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Abstract: We have investigated the optical scattering characteristic of the air-void micro-structure of
air-voids of the porous polyimide (PI) layer prepared from a simple polyimide-precursor coating and
the immersion precipitation method. For the careful control or tune of the generated pore-structure,
the content of polar aprotic solvent in polar protic non-solvent bath was adjusted during the
pore-generation process. To account the correlation between the generated micro-structure of a
porous polymer layer and its optical scattering property, the optical haze values were calculated and
compared with the measured total transmittance and diffuse transmittance values. And the calculated
average optical haze value decreased from 0.88 to 0.53 as increasing the content of polar aprotic
solvent in the coagulation bath. In addition, the light scattering mechanism was proposed for a
prepared porous polymer film consisting of air-voids inside the polymer media and the rough surface
at the ambient interface. Finally, for an analytical explanation, we also introduced Mie scattering and
Scalar surface scattering which explains the light scattering inside pore structure as well as at the
rough surface, respectively. Based on our systematic approach, it can be said that the net power of
light scattering was the sum of Mie scattering and the surface scattering.
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1. Introduction

The optical scattering phenomena have been widely applied on the conventional optics or
optoelectronic devices, such as general solid state lightings, photovoltaic panel, smart windows, and
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displays [1-5]. Normally, conventional light scattering layer is consisted of high-index nano- or
micro- particles on the surface or inside the polymer media, which act as a random optical interaction
media of different composites with different refractive indexes [1,2,4]. Resulting from changes of
light path through a medium which contains over two different materials, the collective rays from
those light scattering films provide the uniform angular distribution in both optical power and
luminescent spectrum [2,6]. Recently, an alternative optical scattering layer based on the porous
structure has been studied from many research groups; these porous layers utilize the index contrast
between the media material and the air void [7-9]. Compared with the conventional light scattering
layers, the porous scattering layer can have advantages in terms of enhanced uniformity of power
distribution and color stability, because air voids do not have in-situ absorption and the index
contrast between an air void and a media material is relatively high. Moreover, a porous polymer
layer has attracted lots of interest due to rising demand for manufacturing cost reduction. Koh et al.
reported the porous polymer scattering layer via high index contrast between polyimide (Kapton
with n ~ 1.7) and air voids (n ~ 1.0) [10]. In this research, using a simple coating process and the
immersion precipitation method, uniform and scalable porous scattering films were prepared and
introduced to OLEDs. We also have reported that porous polyimide scattering layers without any
frustrating laminating process, where a proper choice of a polar aprotic solvent during immersion
pore-generation process allowed us to prepare porous micro-structures with uniform pore-size and
controlled pore-shape [11]. Although there have been reported various benefits and potential
significance of porous polymer scattering layers, but only few theoretical approach has been
performed to account their porous micro-structures with their optical scattering characteristics.

The present study explores a novel and original method to realize fine control or tuning of the
optical scattering characteristic of porous polyimide film for the first time. To prepare porous
polyimide layers, we utilized immersion precipitation method from the coated poly amic acid layer.
The optical scattering properties can be controlled by adjusting contents of polar aprotic solvent in
polar protic non-solvent bath during the pore-generation process. In particular, we focused on the
impact of generated micro-structure of air voids in the porous polyimide layers to their optical
scattering characteristics. In addition, by introducing Mie scattering theory and Scalar surface
scattering theory, a systematic approach has been performed to explain the influence of the
micro-structures inside the prepared porous polymer layer.

2. Materials and method

Fabricating a poly imide (PI) film can be done from two kinds of synthetic routes: (i) the
thermal imidization process after coating the corresponding poly amic acid (PAA) precursor layer, (ii)
the evaporation of solvents from the directly-coated poly imide layer. In this research the porous PI
film was made from the imidization process with coated PAA layer, because the solution of PAA
precursor has good compatibility with the immersion precipitation method [11-13]. To prepare PAA
precursor for the porous colorless PI film, we started from dissolving 4,4'-oxydiphthalic anhydride
(>98% TCI Korea, Figure la) and 2,2-bis[4-(4-aminophenoxy)phenyl] hexafluoropropane (>98%
TCI Korea, Figure 1b) in a polar aprotic solvent, N,N-dimethylacetamide (DMAc, 99.8% anhydrous
Alfa Aesar). Then, both solutions were mixed at a molar ratio of 1:1 and kept the mixture solution
stirring for 24 hours in an Nj-filled glove box to prevent the moisture quenching. The synthesized
yellowish PAA precursor (Figure 1¢) solution was diluted to 3.5 wt% using DMAc and kept in glove
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box before the following coating process. Before coating the PAA solution, thin zinc oxide (ZnO)
layers as an adhesion-promoting layer was coated onto the glass substrates; these layers were
converted from Zn acetate (Alfa Aesar) in ethanolamine (Sigma-Aldrich) by baking a coated sample
at 200 °C on a hot plate for 1 hour in air ambient [14]. This 5-nm-thickness ZnO buffer enhances the
coating uniformity and prevents the porous PAA precursor from floating in the non-solvent bath
during the immersion precipitation process. The PAA layer was spin-coated at 1000 rpm for 30 s on a
ZnO-coated glass substrate and then submerged into non-solvent bath for 2 min; where the clear
coated PAA layer turned into the diffuse porous PAA film. To control the micro-structure inside the
porous PAA layer, we changed the contents of DMAc solvent in the Deionized water (DIW) bath
at 0 vol%, 16 vol%, 32 vol%, and 48 vol%. After blowing out the remaining solvents, the prepared
porous PAAs on glass substrates were placed in a convection oven at 170 °C for 30 min to dry
resultant DMAc solvent. Finally, the porous PAA layers were changed into porous PI layers
(Figure 1d) through thermal imidization reaction by putting substrates on a 310 °C hot plate for 5 min.
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Figure 1. The chemical structures of (a) 4,4'-oxydiphthalic anhydride; (b)
2,2-bis[4-(4-aminophenoxy)phenyl] hexafluoropropane as the starting materials; (c) the
synthesized poly amic acid precursor; and (d) the colorless polyimide from the thermal
imidization process of c.

The cross sectional SEM images and the surface roughness values for generated porous PI films
were analyzed through the SEM(SU8230, Hitachi) and AFM(Park-XE15, Park Systems)
measurements, respectively. The optical properties of the prepared porous PI layers were measured
using a spectrophotometer with an integrating sphere (CM-3700d, Konica, Minolta) and a UV-Vis
spectrometer (Cary 5000, Agilent).

3. Results and discussion

3.1. The micro-structure of porous polyimide films

As previously reported, the micro-structure of pores in porous polymer layers determines their

AIMS Materials Science Volume 5, Issue 6, 1102—-1111.



1105

optical or mechanical properties [7-9]. In this work, the immersion precipitation method was utilized
to make the porous polymer film. For the systematic study regarding the influence of generated
micro-structure of air voids in the porous polyimide (PI) layers on the optical scattering properties,
we first controlled the pore-generation process by changing the condition of coagulation bath.
Through the immersion precipitation process using deionized water (DIW) baths with different
contents of N,N-dimethylacetamide (DMAc), different micro-structures were generated. The images
in Figure 2 represent cross sectional SEM images of porous polyimide films through pore-generation
in different coagulation bath. As can be seen in Figure 2, the resultant pore structure shows big
difference depending on the composition of coagulation bath. With the increased DMAc solvent
content in the DIW non-solvent bath, the number and size of the air voids were reduced and the
cellular shape started to be dominant. Similar with our previous reports, the sample from only DIW
coagulation bath has various sizes of pores from few hundred nano-meters to micro-meters
(Figure 2a), and the total thickness of porous layer was measured around 7 pm. However, for the
sample with DMAc solvent of 16 vol%, 32 vol%, and 48 vol% in DIW bath, the thickness was 5.5 um,
4.0 um, and 3.5 pm. The thickness-decrease in samples with various DMAc contents comes from the
reduction of amount of air voids inside. As the contents of DMAc in DIW bath increased, the
pore-size decreased to below a few hundred nano-meters. From the analysis of cross sectional SEM
images, one may conclude that the generated pore-structure of porous PI layers was controlled from
the contents of DMAc solvent in the DIW bath.

Figure 2. Cross sectional SEM images of porous polyimide films prepared through the
immersion precipitation method wusing water bath with different contents of
N,N-dimethylacetamide (DMAc) of (a) 0 vol%, (b) 16 vol%, (c) 32 vol%, and (d) 48 vol%.
Insets are the corresponding top-down SEM images.

To check the influence of the generated pore-structure in porous PI layers on their surface

roughness, AFM images were taken and compared. As shown in Figure 3, the surface roughness can
also be distinguished depending on the composition of coagulation bath during pore-generation
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process. In the sample with only DIW bath, a flat surface with an average roughness of 3.1 nm and
the peak-to-valley roughness of 37 nm were obtained (Figure 3a). And the measured values of the
average roughness (the peak-to-valley roughness) were 45 nm (316 nm), 56 nm (451 nm) and 98 nm
(722 nm) for the 16 vol%-, 32 vol%- and 48 vol%-porous PI samples, respectively. From the surface
roughness of porous PI layers, the generated micro-structure at the surface can also be tuned by the
coagulation bath conditions.

-100nm
~10nm

-10nm

Figure 3. Measured AFM images of porous polyimide films prepared through the
immersion precipitation method wusing water bath with different contents of
N,N-dimethylacetamide (DMAc) of (a) 0 vol%, (b) 16 vol%, (c¢) 32 vol%, and (d) 48 vol%,
where the scan size was fixed at 5 pm X 5 pm.

The difference of micro-structure between the prepared porous PIs can be explained by the
pore-generation mechanism depending on the condition of coagulation bath. Based on the previous
report, the addition of solvent to a coagulation bath during the immersion precipitation method can
affect the exchange rates of the DMAc solvent in the coated poly amic acid (PAA) layer and the
mixed non-solvent in the coagulation bath [11-13]. The higher concentration of solvent in DIW bath
provided the lower inflow of DIW non-solvent into the coated PAA layer. Resulting from the slow
exchange rate, the mixed PAA layer can stay longer in metastable region [15]. During the first period
right after coated PAA layer immersion, the initial film thickness hardly decreases. However, the
PAA polymer concentration near the interfacial boundary increases strongly at the moment of contact
between the polymer solution and the mixed bath [16,17]. Resulting from the sudden increase of
polymer concentration, there are two possible phase separation routes; a spinodal decomposition and
a nucleation and growth. In DIW bath, the interfacial boundary separated into a polymer-rich and a
polymer-poor phases via a spinodal decomposition due to the fast exchange rate [15,17]. The inflow
of DIW non-solvent beneath the interfacial skin layer mainly happens through a polymer-poor region
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rather than a polymer-rich region. Thus, the phase separation inside the coated PAA layer can show
the formation of channeling morphology through PAA-poor phases by successive spinodal
decompositions [15]. From this reason, the porous PI films with a large pore-size and a flat surface
was generated after the pore-generation in DIW bath. However, based on SEM images in Figure 2, it
can be estimated that the dominant phase separation shifted from a spinodal decomposition to a
nucleation and growth in coagulation bath with high solvent content. Due to the slow exchange rate
of mixed non-solvent, membrane can be formed through the metastable region. Resulting from the
continuous exchange until the onset of a phase separation, the region of highly concentrated PAA
solution beneath the interface increases considerably [15—-17]. From this reason, the PAA polymer
concentration of this intermediate layer is high, and the phase separation occurs from a nucleation
and growth. Consequently, the chance for the formation of channeling morphology is small and the
porosity induced from this mechanism could be relatively low. Also, the rough surface of the
generated porous layer can be explained because the intermediate layer can influence the mass
transport behavior, resulting in the higher chance to form a porous structure at the interface between
the bath and the coated layer [15].

3.2. The optical scattering properties of porous polyimide films

To confirm the influence of the generated pore-structure of the prepared porous PI layers on
their optical properties, we performed the optical scattering measurement for porous samples with
different contents of DMAc solvent in DIW non-solvent bath. First, total (Tt (A)) and diffuse
transmittance spectra (Tp (A)) were obtained using a spectrophotometer with an integrating sphere
(Figure 4a, b). Tt (A)s had a slight difference depending on the condition of coagulation bath, where
the average total transmittance (Ttavwg) values were 77%, 81%, 83% and 84% for samples with
DMACc solvent of 0 vol%, 16 vol%, 32 vol%, and 48 vol%, respectively. However, the diffuse
transmittance varied noticeably; average diffuse transmittance (Tp.av) values were 68%, 62%, 52%
and 45% for 0 vol%, 16 vol%, 32 vol%, and 48 vol%- porous PI films, respectively. For the optical
scattering evaluation, the optical haze value which is defined as Tp (A)/Tt (A) is used. In Figure 4c,
the calculated haze spectra also showed big differences between various porous polyimide layers,
depending on the contents of DMAc. Although a porous PI from water had an average haze value
of 0.88, the other calculated values were 0.77, 0.62 and 0.53 for the samples with 16 vol%, 32 vol%,
and 48 vol%, respectively. In Figure 4d, one can easily notice that the order of optical clearance for a
porous PI sample with different content of DMAc solvent was consistent with the trend in measured
optical haze values. Based on these results, we can say that the optical scattering characteristic of a
porous PI film can be controlled by changing the content of DMAc solvent in DIW non-solvent bath
during the immersion precipitation process.
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Figure 4. (a) measured total transmittance, (b) measured diffuse transmission, and (c)

calculated haze spectra for the prepared porous polyimide scattering films on glass

substrates using water bath with different contents of N,N-dimethylacetamide (DMAc)
of 0 vol% (rectangular), 16 vol% (rhombus), 32 vol% (triangle), and 48 vol% (circle), (d)

pictures of prepared porous scattering films on glass.

In the porous polymer materials, the light scattering happens at the interface between air and
polymer matrix, basically. Then the scattering interface can exist not only at air voids inside the
polymer media but also at the surface between polymer and ambient air. However, many previous
researchers only focused on the roll of pores in the matrix, because the resultant surface was so flat
enough to ignore the influence of the surface scattering [7-9,11]. And porous layer has been
considered from the view point of stereology, as a two-phase random mixture of media material and
air void [8,9]. Although those approaches have been introduced to understand their specific optical
behaviors such as scattering elements depending on the shape of void or on the polarization of light,
the demand on the simple but straightforward mechanism of optical scattering phenomena has
increased for the practical application of the porous optical film. In this study, we correlated the
resultant optical scattering characteristic with the micro-structure of a porous polymer layer, from the
systematic analysis of both optical properties and micro-structures. To explain how the incident light
scatters through the generated porous polymer layer, we proposed three scattering mechanisms
illustrated in Figure 5.

As shown in previous section, the controls during pore-generation by immersion precipitation
method accompanied with the change in the generated micro-structure of porous polymer films. At
the condition with fast exchange rate, there were lots of air voids with large size over few
micro-meter although the surface roughness was low. On the other hand, the number and size of the
pores were reduced and the surface roughness was increased, when the contents of DMAc in DIW
bath increased. To analyze the light scattering of particles, Mie approximation has been known to be
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appropriate [18]. In Mie scattering theory, the power of light scattering is mainly governed by the
size of particles. One can easily know that optical haze values in Figure 4c well matched to the
estimated trend of light scattering by Mie scattering theory. The 0 vol%-sample had optical haze
values of 0.88 because of light scattering at lots of air voids with size over 5 um (Figure 5a).
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Figure 5. Schematic images of proposed optical scattering mechanisms in a porous
polymer layer: (a) light scattering happens only inside pore-structure, (b) light scattering
happens both inside pore-structure and at the rough surface, and (c) light scattering
happens only at the rough surface.

However, it has to be noticed that the 48 vol%-sample still showed optical haze value of 0.53, in
spite of a few pores were below 100 nm (see SEM images in Figure 2d). We stressed that the origin
of optical haze of 48 vol%-sample mainly came from the light scattering at the rough surface
(Figure 5c¢). When the light propagates through the interface between polymer material and air, the
trace of rays can be influenced by the surface roughness. For a rough surface, Scalar surface
scattering theory is known to be appropriate to check the influence of surface roughness on the
optical scattering [19]. Based on Scalar surface scattering, the diffuse transmittance (Tp) can be
accounted from the following equation:

T,(4) = Ty(4) X [1 = eap| = (270, 1y yia. €036, = 1, c5 6|/ ‘efffD o

where Tt is the total transmittance, o, is the surface roughness, and 0y and 0, are the angle of
incidence and refraction of the specular beam. In Scalar scattering, light-scattering at the interfaces
can be separated into a specular and a diffuse part. If the specular part is treated coherently
throughout the structure similar with the measurement setup in Figure 4 (0o equals to 0), one can
easily check the influence of other parameters on the optical haze defined as Tp (A)/Tt (A). As
wavelength increases, the value of optical haze decreases. And the higher value of refractive index
(npolyimide) can introduce higher chance of optical scattering. However, the o, is the most significant
parameter in surface scattering, because the variation of o, can be highest. From the Eq 1, the higher
values of surface roughness make the higher values of optical haze. Based on our proposed light
scattering mechanism, the optical haze values in 16 vol%- and 32 vol%-samples could be accounted
from the light scattering both inside pore-structure and at the rough surface. The net power of light
scattering could be expressed by the sum of Mie scattering and the surface scattering. In addition,
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Mie scattering at air voids inside porous layer had more effects on the total amount of light scattering
than the surface scattering at the rough surface.

4. Conclusion

This study investigated the systematic approach to explain the correlation between the generated
micro-structure of a porous polymer layer and its optical scattering property. By changing the
contents of DMAc solvent in water coagulation bath, the fine control of pore generation process
using the immersion precipitation was possible. At the same time, the corresponding micro-structure
of air voids in the resultant porous PI layer as well as its optical scattering characteristic can be also
controlled. Then, we proposed the light scattering mechanism for a porous polymer film, which
consists of air-voids inside the polymer media and the rough surface at the ambient interface. In
addition, Mie scattering theory and Scalar surface scattering theory were introduced to account the
light scattering inside pore structure and at the rough surface, respectively. Based on our systematic
approach, it can be said that the net power of light scattering was the sum of Mie scattering and the
surface scattering. In addition, Mie scattering influenced more on the total amount of light scattering
more than the surface scattering. We expect that the work presented here will likely lay the
foundation for fully understanding the scattering nature of porous polymer layer, which can be used
to the conventional optics or optoelectronic devices
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