM height images of (a) surface-roughened PMMA (SRPF) and (b) surface-roughened silver (SRSF) films, respectively, that were 
annealed at 150 °C for 2 h. RMS surface roughness and diffuse reflectance of (c) SRPF and (d) SRSF. Angle-resolved diffuse reflectance of 
(e) surface-roughened polymer films (SRPF) at various rough areas (As). (f) Surface-roughened PMMA (SRPF) and surface-roughened silver 
(SRSF) films that were annealed at 150 °C for 2 h in the wavelength region 220–300 nm and 300–700 nm. (g) Optical images of SRPF and 
SRSF corresponding to the graph in panel (f) that were annealed at 150 °C for 2 h. Scale bar is 5 mm for optical images.
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4. Conclusions

In summary, these are the first reports of the optical 
activity of spinodal phase-separated nanoroughened 
polymer blend thin films. The blend is comprised of  
PS/PMMA derived PMMA/air films analogous to porous 
phase-separated structures in nature. Our studies dem-
onstrated that nanoroughened PMMA films exhibited 
enhanced diffuse reflectance relative to as-cast and 
thermally annealed phase-separated films that are rela-
tively smooth. The diffuse reflectance increased with 
greater surface-roughened area as controlled by phase 
separation parameters. Coating the surface-roughened 
PMMA film with a thin conformal silver coating further 
enhanced (300–700 nm) and attenuated (220–300 nm) 
the intensity of diffuse reflection. Angle-resolved diffuse 
reflectance showed that the light is reflected in a nonuni-
form fashion at various angles from the incident normal, 
classifying it as a non-Lambertian surface. These films 
may be useful as diffuse reflectors in, for example, solar 
panels.

Supporting Information

Supporting Information is available from the Wiley Online 
Library or from the author.
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