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Abstract

Suspended particle devices (SPDs) constitute an electrically powered chromogenic
technology, in which the active layer quickly switches from a bluish-black dark color to
a clear grey color when an AC electric field is applied. Refractive index and extinction
coefficients, in addition to scattering and absorption coefficients, were derived from
four flux and two flux models. They were used in model calculations to predict the
direct and the total (and hence the diffuse) components of the transmittance and the
reflectance, together with the color appearance and the haze, as a function of thickness
of the active layer. The optimum thickness for the SPDs performance can be determined
in this way.
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1. Introduction

An electromagnetic radiation, such it is the solar radiation, can be reflected (R),
scattered (S), absorbed (A) or transmitted (T), when it crosses a medium with different
refractive index than the one from it travels. This relationship is known as the
Kirchhoff’s law applied to energy conservation (R+A+S+T=1), and the materials able to
control any of these four parameters (by means of different external stimulus) are
known as chromogenic materials, and one of their main applications are optically
switchable smart windows. Optical characterization of these materials includes total and
diffuse reflectance and transmittance measurements, which are carried out using an
integrating sphere based spectrometer [Roo93]. The direct transmittance (Tqir) and the
specular reflectance (Rgpec) are computed by subtracting the total and the diffuse
components, and stand for the R and T parameters in the previous relation. The sum of
the diffuse transmittance and reflectance stands for the S parameter related to scattering
(S=Tuair + Raitr). Absorption (A) parameter can be therefore derived by knowing R, T
and S (A=1-T-R-S).

Electrophoretic SPD is one of the three main chromogenic technologies with
external stimulus triggering signal commonly studied for smart windows applications,
with chromic materials (electrochromic (EC) materials) and liquid crystals (LC)
(polymer dispersed liquid crystals (PDLC), [LamO03]). The SPD technology uses the
movement up and down of bluish-black colored absorption particles that are suspended
in a cross linked polymer matrix in order to control light transmission, by applying an
AC voltage signal (Fig. 1, [Barl2]).

A SPD consists of 3-5 layers. The active layer has millions of black needle shaped
dipole particles of (dihydrocinchonidine bisulfate polyiodide) or heraphathite (<1 pm
long) suspended in a polymer. The particles are polyiodide (polyhalide crystals)
[Cha02] and exhibit a large optical anisotropy, being heraphatite (quinine bisulphate
polyiodide) [Kah09] used on polarizers and other optical devices of previous works
[Kno09]. The optical anisotropy of heraphatite has been studied in detail in [LLi09].
Other related compounds have been used for SPDs [Tak97 and Sax03]. The size of the
particles should be lower than 200 nm in order to minimize light scattering and avoid a
non-desired haze effect. This layer is laminated between two dielectric layers, which are
filled between two electrical conductors (such as ITO) and placed between two glass
layers [LamO3]. In the off state the suspended particle (SP) droplets are randomly
oriented, absorbing and scattering visible light. The SPD window shows a bluish-black
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dark color since most of the light is not passing through the SPD film, and the scattering
effect is mainly due to small particles, which is more effective at short wavelengths.
When the electric field is applied, the particles line up and become perpendicular to the
window, allowing more light crossing and hence increasing the transmission. Without
memory effect, the electric field must be maintained for keeping the film transparent
[Lam98].

The black, light absorbing suspended particles are the main responsible for
extinction of the electromagnetic radiation field. Extinction is a process related to
attenuation, since the radiant intensity decreases (while emission increases it).
Extinction is due to absorption and scattering. Absorption is a process that removes the
radiant energy from the electromagnetic field and transfers it to other forms of energy.
Scattering is a process that does not remove energy from the radiation field but may
redirect it. In previous works, the authors decoupled the extinction coefficients into
scattering and absorption coefficients of a SPD sample by means of the two flux and
four flux models [Bar13]. In this work, the study of the simulated optical appearance,
and other parameters such as optical haze and contrast, was derived from the extensive
scattering and absorption coefficients resulted from two flux model.

2. Experiments (Theory?)

As it was detailed in previous works [Bar13], the SPD investigated in this work has
an active area of 28 x 22 cm? and a thickness of 300 um. It is a CriRegulite device
supplied by CRICURSA (Cristales Curvados S. A., Barcelona, Spain), which is a
licensee of Research Frontiers, Inc. (Woodbury, NY, USA).The SPD was operated with
a sinusoidal signal at 50 Hz and a peak voltage U between 0 and 100 V. Photographs
and functioning principles of a SPD in “OFF” and “ON” states, with 0 and 100 V AC
50 Hz sinusoidal signal applied, respectively, are shown in Fig. 2.

The four-flux model includes 4 equations related to Tgi=Tcc, Rspec=Rec, Tait=Tca and
Raif=Rca [MLG84, MLG86 and Var98]. Collimated-collimated (cc) measurements (i.e.,
collimated measurements when illuminating with collimated light), including Rspec and
Tair, as well as collimated-diffuse (cd) measurements (i.e., diffuse measurements when
illuminating with collimated light), including Raifr and Taitr of the SPD sample at both
OFF and ON states, were measured using a double-beam spectrophotometer (Perkin-
Elmer Lambda 900) equipped with an integrating sphere in the 300 to 2500 nm
wavelength range (Fig. 3).



As shown in Fig. 4, four-flux model considers four light beams, two downwelling
collimated and diffuse beams, ic and i4, and two upwelling collimated and diffuse
beams, jc and jq. However, two-flux model considers only two light beams, both totals

(193]
1

(with collimated and with diffuse part), one downwelling beam “i” and one upwelling

beam 7.
According to Kortum equations [Kor69] for front and back interfaces “1”” and “2”
respectively, the two cc equations of the four-flux model for Tqir and Rgpec can be

expressed as:
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Knowing that r. is the collimated interface reflectance computed by Fresnel
equations at normal incidence and assuming that the multilayer SPD structure is
approximated as a single layer with a continuous refractive index over all its thickness,

the collimated interface reflectance is obtained as:
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In four-flux cc equations, each parameter is identified as:
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e Ti'=(1-r.) the transmittance of interface “1” with light beam “i” sense.

(Y3544

e R;'=r the reflectance of interface “1” with light beam “i” sense.

(13421

o Toi=(1-1;)-¢@P? the transmittance of interface “2” with light beam “i”” sense.

(13421

o Ry=re®@P? the reflectance of interface “2” with light beam “i” sense.

o Ty=(1-r;) -e*P? the transmittance of interface “1” with light beam *j” sense.

Since ext=a+f is the extinction coefficient due to both scattering and absorption, and
the collimated interface reflectance rc only depends on the real part of the refractive
index n, cc four-flux equations 1 and 2 of the four-flux model consist of a system with
two equations and two unknowns, extinction coefficients and real part of the refractive
index (ext and n) which can be solved.

Now the problem is to decouple the extinction coefficients into the intrinsic
absorption and scattering coefficients (a & ), which determination from experimental

spectral transmittance and reflectance measurements in light scattering media is a

difficult problem [Rod00]. Knowing the value of the separated coefficients of a film of
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a determined thickness exhibiting Rspec and Raifr as well as Tqir and Tairris a powerful
tool in order to predict the value of these optical properties for different thicknesses of
the same film. However, the other two four-flux cd equations include parameters such
as forward scattering ratios (FSR), average crossing parameter (ACP) and diffuse
interface reflectances for diffuse Rair and Taisr components [Var98]. Since these diffuse
equations include (o & ) parameters separately, decoupling extinction coefficient into
scattering and absorption coefficients is a required task. However, inverting diffuse
equations in order to obtain the value of these parameters from the experimental
measurements seems a very difficult problem, being advanced fitting methods like the
spectral projected gradient method the only option applied for such problem [Cur02].

Two flux models [MLG86] are another simpler but approximated option of
determining the parameters associated to diffuse light, being the conditions of
applicability studied in detail [Var97a, Var97b and Var99]. Levinson et al. considered
that total components R and Tt can be determined by two flux models when the
scattering is weak and Rgpec and Tair are close to the total Ryt and Tyt components
respectively (which is traduced directly to a spectral value of ACP close to 1, as in non
scattering media) [Lev05]. The process of determination and decoupling the extensive
scattering and absorption coefficients (S & K) of the SPD sample consists on several
steps, including the spectral interface reflectance to collimated light rc obtained by a
fitting process using four flux collimated equations, from which it can be derived the
spectral refractive index n of the film, which is used for computing the spectral interface
reflectance to diffuse light rq, which together with the spectral diffuse fractions of light
determined at the top and the bottom interfaces allow to obtain the spectral total
interface reflectance also at the top and bottom interfaces of the SPD sample (being the
top interface the closer to the spectrometer illuminant). Equations of two flux model are
then used for total components once knowing the total interface reflectances. The
change of the refractive index at each interface was taken into account by using the
Saunderson correction. Finally, S & K are determined by a fitting process, once the
values of these parameters have been previously obtained.

Extinction coefficients and refractive index were fitted by four- flux collimated-
collimated (cc) equations. Decoupling extinction into scattering and absorption
coefficients was derived by applying the Kubelka-Munk model and the Saunderson

correction to the measured Rt and Tiot in Fig. 5. Diffuse fractions of light at each



interface, refractive index and collimated and diffuse interface reflectances were
computed as intermediate values.

Once S & K are obtained by the below detailed method, the predicted optical
properties Tair, Tdifr, Trot, Rspec, Raifr and Rior were simulated for several thicknesses of
the internal layer of the SPD sample different than the 300 um of the film of the
constructed device.

However, the two-flux model used in [Bar13] is only an approximation. For the
measurements of transmittance and reflectance performed to the SPD sample by using
the spectrometer Perkin Elmer Lambda 900 (available at the Angstrom Laboratory of
Uppsala), the initially collimated light provided by the light source is diffused when
crossing the SPD sample, being the scattering of the SPD not as strong to consider
diffuse illumination. The phenomenological (also called extensive values) scattering and
absorption coefficients (S & K) are properly calculated by the two flux KM model when
all light in the film is perfectly diffuse, which is not the present case in the SPD sample.
Hence in this case it should be necessary to apply the use of four-flux model, but
equations of diffuse components include new unknown parameters, making more
difficult to accurately find the values of the scattering and absorption coefficients. On
the other hand, Maheu, Letoulouzan and Gouesbet (MLG) established in 1984 the
formulas for transmittance and reflectances of a four flux model [MLG84] (two fluxes
travelling in the forward direction and two fluxes travelling in the backward direction,
being one collimated and one diffuse in each direction, Fig. 5-up). The scattering and
absorption coefficients appearing in the MLG model (o & ) are non-phenomenological
or also called intrinsic values. Four-flux model requires the introduction of two new
parameters, the average path parameter or average crossing path parameter (ACP) and
the forward scattering ratio (FSR).

It must be noted that, contrary to the equation of the reflectance, the equation of the
transmittance was not originally proposed in the KM model, being possible to find in a
later study of special cases of MLG [MLG86].
-r,)5
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In this work, equations 3 and 4 have been applied for Tt and Ryt respectively, even
when collimated components Tgir and Rgpec are not negligible. The error of the applied
approximation is calculated below.

Knowing that the relationship between the intrinsic and the extensive scattering and
absorption coefficients are [Var97b]:

S K
o= Eq. 5 =
ACP -(1—- FSR) (Ea-3) d ACP

(Eq. 6)

The four flux MLG equations for collimated light beams can be expressed as:
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In the same way, the four flux MLG equations for diffuse light beams can be

expressed as:
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However, if the two flux KM equations are used with total light beams

=—(K+S)J,+SI, +

(collimated and diffuse) instead of only the diffuse light beams, their equations can be
expressed as:
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Hence, applying the above two flux KM model instead of the below four flux MLG
model in the case of the SPD sample assumes an error. The equations below would not

makes the approximation error, but include ACP and FSR unknown parameters.



(—d(lv ”d)j =—(S+K)-I,+S-J, —L-(S+K)~1C +L~S~Jc
dz  )iye ACP ACP
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The assumed error of applying the previous equations is the difference between the

two flux and the four flux models:
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dz dz

Since two flux KM model considers diffuse illumination, with ACP=2 and FSR=0,
the scattering coefficient S is here completely backscattered. The previous eq. 9 and 10
show the difference of applying two flux KM model with diffuse downwelling Iy and
upwelling Ja with respect to total downwelling I=I.+14 and upwelling J=J.+J4. This
means that the solution found for S & K is overestimated, i.e., attenuated by scattering

and absorption but intensified by scattering of the backward light beam [LevO05].

3. Results and discussion

Predicted transmittance and reflectance is computed backwards for different
thicknesses of the internal active layer. Simulated total, diffuse and direct (specular)
transmittances and reflectances (Ttot, Reot, Taitf, Raiff, Tair and Rspec) were derived from
the retrieved scattering and absorption coefficients for different thicknesses in Fig. 6.
Once obtained the values of S and K corresponding to the SPD sample, the optical
properties have been predicted for a variety of internal layer thicknesses 6 of the sample
SPD, from 100 pm to 800 pum, in Fig. 6. Ta4ir, and Rspec were calculated using rc and
ext=(0o+P). Twor and Reor were calculated using w'=rtc, @=rq and Rg. Taifr and Raifr were
calculated from Tio-Tair and Rio-Rspec. Increments of Tair and Rgpec are observed when
decreasing the thickness (Fig.6-down). For thinner thicknesses than 300 um (actually
the thickness of the SPD sample), a higher contrast of Tq;ir is observed at 200 pm, with
higher values for OFF and ON states in the visible wavelength range. However, non
desirable increments of Rpec are also observed, leading to a more transparent but also
more reflective device. Regarding to Raisr and Taisr (Fig.6-center), there is an appreciable

decrement of Taifr at 200 um accompanied with the increment of the Raifr, aggravating
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the haze of the SPD which could appears as a diffuse mirror-like. Rt and Tiot show a
clear decrement at the visible range for thicker devices (Fig.6-up).

The optical appearance for each thickness (from 100 to 800 pm) is related to the
sRGB color space derived from CIE 1931 Chromaticity coordinates Yxy (being Y the
luminance) applied to the direct transmittance in Fig.7 and 8.

Figure 7 shows the CIE 1931 xy chromaticity coordinates from dark OFF state to
bleached ON state at the different simulated thicknesses. The thicker the device, the
longer distance between xy coordinates at bleached and colored states.

Figure 8 shows the optical appearance of the SPD sample simulated for the different
thicknesses. Dark state at simulated 100 microns thickness is not as dark as desired and
bleached state at simulated 800 microns is not as bleached as desired. Maximum optical
appearance contrast seems to be at thicknesses lower than 400 pum.

Figure 9 shows thickness dependence of the luminous (up) and solar (down)
integrated values of transmittance (left) and reflectance (right) in both OFF and ON
states, computed from the expected Tiot, Tair and Taisr and Ryot, Rspec and Raifr components
of Fig. 6 obtained from the calculated S & K coefficients of Fig. 5.

For a better visualization between OFF and ON states, Fig. 10 shows the luminous
and solar transmittance (left) and reflectance (right) contrast. Although the maximum
ATtot and ATdir are observed for 200 um thickness (for both luminous and solar
parameters), the undesired high value of Rtot,lum for this thickness value (Fig. 10-
right-up) of 9.5% and 10.7% for OFF and ON states respectively, can be decreased to
7.9% and 9.7% when increasing the thickness to 300 um. Another relevant parameter in
order to choose the optimum thickness is the haze (Fig. 11), for both transmittance (left)
and reflectance (right), as a ratio between the diffuse and the total component.

4. Conclusions

The calculated total and direct transmittance of the SPD decrease with increasing
thickness. The highest luminous and solar transmittance contrast is observed at a
thickness of 200 um. However, an increased reflectance is also observed for thicknesses
below 300 um, leading to a more transparent but also more reflective device. The
decrease of Tairr below 300 um is accompanied by an increase of Ruisr, and the
reflectance haze can exceed 0.4. Although the maximum AT and ATgir is observed at
200 pm, there exists a tradeoff with reflectance and haze. Luminous transmittance haze
can be decreased by using a thinner device, with a slight increment of the reflectance as

a drawback. The high value of the simulated luminous transmittance haze at OFF states
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is due to the low values of transmittance at this wavelength range when the SPD shows

the dark state.
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Figure 1: Sandwich structure of a SPD in both OFF and ON states.
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Figure 2: Photograph of the SPD sample for dark and bleached states.

(a) Without applied voltage. (b) With applied voltage.
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Figure 3: Spectral direct and diffuse transmittance and reflectance for the SPD sample at

zero voltage (OFF state) and at U=100 V (ON state).
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Figure 4: Four-flux model (up) collimated and diffuse light beams.
Two flux model (down) total light beams.
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Figure 5: Scattering S and absorption K coefficients for the SPD at zero voltage (OFF
state) and for U=100 V (ON’ state).
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Figure 7: CIE 1931 Chromaticity Coordinates xy of the SPD sample at OFF and ON

states for the different simulated thicknesses from 100 to 800 microns.
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Figure 8: Simulated optical appearance for OFF (left) and ON (right) states of the SPD
sample for different thicknesses, from 800 microns (top) to 100 microns (bottom). The

constructed thickness was 300 microns.
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Figure Captions

Fig. 1: Sandwich structure of a SPD in both OFF and ON states.

Fig. 2: Photograph of the SPD sample for dark and bleached states. (a) Without
applied voltage. (b) With applied voltage.

Fig. 3: Spectral direct and diffuse transmittance and reflectance for the SPD
sample at zero voltage (OFF state) and at U=100 V (ON state).

Fig. 4: Four-flux model (up) collimated and diffuse light beams. Two flux model

(down) total light beams.

Fig. 5: Scattering S and absorption K coefficients for the SPD at zero voltage
(OFF state) and for U=100 V (ON state).

Fig. 6: Observed” transmittance (left) & reflectance (right) of sample SPD
simulated for different thicknesses. (up) Total T & R, (center) Diffuse T & R and
(down) Direct T & Specular R.

Fig. 7: CIE 1931 Chromaticity Coordinates xy of the SPD sample at OFF and

ON states for the different simulated thicknesses from 100 to 800 microns.

Fig. 8: Simulated optical appearance for OFF (left) and ON (right) states of the
SPD sample for different thicknesses, from 800 microns (top) to 100 microns
(bottom). The constructed thickness was 300 microns.

Fig. 9: Thickness dependence of luminous (up) and solar (down) of expected
transmittances (left) and reflectances (right) derived from the calculated
scattering S and absorption K coefficients.

Fig. 10: Thickness dependence of luminous and solar transmittance (left) and

reflectance (right).
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Fig. 11: Thickness dependence of luminous and solar transmittance (left) and

reflectance (right) hazes.

27



