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Abstract: We employ two approaches to tune the properties of concurrently inscribed volume
polarization and surface relief gratings in nanocomposite thin films containing the azopolymer
PAZO (poly[1-4-(3-carboxy-4-hydrophenylazo)benzensulfonamido]-1,2-ethanediyl, sodium salt])
and goethite (α-FeOOH) nanorods. The first one is applied on the stage of sample preparation by
varying the concentration of the goethite nanorods from 0% to 15%. Then, different angles between
the recording beams are set in the holographic scheme, which allow us to obtain gratings with spatial
periods in the range from 0.86 to 2.51 µm. Surface relief modulation close to 300 nm is achieved as
well as total diffraction efficiency in the ±1 diffracted orders of more than 50%. The influence of the
incorporated goethite nanorods on the properties of both volume birefringence and the surface relief
grating are discussed.

Keywords: surface relief grating (SRG); nanocomposite; polarization holography; goethite; azopoly-
mer PAZO

1. Introduction

Holography offers an unparalleled flexibility in forming diffractive optical elements
(DOE) with tunable or customizable characteristics [1–3]. A broad range of light-sensitive
media have been developed in recent decades oriented toward various holographic appli-
cations [4]. By exposing photosensitive material to an interference pattern in a holographic
setup with varying recording angles, gratings with spatial periods from hundreds of
nanometers up to tens of microns can be produced, reaching diffraction efficiencies as
high as 90% [2]. Furthermore, polarization holography allows the inscription of gratings
with unique polarization properties [5–7], including circular polarization beam splitters [8],
bifocal or tunable Fresnel lenses [9–11], polarization multiplexing DOE [12], and others [13].
Polarization, or vectorial holography also enables the creation of advanced diffractive
elements, referred to as 4G optics, in which the media birefringence is spatially modulated
across the surface of the optical element [14,15].

Polarization holography requires media with specific optical properties such as
high photoinduced anisotropy, birefringence ∆n, or dichroism ∆D. During the last three
decades, azobenzene-containing materials have proven to be the most efficient for this
purpose [16,17]. Initially, guest-host systems were used, where azo dye was dispersed in a
polymer matrix [16]. However, they have certain shortcomings, including lower stability
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and limitations on the maximal concentration of the azo dye in the matrix. For this reason,
azopolymers, in which the azo chromophores are chemically linked to the polymer chain,
are commonly used nowadays [18]. An important phenomenon was also discovered in
holographic recording in azopolymer films—the formation of topographic or surface relief
grating (SRG) [19,20]. This allows for the optical patterning of the azopolymer surface, with
applications in photonics, biophysics, and other fields [21,22]. SRG can also be used as a
tunable substrate and coated with a metallic layer to study surface plasmon resonances [23]
or with magnetic materials allowing for the tuning of magnetic anisotropy of the resulting
film [24]. Furthermore, the reversibility of the recording in azopolymers allows the surface
structures to be optically erased or reconfigured [22,25,26].

A new approach to increase the photoinduced birefringence in azopolymer based
materials, and hence to obtain polarization gratings and surface patterning with enhanced
features, was suggested recently; this consists of doping the azopolymer with inorganic
nanoparticles with various sizes, chemical compositions, and shapes [27–29]. The resulting
nanocomposites, or hybrid organic and inorganic materials (HOIM), show enhanced op-
tical properties, including higher birefringence, a faster response, and increased surface
relief height [30–32]. The method to incorporate nanoparticles in other photosensitive ma-
terials has also been successfully used in photopolymers nanocomposites for conventional
holography and sensor applications [33–35].

Mostly nanoparticles (NP) with spherical symmetry are used. This results in one peak
in the dependence of the maximal birefringence on NP concentration. However, when using
elongated nanostructures, such as goethite nanorods, for the doping in the azopolymer with
an aspect ratio of approximately 10:1, an unusual profile of this dependence appeared [36].
Two peaks were observed—one at low and another one at high concentrations of the NP,
which can be related to the presence of the two distinctive characteristic dimensions of the
nanorods (14 nm width and 150 nm length). Hence, the optimum scattering from these
two dimensions is reached at two different concentrations.

In order to further analyze the optical properties of this nanocomposite, in this work
we study the characteristics of polarization holographic gratings in thin film samples
containing the azopolymer PAZO and goethite nanorods. Two methods are applied
to tune the properties of the SRG: (i) varying the concentration of the nanorods in the
samples, and (ii) varying the spatial period of the gratings using different recording angles
in the holographic setup. One of our goals is to establish if the maximal diffraction
efficiency achieved in the samples with different NP concentrations follows the same trend
as the birefringence curve. As is known in the case of photoanisotropic materials, an
increase in the birefringence should result in higher diffraction efficiency when polarization
holographic gratings are recorded. Furthermore, using atomic force microscopy (AFM),
we analyze the resulting surface relief gratings in order to find if their formation is also
influenced by NP concentration.

2. Materials and Methods

The goethite (α-FeOOH) nanorods were prepared following a procedure described
by us earlier [36,37]. An aqueous dispersion of goethite nanorods was synthesized by
co-precipitation of Fe3+ and Fe2+ cations at acid pH (pH ~ 4). To reach this pH value,
aqueous solutions of FeCl3 (1 M, 20 mL) and of FeSO4·7H2O (2 M, 5 mL, in 1.3 M HCl) were
simultaneously injected into 250 mL of NH4OH (0.4 M) under rapid mechanical stirring.
The final solution was mechanically stirred for 30 min, and afterward, a yellow-brown solid
product was precipitated, collected, and redissolved in a tetramethylammonium hydroxide
solution (1 M, 50 mL). Finally, water was added to the dispersion up to a total volume of
250 mL. The dimension distribution of the nanorods was determined from the transmission
electron microscope (TEM) study, performed on a Philips CM20 microscope operating at
100 kV.

The azopolymer used is the commercially available poly [1-4-(3-carboxy-4-hydrophenylazo)
benzensulfonamido]-1,2-ethanediyl, sodium salt] (Sigma Aldrich, #346411), also referred
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to as PAZO. A significant advantage of this polymer is that it is readily soluble in water
and methanol, hence organic solvents can be avoided.

To prepare the nanocomposite films, initially PAZO was dissolved in distilled water
at 60 ◦C and stirred to ensure that the entire amount of azopolymer was dissolved. The
goethite nanorods were dispersed in water by sonication (Elmasonic P 60 H, frequency
37 kHz at room temperature). Combining the azopolymer solution and nanorods dis-
persion, seven different weight concentrations of the nanorods to the azopolymer were
obtained, namely C = 0, 0.5, 1, 2, 5, 7.5, 10, and 15 wt %. Finally, thin films for optical
recording were prepared by depositing, for each film, 200 µL of the suspension on a glass
substrate (BK7) and then spin coated at 1500 rpm for 30 s. Three thin films were deposited
for each concentration.

Thickness was determined by a high-precision Talystep profiler (Taylor-Hobson) with
1 nm vertical and 0.1 µm horizontal resolution, additionally upgraded with a digital
recording device connected to a PC. The thickness d of all samples was in the range
400–470 nm.

Polarization holographic gratings were recorded using a 442 nm He-Cd gas laser
(IK4171I G, Kimmon Koha) as a coherent light source. This wavelength was selected, as
our earlier studies had shown, as it produces the highest photoinduced birefringence in
PAZO [38]. A classical polarization holographic optical setup was used [39], as shown
in Figure 1. The beam was split into two beams with equal intensities by a half-wave
plate and polarization beam splitter and their polarizations were set to left circular (LCP)
and right circular (RCP) using quarter-wave plates. We must emphasize that in this case
(two recording beams with orthogonal circular polarizations), the interference field on the
sample maintained constant intensity, however its polarization was modulated—it was
always linear with azimuth periodically rotating along the grating vector, as illustrated in
the bottom inset of Figure 1.
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Figure 1. Optical scheme of the polarization holographic setup. BE: beam expander; HWP: half-wave
plate; QWP: quarter-wave plate; PBS: polarization beam splitter; M: mirror; S: sample; PM: power
meter. The insets show the light interference field on the sample (bottom) and the different surface
grating periods that are obtained by varying the recording angle (right).

In the different series of experiments, the two beams recombined on the sample at
recording angles 2θ = 10◦, 20◦ or 30◦, corresponding to grating periods Λ ≈ 2.54, 1.27, and
0.85 µm, respectively, which are illustrated with the 2D AFM image insets on the right in
Figure 1. The average power density (or light intensity) on the sample was 0.95 W/cm2.
A DPSS laser at 635 nm (B&W Tek Inc., Shea Way Newark, DE, USA) was used as a
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probe laser, as its wavelength is outside the absorption band of the azopolymer PAZO. Its
polarization was set to right circular by an appropriate quarter-wave plate. In order to
obtain the kinetics of the diffraction efficiency DE+1(t), the diffracted power in the +1 order
was measured in real time during the inscription of the grating by a computer operated
power meter (PM100D, Thorlabs). The value of DE was calculated as the ratio of the
diffracted power and the power of the probe laser beam incident on the grating. Based on
the kinetics, the maximal diffraction efficiency value was determined when saturation was
reached at—DE+1max. When the recording was completed, the DE was measured in the
+1 and also in the 0th and –1 diffraction orders, obtaining the values of DE+1, DE0, and
DE–1, respectively.

Surface topography of the recorded gratings was measured by an atomic force mi-
croscope (AFM) (Asylum Research MFP-3D, Oxford Instruments). It was supplied with
standard silicon probes AC160TS-R3 with a frequency of 300 kHz and a spring constant of
26 N/m. The experiments were conducted at ambient conditions using AFM non-contact
(AC) mode. Scan rate was 1 Hz. Measurements were performed on areas with dimensions
5 µm × 5 µm, selected for optimal characterization of the SRG features in the present
experiments. For each sample, multiple regions of the gratings were scanned in order to
ensure repeatability of the results.

3. Results and Discussion

In Figure 2a, we show a transmission electron microscope image of the goethite NPs
used in the experiments. The absorption coefficient spectrum and chemical structure of the
azopolymer PAZO are shown in Figure 2b. The wavelength of the recording laser (442 nm)
was selected in the longer wavelength shoulder of the absorption peak. This entails certain
important advantages: first, using light with a wavelength away from the absorption peak
allows for uniform intensity distribution along the film thickness. In contrast, light at
wavelengths close to the peak of absorption would be absorbed at the front surface of the
sample and would not penetrate it. Second, this wavelength allows us to simultaneously
address the trans and cis isomer of the azochromophores; in this way, accelerating the
trans-cis-trans photoisomerization process.

Figure 2. (a) TEM image of the goethite (α-FeOOH) nanorods; (b) absorption coefficient spectrum and chemical structure of
the azopolymer PAZO.

The size distribution of the nanorods was evaluated based on 150 NPs for each
dimension of length and width, as illustrated in Figure 3. Their dimensions were found to
be 150 ± 40 nm by 14 ± 4 nm. To quantify the nanoparticles size distribution, we use the
polydispersity index (PDI) defined as (σ/x)2 [40], where σ is the standard deviation and
x is the mean particle dimension. The values of PDI were 0.089 and 0.097 for the length
and width distribution, respectively, i.e., they were practically the same for both the length
and width of the nanorods. (Note: PDI values were calculated using the data for σ and x
shown in Figure 3).
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Figure 3. Histogram of the goethite nanorods size distribution based on n = 150 nanoparticles evaluated. (a) NP length
distribution; (b) NP width distribution.

Using the optical setup for polarization holography described in the previous section,
diffraction gratings were inscribed in the nanocomposite thin film samples. The recording
angle 2θ was set consecutively to 10◦, 20◦, and 30◦ and gratings were recorded in the films
with different concentrations of the goethite nanorods—from 0% to 15%. The kinetics of
the diffraction efficiency in the case of the recording angle 2θ = 20◦ and all concentrations
are presented in Figure 4a. In Figure 4b, the DE kinetics are plotted for the sample with
C = 10% and all recording angles.

Figure 4. Kinetics of the diffraction efficiency in the +1 order during the holographic recording: (a) for recording angle
2θ = 20◦ and all samples with C = 0–15%, (b) for concentration of the goethite nanorods C = 10% and recording angles
2θ = 10◦, 20◦, and 30◦ (symbols are plotted in (a) at every 500 and in (b) at every 250 data points to distinguish the curves).

Various parameters can be extracted from these real-time curves, characterizing the
diffraction gratings formation, most importantly, the saturated value DE+1 max, which indi-
cates the highest diffraction efficiency achieved during the recording. As seen, it strongly
depends on the goethite nanorods concentration. This dependence will be discussed in
more details later.

We can also notice that the noise in the DE time series is relatively low, although
no smoothing or any type of processing has been applied to the raw data. It is known
that holographic recording is extremely sensitive to the slightest vibrations or laser power
fluctuations. For this reason, the holographic setup was installed on an optical table,
equipped with active vibration isolation supports (PTS602, Thorlabs) and the grating
inscription was performed after the recording and probe lasers had reached a stable mode
of operation.
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The temporal behavior of DE also reveals important information. The kinetic curves
DE(t) can be fitted with biexponential functions in the same way as the birefringence
kinetics [41]. In this case, however, four parameters are required to describe each curve.
Instead, we introduced a single parameter, the response time τDE, which allowed for easy
and clear comparison between the various samples and recording conditions. This defined
as the time required to reach 80% of DEmax by analogy with the birefringence response time
τ∆n, which was used in previous publications [38,42]. The values of τDE for the kinetics in
Figure 4 are in the range 700–1200 s. They are considerably higher than the birefringence
response times for the same samples—τ∆n = 30–40 s, which can be calculated from the data,
published in Ref. [36]. This slower response of the diffraction efficiency compared with the
birefringence may be assigned to the process of surface relief formation, which involves
macroscale mass-transport of significant part of the nanocomposite sample, as it will be
shown by the AFM studies. Similar differences in the time scales of these two phenomena
have been reported by other researchers, both in the case of recording [43] and recording
or erasure [26] of SRG and volume birefringence gratings.

Figure 5 shows the dependence of the maximal value of the diffraction efficiency
in the +1 order (DE+1 max) on the concentration of the goethite nanorods for the three
different recording angles: 2θ = 10◦, 20◦, and 30◦. For all recording angles, we observed
a well-defined maximum of the DE for the sample with 10% concentration of the NP. An
increase of the DE in the nanocomposite samples compared to the non-doped sample
was also present for the lower NP concentrations, at about 0.5–2%. This corresponds to
the two peaks in the dependence of the birefringence on the concentration (see the inset
of Figure 5) reported earlier [36]. Here, we should take into account the film thickness.
The birefringence is a thickness independent parameter of the photoanisotropic media.
Conversely, diffraction efficiency depends on the film thickness d and differences in the
thickness of the samples can result in variations of the DE. Still, we can see that highest
diffraction efficiency is achieved for the sample with the smallest thickness (C = 10%),
which can be explained by the higher birefringence and surface relief induced in the
nanocomposite sample.

Figure 5. Dependence of the maximal diffraction efficiency in the +1 order (DE+1 max) on the concen-
tration of the goethite nanorods in the thin film samples for all recording angles—2θ = 10◦, 20◦, and
30◦. The inset shows the dependence of the photoinduced birefringence (∆nmax) on the nanorods
concentration (adapted from [36]).

The diffraction efficiency data for the intermediate recording angle (2θ = 20◦) are
summarized and analyzed in Table 1. In addition to the maximal diffraction efficiency
in the +1 order (DE+1 max) obtained from the real time measurement, after the end of the
recording, we measured the efficiency of the two diffraction orders (DE+1) and (DE–1), as
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well as of the zeroth order (DE0). The power diffracted in higher orders when they are
present is small and can be neglected.

Table 1. Summary of the diffraction efficiency data for the recording angle 2θ = 20◦.

C (%) d (nm) DE+1 max
(%)

DE+1
(%)

DE–1
(%)

DE0
(%)

TDE
(%)

TPR
(%)

DEnorm
(%)

hSRG
(nm)

0 450 18.5 18.2 17.1 47.2 35.3 82.5 42.8 170

0.5 460 26.7 26.5 24.8 30.1 51.3 81.4 63.0 220

1 430 21.5 21.0 19.7 42.3 40.7 83.0 49.0 245

2 470 26.5 26.3 24.5 30.7 50.8 81.5 62.3 270

5 420 11.1 10.8 9.8 58.1 20.6 78.7 26.2 235

7.5 410 21.2 20.8 19.7 36.3 40.5 76.8 52.7 160

10 400 26.9 26.6 26.4 15.6 53.0 68.6 77.3 280

15 450 11.5 11.2 10.3 48.3 21.5 69.8 30.8 15

First, the diffraction efficiency values for the +1 order after the recording (DE+1) are
similar to the values during the recording process (DE+1 max). This indicates high stability
of the inscribed diffraction gratings in the range of 93–98%. A similar stability is observed
for gratings recorded at 2θ = 10◦. A slightly lower stability is obtained for the gratings
at the largest recording angle (2θ = 30◦), namely 87–96%. Comparing the values of the
diffraction efficiencies in the +1 and –1 order, we note that they are similar. This indicates
that the contribution of the surface relief grating is significant. Otherwise, if only volume
birefringence grating was present, according to the theory, all the diffracted power would
be transferred to the +1 order for the given optical scheme [5].

To facilitate the analysis, we introduce additional parameters derived from the mea-
sured diffraction efficiencies, as follows:

• TDE (%)—total diffraction efficiency, defined as the sum of the diffraction efficiencies
in the +1 and –1 order (DE+1 + DE–1);

• TPR (%)—transmitted power ratio equal to DE+1 + DE–1 + DE0;
• DEnorm (%) = 100 × TDE/TPR.

For example, the TPR value for lower concentrations of the goethite nanoparticles
(up to 7.5%) is about 80%. This 20% power loss is likely due to reflections from the film
surfaces and absorption. At higher concentrations (10% and 15%), however, the TRP drops
to 70%, which can be attributed to scattering from the nanoparticles.

The sum of the efficiencies in the two diffraction orders (±1) is tabulated in the column
denoted as TDE. It reaches 53% for C = 10%. The ratio between the diffracted power and
the total power transmitted through the grating is evaluated by the parameter DEnorm.
Considering the reflection and scattering, it can be seen that for the sample with 10%
concentration of the NPs, more than 77% of the total transmitted power is redirected in the
two diffraction orders.

The AFM scans of the surface topography of the gratings inscribed at recording angle
2θ = 20◦ are shown in Figure 6. Regular and smooth profiles are observed with spatial
period Λexp = 1.29 ± 0.03 µm, which coincides with the theoretically expected value for
this recording angle: Λtheor = λrec/(2sinθ) = 1.27 µm. The height of the surface relief (hSRG)
obtained from each of these scans is given in the last column of Table 1. As expected, the
highest relief is observed for the grating with highest DE, namely the one inscribed in
the sample with 10% NP concentration. Still, the relief height does not vary significantly,
except for C = 15%, in which a low value of hSRG is measured. The peaks in this case, as
seen in Figure 6h, can be explained with the presence of nanoparticles on the surface or
close to the surface of the film.
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Figure 6. Three-dimensional AFM images of the surface relief gratings, formed at recording angle 2θ = 20◦ for the following
nanoparticles concentrations: (a) C = 0%, (b) C = 0.5%, (c) C = 1%, (d) C = 2%, (e) C = 5%, (f) C = 7.5%, (g) C = 10%, and
(h) C = 15%.

Figure 7 shows the AFM scans of the gratings recorded at the three different beam
intersection angles 2θ = 10◦, 20◦, and 30◦ in the thin films with NP concentration 10%.
Again, uniform fringe profiles were obtained with spatial periods varying in a broad range,
from Λ = 0.86 µm (at 2θ = 30◦) to Λ = 2.51 µm (at 2θ = 10◦). This demonstrates the ease and
flexibility in obtaining surface topography with desired characteristics using polarization
holography. In the case of the grating with Λ = 0.86 µm, shown in Figure 7c, we noticed
that the troughs of the SRG have a different shape than the peaks. As suggested by Moujdi
et al. [44], despite that the gradient force acting on the film surface is sinusoidal, the spatial
distribution of the displaced volume is Gaussian, regardless of the state of polarization of
the interfering beams.
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Figure 7. Three-dimensional AFM images of the SRG, inscribed in the thin film sample with NP concentration C = 10% and
recording angles (a) 2θ = 10◦, (b) 2θ = 20◦, and (c) 2θ = 30◦.

In order to evaluate the influence of the surface relief modulation on the increase of
the diffraction efficiency, we have plotted the maximal diffraction efficiency in the +1 order
(DE+1max) vs. the height of the surface relief (hSRG), as shown in Figure 8. This approach
was recently employed by Falcione et al. [32]. In their study, both recording beams had
horizontal polarizations, which results in modulation of the intensity but not in polarization
modulation of the interference field. Using a simple model, the authors demonstrated that
the increase of the diffraction efficiency was due only to the SRG modulation.

Figure 8. Dependence of the diffraction efficiency in the +1 order (DE+1 max) on the height of the
surface relief (hSRG). The dashed line illustrates the contribution of the surface relief grating to the
diffraction efficiency.

In our recording setup, two beams with left and right circular polarizations were
used. The resultant interference field had constant intensity, but strong polarization
modulation, as illustrated in the bottom inset of Figure 1. This led to the formation
of volume birefringence grating with considerable contribution to the diffraction efficiency.
This is clearly seen from the “offset” of the DE data of about 12% for low values of the
surface relief height. The effect of the SRG was also well-pronounced and was responsible
for the remaining 15% of the efficiency in the cases with significant relief height.

Two possible mechanisms were suggested by our group that can lead to more efficient
energy transfer from the recording light to the azopolymer, which results in enhancement
of birefringence and higher surface relief in photoanisotropic nanocomposite or hybrid
materials. The first is the increase of free volume in the vicinity of the nanoparticles, which
leads to higher mobility of the azochromophores [29], and the second is the scattering from
the nanoparticles, in which scattered light excites and reorients off-plane chromophores that
would otherwise not contribute to the birefringence and surface relief formation [30]. These
models are supported by a number of researchers and can also contribute to the increase of
both the diffraction efficiency and surface relief modulation in the case of nanocomposite
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materials. The inorganic nanoparticles incorporated in the polymer act as nanospacers
that prevent the closer packing of the polymer chains [45]. For azopolymers, this results in
an increase of the free volume and enhanced mobility (photoisomerization, rotation, and
reorientation) of the azochromophores [31,32]. The influence of the free volume on the
photoinduced birefringence in a guest-host azobenzene-containing polymer has been theo-
retically and experimentally demonstrated by Dall’Agnol et al. [46]. The scattering caused
by the nanoparticles can be beneficial at smaller concentrations when it allows addressing
the off-plane chromophores [30]. At higher concentrations, however, the scattering may
disrupt the interference pattern of light during the polarization holographic recording,
leading to a decrease of DE and the height of SRG. Hence, an optimal concentration of
dopant nanoparticles must be found depending on their size, shape, and composition, as
well as on the azopolymer optical properties.

4. Conclusions

Two different approaches have been presented in this article to tune the properties
of the inscribed polarization holographic gratings. The first is applied at the preparation
and deposition stage of the thin film nanocomposite samples. Goethite nanorods with
different concentrations have been embedded in the polarization sensitive azopolymer
in order to enhance its optical response and the maximal value of the photoinduced
birefringence (∆nmax). The second approach is employed at the recording stage. By varying
the angle between the two recording beams in the holographic setup, we can obtain
polarization holographic gratings with the desired surface topography features (spatial
period and height of the SRG), as well as achieve high values of the diffraction efficiency.
As demonstrated, surface relief gratings with a broad range of spatial periods from 0.86 to
2.51 µm can be inscribed in the nanocomposite samples combined with relief modulation
close to 300 nm. When an optimal concentration of the goethite nanorods is selected, the
diffraction efficiency in the +1 order reaches 26% and the total diffraction efficiency in
the ±1 orders can be as high as 53%. The dependence of the diffraction efficiency on the
nanoparticles’ concentration in the case of goethite nanorods is similar to the birefringence
vs. concentration dependence reported by us earlier and shows two maxima—one at low
concentrations (0.5–2 wt.%) and one at higher concentrations (10%).
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