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A B S T R A C T

Ordered materials, which hold organized structures of heterogeneous matter and thus always present superior
performance than their non-ordered counterparts, have been constantly pursued. Nevertheless, the direct, pre-
cise and nondestructive observation of the ordering process, which is especially critical for evaluating the quality
of consecutive manufacturing, remains a formidable challenge. Herein, we introduce Mueller matrix ellipso-
metry (MME) as a nondestructive method to quantitatively investigate the nanocomposite ordering process upon
holography. This nondestructive investigation directly offers the exact width of, refractive index and nano-
particle fraction in each bright (constructive) and dark (destructive) interference area, which is impossible to be
implemented using other existing techniques. Interestingly, the width of dark regions in the formed holographic
gratings is observed to decrease while the width of bright regions increases with an augmentation of holographic
recording time, distinct from previous width-equal assumption. Meanwhile, an apparent diffusion coefficient of
2×10−15 m2 s−1 for nanoparticles is determined on the basis of time dependent grating parameter variation,
which is 3 orders of magnitude lower than the initial value theoretically predicted by the Stokes-Einstein dif-
fusion equation. The distinct diffusion coefficient is attributed to the rapid increase of viscosity driven by
polymerization during holography. No depolarization is observed in these holographic polymer nanocomposites,
indicating uniform dispersion of nanoparticles in the polymer matrices. The proposed protocol herein is envi-
sioned to pave the way for precisely and nondestructively understanding the formation of ordered structure in
electronics, photonics, photovoltaics, biomaterials and other disciplines.

1. Introduction

Ordered materials, which represent organized heterogeneous matter
with regulated structures [1], always exhibit superior performance in
mechanics, photonics, electrics, bio-functions, and so forth, in com-
parison with their non-ordered counterparts [1–3]. Holography, with
the Nobel Prize fame, is an ideal approach for assembling ordered
materials for diverse applications in the fields of 3D image storage,
sensors, photonic crystals, and so forth, due to its unique capabilities of
simultaneously reconstituting both the amplitude and phase informa-
tion of coherent lights in materials over a large area [4,5]. Ordering of
polymer nanocomposites using holography has attracted special atten-
tion not only because of the affordable larger than 5×10−3 of re-
fractive index modulation and greatly depressed volume shrinkage

[4–8], but also due to the promising high-density data storage in
lightweight and flexible devices. In addition, the broad availability of
nanoparticles such as gold [9], zirconia [10], titania [11,12], silica
[13], zeolite [14], ZnO [15] and ZnS [4,16] enables versatile ordered
functional nanocomposites.

Typically, the fundamental principle for the ordering of polymer
nanocomposites upon holography is the photopolymerization induced
phase separation. Such a process gives rise to predesigned periodical
distribution of matter and corresponding refractive index in the re-
cording media. The matter redistribution relies on their diffusion,
which is mainly governed by the chemical potential gradient resulting
from photopolymerization, and thus is highly dependent on the reac-
tion kinetics and polymerization gelation [4,5]. As depicted in Fig. 1a,
photoactive monomers are consumed in the high light-intensity regions
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during holography because of the light mediated polymerization,
leading to the diffusion of monomers towards reactive regions. Subse-
quently, the photoinert nanoparticles are squeezed into the low light-
intensity regions because of the unbalanced chemical potential [17,18].
A sinusoidal distribution of refractive index as shown in Fig. 1b is ex-
pected during holographic recording. The parameters such as grating
pitch and top critical dimension (TCD) are determined by the inter-
ference pattern of coherent light illumination. If the refractive indices
can be averaged in the high and low intensity regions after recording, a
general grating profile as shown in Fig. 1c can be achieved.

Despite that extensive efforts have been made on the patterning
control in the past decades, the nanoparticle movement process is still
unclear. Most researchers use the diffraction efficiency to analyze the
diffusion process [19,20]. However, Goldenberg et al. suggested that
the diffraction efficiency was not always a good predictor on nano-
particle sequestration because in some cases other factors than the
spatial distribution of nanoparticles would affect the diffraction effi-
ciency of gratings [21]. Braun and co-workers employed transmission
electron microscopy (TEM) to clearly demonstrate the eventual nano-
particle localization in holographic gratings and then estimated the
diffusion coefficient using the Stokes-Einstein diffusion model [22].
Although Braun’s results provided optimized nanoparticle sequestration
conditions, the process of nanoparticle transportation is not fully un-
derstood. Last but not least, the TEM method is destructive to the
sample, which may be not applicable to hydrophilic objects because the
specimens for TEM characterization are always required to be micro-
tomed in water. Scanning probe microscopy and scanning electron
microscopy (SEM) can be used to characterize the grating structure in
real space, but fails to point out the nanoparticle location and refractive
index of each region because of limited resolution compared to the tiny
nanoparticles in several nanometers. More importantly, the existing
techniques are incapable of providing time dependent optical para-
meters such as refractive index in each bright and dark region. Thus, it
is highly awaited to explore a new nondestructive method in nanoscale
resolution to illustrate the material ordering during the construction of
ordered materials.

In this work, we introduce Mueller matrix ellipsometry (MME) as a
nondestructive method to characterize the phase separation process
during holographic recording for grating composed of poly(acrylate-co-
acrylamide) and 5 nm zinc sulfide (ZnS) nanoparticles. Ellipsometry is
an optical metrology technique, which uses polarized light to

characterize the thickness of thin films and optical constants of both
layered and bulk materials, has been recently applied to monitor the
critical dimension (CD) of grating structures [23,24]. Comparing with
the conventional ellipsometry that can only acquire two ellipsometric
angles, MME can provide all 16 elements of the 4× 4 Mueller matrix.
Consequently, MME exhibits superior sensitivity and accuracy on na-
nostructure metrology due to the rich information such as anisotropy
and depolarization acquired [25,26]. We will show the time-dependent
exact width of, refractive index, nanoparticle fraction in each bright
(constructive) or dark (destructive) interference area using MME, which
is distinct from the diffraction efficiency method that only provide the
refractive index modulation (i.e., the refractive index difference be-
tween bright and dark regions), and therefore enables the possibility to
investigate the nanoparticle diffusion process quantitatively. An ap-
parent diffusion coefficient of 2×10−15 m2 s−1 is determined on the
basis of recording time-dependent variation of grating parameters,
which is 3 orders of magnitude lower than the Stokes-Einstein predic-
tion but is more rational because of the rapid increase of viscosity
driven by the polymerization during holography.

2. Experimental

2.1. Sample preparation

The synthesis of 5-nm ZnS nanoparticles, the mixtures for holo-
graphy and their corresponding holographic polymer nanocomposites
were prepared according to our previous work [4]. In detail, ZnS na-
noparticles were synthesized using one pot reaction of zinc acetate di-
hydrate, mercaptoethanol, thiourea, and DMF in a three-neck round-
bottom flask. The reaction took place at 160 °C with reflux for 12 h
under nitrogen gas. Nanoparticles were purified by solvent removal via
rotary evaporation at 80 °C and precipitation with 300mL of ethanol,
followed by centrifugation at a speed of 12,000 rpm, and finally washed
with methanol for three times. Dry nanoparticles were obtained after
room temperature drying under vacuum. Homogeneous holographic
mixtures, composed of monomers (N,N-dimethylacrylamide and 6361-
100 in a 2:1 wt ratio), 0.6 wt% photoinitibitor (composed of 3,3′-car-
bonylbis(7-diethylaminocoumarin) and N-phenylglycine in a 1:2 wt
ratio), and ZnS nanoparticles with varied loading concentrations, were
prepared by ultrasonication at 30 °C for 50min.

To quantitatively achieve the accurate information in the bright and

Fig. 1. Process of nanoparticles assembly and refractive index change during holographic photopolymerization. (a) Spatial distribution of nanoparticles, monomers
and polymers as a function of time t when illuminated by an interference pattern, (b) spatial distribution of refractive indices of a holographic grating at specific time,
(c) a general cross section profile of a holographic grating after recording.
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dark regions of holographic gratings, we prepared a series of nano-
composite films with varied weight fractions of ZnS nanoparticles from
0 to 42wt% in an interval of 6 wt%, and characterized their bulk re-
fractive indices. These nanocomposite films in thickness of ∼10 μm
were obtained by exposing the aforementioned homogeneous holo-
graphic mixtures under a mercury lamp with a power density of
20mW/cm2 for 10min. The volume fraction of nanoparticles in the
nanocomposites was then calculated to be 0–27.3% [4,16]. Fig. 2a
shows a typical polymer nanocomposite without holographic recording
in which ZnS nanoparticles are uniformly distributed at a volume
fraction of 22.6%. By characterizing such a set of nanocomposites, the
correlation between the refractive index of the nanocomposites and the
loading concentration of ZnS nanoparticles can be established.

Then, the holographic mixtures were added into parallel glass cells
with silica spacers in a diameter of ∼10 μm. A 442 nm He-Cd laser
beam was split into two separate beams with an equal intensity and
then simultaneously irradiated the cells to record holographic gratings.
Post UV cure was implemented at last to solidify the grating structure
with a pitch of 800 nm. The film shown in Fig. 2b represents holo-
graphic gratings with an initial ZnS volume fraction of 22.6%. Due to
the existence of gratings in the film, rainbow color is clear.

2.2. Instrument configuration

The optical parameters, refractive index n and extinction coefficient
k, of the samples with different nanoparticle concentrations, and the
optical and profile parameters of the fabricated Bragg gratings were
measured using a dual rotating-compensator Mueller matrix ellips-
ometer (ME-L ellipsometer, Wuhan Eoptics Technology Co., China)
[26]. The layout of the MME in order of light propagation was
PCr1SCr2A, as shown in Fig. 2c, where P and A stood for the polarizer
and analyzer, Cr1 and Cr2 referred to the 1st and 2nd rotating com-
pensators, and S stood for the sample. With this dual rotating-com-
pensator configuration, the full Mueller matrix elements were obtained
in a single measurement. The spectral range of the instrument covers
from 200 to 1000 nm. The beam diameter could be changed from the
normal value of about 3mm to a value of less than 200 μm with a fo-
cusing lens. Since the possible overlap or partial overlap of the light
reflections from the glass surface and the sample might significantly
degrade the measurement accuracy in reflection mode, the transmission
mode was selected for characterization. In the transmission mode
shown in Fig. 2c, the incident angle can be arbitrary selected by ro-
tating the sample stage and the azimuthal angle can be changed by
manually rotating the sample.

2.3. Viscosity measurement during photopolymerization

The viscosity measurement of the mixture with an initial ZnS vo-
lume fraction of 22.6% was in-situ carried out on a rheometer (Anto-
Paar, MCR 302) upon exposure to a monochromatic 442 nm light
source with an intensity of 4.5mW/cm2 at 30 °C. The mixture was
sandwiched between two parallel circular plates in a diameter of
25 mm, in which the bottom transparent acrylic plate enabled the

transmission of visible light. The gap between the parallel plates was set
as the minimum limit of the instrument, i.e., 0.1 mm.

3. Method

As ellipsometry is a typical model-based metrology, it consists of a
forward model followed by an inverse problem solving process.
Therefore, appropriate models should be selected for the nanocompo-
site thin films and gratings.

Since the nanocomposite material in a thickness of 10 μm is trans-
parent in the visible to near infrared range, the optical constant of the
studied materials can be characterized by Cauchy model,

⎧
⎨⎩

= + +

=

n A B C

k 0
λ λ
1 1
2 4

(1)

where n represents the measured refractive index, λ is the wavelength,
k is the extinction coefficient, A, B and C are constants for the data
fitting. In our experiment, in which the incident angle was set to be 60°
and the spectral range was 400–1000 nm with an interval of 1 nm.

In grating sample analysis, the rigorous coupled-wave analysis
(RCWA) was used to calculate the Mueller matrices [27,28], and the
spectral range from 400 to 1000 nm with an increment of 5 nm was
selected. The number of retained orders in the truncated Fourier series
was 12, and the grating was sliced into 10 layers along the horizontal
direction with respect to the grating vector. Therefore, the profile
parameters and optical properties to be measured for the grating are:
the widths of bright and dark regions, the refractive indices of bright
and dark regions, and the side wall angle, which are referred as TCD,
TCD', nL, nH, and SWA, respectively. In order to eliminate the effects
induced by the variation of sample thickness d, angle of incidence
(AOI), and angle of azimuth (AOA), these three parameters need to be
reconstructed in the measurements as well.

The optical constants of the nanocomposite materials and structural
parameters of the holographic gratings can be extracted from the
measured Mueller matrices, by performing a weighted least-squares
regression analysis method (Levenberg-Marquardt algorithm) [29].
This is done by minimizing a weighted mean square error function
defined by
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where k indicates the k-th spectral point from the total number N, in-
dices i and j show all the Mueller matrix elements except m11 (nor-
malized to m11), P is the total number of measurands, mij,k with su-
perscript meas and calc denote the measured and calculated Mueller
matrix elements, respectively, and σ(mij,k) is the estimated standard
deviation associated with mij,k.

4. Results and discussion

Fig. 3 shows the measured refractive indices of polymer

Fig. 2. Typical samples and setups for
Mueller matrix ellipsometric character-
ization. (a) A polymer nanocomposite
film with ZnS nanoparticles at a volume
fraction of 22.6%, (b) a holographic
grating film with an initial ZnS volume
fraction of 22.6% (formed by illumination
under 5mW/cm2 of 442 nm coherent
laser patterns for 40 s). (c) Scheme of the
dual rotating-compensator MME in the
transmission mode.
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nanocomposites as a function of 5-nm ZnS nanoparticle volume frac-
tion. As shown in Fig. 3a, a consistent increase of refractive index can
be observed when the ZnS nanoparticle loading increases. Importantly,
a good linear relationship is observed between the refractive index and
nanoparticle fractions. A specific example at wavelength of 600 nm is
shown in Fig. 3b. The extrapolated n value for the neat ZnS nano-
particles is 1.77, which is in good agreement with the theoretical cal-
culation as described in previous work [4,16]. In other words, the linear
relationship between the n value and nanoparticle concentration is
expected to be reliable for the polymer nanocomposites in the entire
concentration range. These findings benefit us to correlate n value of
nanocomposites to nanoparticle concentrations. According to the re-
sults shown in Fig. 3b, the refractive index in each region can be con-
verted into the volume fractions of bright and dark regions, as f1 and f2,
using interpolation. We assume that the pitch of the holographic grating
is the same as the interference pattern of illumination light, i.e.,
800 nm, and the total fraction of nanoparticle conserves, then the re-
lationship between the widths and fractions can be described by,

+ − =f TCD f pitch TCD f pitch* *( ) *1 2 0 (3)

where f0 is the initial nanoparticle volume fraction. Thus, the para-
meters need to be directly determined in one measurement are TCD, f1,
d, AOI, AOA and SWA.

Fig. 4 shows an example of the measured and fitted Mueller ma-
trices achieved on one of the grating samples, in which the blue circles
represent the measured Mueller matrix elements and the red solid lines
represent the calculated ones. The samples stood on the stage with the
help of a homemade holder and being initially set as AOI=25° and
AOA=25°. As shown in Fig. 4, the calculated results are in good
agreement with the measured values. Additionally, the non-zero ele-
ments in off-diagonal blocks such as m13, m24, m31, and m42 clearly
show the anisotropy of the sample. Since the extinction coefficient of
the synthesized ZnS nanocomposites in the measured wavelength re-
gion for analysis approximates zero, the absorption of the material is
negligible. Thus, we can assume that the detection light can completely
penetrate the sample without detectable energy loss, and in the direc-
tion perpendicular to the nanocomposite top surface there is no con-
centration gradient of nanoparticles. Under such conditions, the side
wall angle (SWA) shown in Fig. 1c is expected to be 90° and the cross-
section profile can be simplified as a rectangle instead of trapezoid. In a
preliminary study of holographic grating characterization, the retrieved
SWA is 90° with variations within 0.1°, which indicates that our as-
sumption is valid. Therefore, the layer number in RCWA model can be
set as 1 and SWA is fixed as a constant angle of 90° in the following
experiments to improve the calculation efficiency and the measurement
accuracy.

It is worth to mention that, since the initial volume fraction of ZnS
nanoparticles reached 27.3%, the agglomeration may exist. If the ag-
glomerate dimension is comparable to the detecting wavelength, scat-
tering effect may become significant and depolarization may arise.
Benefit from the advantage of MME, we are able to execute the eva-
luation of agglomeration for both nanocomposites and holographic
gratings based on the depolarization index, DI, defined by [30],
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where MT is the transpose of Mueller matrix M, while Tr(*) represents
the trace. DI=0 and DI=1 correspond to a totally depolarizing and
non-depolarizing Mueller matrix, respectively. As shown in Fig. 5, the
depolarization index spectra calculated from the measured Mueller
matrix spectra of both the nanocomposite and holographic gratings are
close to 1 over the entire spectrum range used for analysis, which in-
dicates that no agglomeration exists or the agglomeration in the specific
case will not significantly affect the measurement accuracy.

We further performed the analysis on the phase separation process
during holographic recording. Fig. 6a–c shows the time-dependent
widths, volume fractions of bright and dark regions, and segregation
degrees during holography. Benefit from the absolute volume fractions
directly measured, the segregation degree, referred as SD, can be cal-
culated as brief as,

= − ×SD f f f( )/2 100%2 1 0 (5)

where f2, f1, and f0 represent the volume fractions in dark regions,
bright regions, and the initial volume fraction, respectively.

In previous reports to date, to calculate the SD an assumption is
required to be made that the widths of dark region and bright region are
determined by the illumination pattern only, i.e., the width for each
region is assumed to be identical if the interference fringes used are
equally designed. The results shown in Fig. 6a clearly show that the
width of dark region decreases while the width of bright region in-
creases with the increase of holographic recording time. We can also
observe an opposite trend of volume fraction change in these two re-
gions as shown in Fig. 6b. These results indicate that the interface of
these two regions has a movement towards the center of dark region.
Such a movement is rational because the polymerization speed has a
decreasing gradient from the center of bright region to dark region and
the nanoparticles in the faster polymerization area have a larger pos-
sibility to be trapped by the formed macromolecules, as the residual
nanoparticles in bright regions of the final state shown in Fig. 1c. Due to
such an movement, the detected refractive index modulation nH-nL
using MME is speculated to be higher than that calculated using the

Fig. 3. Correlation of the refractive index of polymer nanocomposites to ZnS nanoparticle concentration. (a) Refractive indices measured by MME when ZnS
nanoparticle volume fractions were varied from 0 to 27.3%, (b) refractive index change with respect to ZnS nanoparticle volume fraction at the detection wavelength
of 600 nm.
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diffraction efficiency method on the basis of Kogelnik’s coupled-wave
theory [4]. According to our previous disclosures [4,31,32], the time
dependent segregation degree, SD, can be described as,

= × ⎡
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−( )SD SD e1
π D t

max
2
Λ

2
a

(6)

where Λ is the grating pitch. The data fit in Fig. 6c with Eq. (6) gives the
general time dependent change of SD and its maximum value SDmax of
42.2%, which is in good accordance with our previous calculation of
45.3% based on the Kogelnik’s coupled-wave theory [4,33]. It is worth
to note that the nanoparticles movement is actually driven by both the
chemical reactions and their local concentration, whose effects are
opposite to each other. Before sufficient gelation, since the nanoparticle
concentration is higher in the dark region, backward diffusion driven by
the local concentration may exist. Considering the possible backward
diffusion after the illumination due to the insufficient gelation, we
discard data of SD within 10 s for fitting (red points in Fig. 6c). The
apparent diffusion coefficient, Da, achieved from the curve fitting is
2× 10−15 m2 s−1. According to the Stokes-Einstein diffusion equation,

the diffusion coefficient D of nanoparticles with a radius of r in a so-
lution with a viscosity of η can be described as D=kT/6πηr, where k
and T are Boltzmann constant and absolute temperature, respectively.
As reported in our previous work, the initial viscosity of the mixture
was 26.1 mPa∙s before exposure [4]. The fitted diffusion coefficient is 3
orders lower than the initial diffusion coefficient of the 5-nm ZnS na-
noparticle (3.4× 10−12 m2 s−1) predicted by the Stokes-Einstein dif-
fusion equation.

It is well-known that the viscosity of the mixture increases rapidly
during polymerization due to the increasing molecular weight, which
gives rise to nanoparticle trapping in growing polymers. Fig. 6d shows
the irradiation time dependent viscosity during photopolymerization in
a double logarithmic scale. After a short induction period of about 80 s,
the viscosity rapidly grows with an exponent of 7.96 ± 0.92 for 35 s
and then 17.42 ± 0.76 for another 40 s, i.e. more than 4 orders in
magnitude. The hologram sample thickness is ∼10 μm, which is only
one tenth of that used for the viscosity measurement using photo-
rheology, so the increasing behavior of its viscosity is expected to obey
the similar growth scaling but even faster. Therefore, such a slow

Fig. 4. Calculated and measured Mueller matrix
spectra in the transmission mode. The initial ZnS
volume fraction was 22.6% and illuminated by the
interference light pattern with a period of 800 nm
and an intensity of 5mW/cm2 for 40 s. The hor-
izontal axes, varying from 400 to 1000 nm with an
increment of 5 nm, denote the wavelengths, and the
vertical axes denote the values of the associated
normalized Mueller matrix elements.

Fig. 5. Depolarization index (a) of nanocomposite with different ZnS volume fractions from 3.2 to 27.3%, (b) of holographic gratings illuminated by the light with an
intensity of 5 mW/cm2 for 20–40 s. The initial ZnS volume fraction was 22.6%.
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diffusion process with a coefficient of 2×10−15 m2 s−1 after 10 s is
expected to be rational.

5. Conclusions

In summary, we have introduced MME to characterize the nano-
particle ordering process during holographic recording. Due to the
advantages such as fast speed, no destruction, and rich information
offered by MME, we measured the time-dependent changes of widths,
refractive indices, nanoparticle fractions in bright and dark interference
areas during holography, and further analyzed the nanoparticle or-
dering process during photopolymerization. The observation of de-
creased dark region width and increased bright region width shows that
the polymerization speed gradient should be considered for better un-
derstanding the phase separation process instead of using the width-
equal assumption. The results also show that the motion of ZnS nano-
particles will be rapidly decreased in the highly viscous media.
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