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Visualizing 3D Anisotropic Molecular Orientation in
Polarization Holographic Optical Elements via Dielectric
Tensor Tomography

Juheon Lee, Heeju Son, Seung Jae Hong, Herve Hugonnet, Joona Bang, Seungwoo Lee,*
and YongKeun Park*

The ability to unveil the spatial distribution of refractive index (RI) within
volumetric holographic optical elements (HOEs) is critical for quantitating
their diffractive behaviors. Angle-resolved far-field measurements of
diffractive intensity have been prevalent toward this end. However, this
century-old approach is unable to directly visualize the spatial distribution of
RI at mesoscopic scale. More significantly, visualization of molecular
orientation within photoaddressable polymers (PAPs), which serve as
standard recording media for polarization HOEs (pHOEs), remains uncharted
territory. The recent advent of dielectric tensor tomography (DTT) has paved
the way for full characterization of 3D anisotropic dielectric tensors,
encompassing principal RIs and their optic axes. This study embarks on direct
visualization of the 3D spatial distribution of anisotropic molecular
orientations within holographically recorded PAPs. Illuminating these PAPs
with polarized light at varying angles, the diffracted vector fields essential for
reconstructing the dielectric tensor tomogram are captured. After
diagonalizing the dielectric tensors, periodic rotations of the anisotropic
molecule orientations can be visualized in the PAPs, which have never been
achieved so far. The homogeneity of grating patterns produced under diverse
manufacturing conditions is also examined and juxtaposed.
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1. Introduction

Holographic optical elements (HOEs) are
century-old media, playing critical roles
across various sectors such as 3D imager,
data storage, and augmented/virtual reality
displays.[1] For a holographic recording of
conventional HOEs, intensity interference
pattern (IIP), where an electric field with a
consistent polarization is sinusoidally mod-
ulated along the grating vector, can be di-
rectly encoded in a volumetric media, for ex-
ample, by intensity-proportional photopoly-
merization. Thus, with respect to the ge-
ometry of IIP, material density and the re-
sultant refractive index (RI) are volumetri-
cally modulated in HOEs without the en-
coding of polarization information. By con-
trast, polarization HOEs (pHOEs) hold a
promise as Bragg diffractive media with
which to encode the polarization informa-
tion in volume gratings. Photoaddressable
polymers (PAPs) have been the gold vistas
of pHOE media toward this end. In partic-
ular, the long axis of azobenzene molecules
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Figure 1. Investigative methodologies assessing pHOE. a) Diffraction of polarization volume gratings, with arrows highlighting the relationship between

the Bragg angle and the grating vector k⃗grating where diffraction efficiency reaches its peak along the wavevector k⃗out in terms of the incident wavevector

k⃗in. b) Polarized light microscopy, where pattern quality is inferred from a 2D projected intensity image. c) DTT, in which the anisotropic structure of the
grating is reconstructed in terms of DTT.

in PAPs can become aligned with respect to the vertical direction
to the polarization of incoming light, in that illumination of polar-
ization interference pattern (PIP), where the polarization is lin-
early rotated across the grating vector without change in intensity,
gives rise to the volumetric encoding of the polarization informa-
tion. Thus, the PIP-encoded RI modulation in pHOEs and the
resultant diffractive efficiency (DE) can be polarization sensitive
in contrast to those of HOEs and, by extension, can act as light
modulator carrying the orbital angular momentum through a
more sophisticated design such as the catenary structures.[2] Fur-
thermore, PAPs are easy-to-craft in terms of developing a thick
film, which enables an ultranarrow angular selectivity, promot-
ing a vast number of multiplexing of volume gratings. More criti-
cally, the molecular orientations of azobenzene can be repeatably
erased and rewritten (i.e., updatable volume hologram), which
makes PAPs starkly contrasted with holographic photopolymers.

Either HOEs and pHOEs have dominantly depended on angle-
resolved, far-field measurement of DE for qualitatively analyz-
ing of the volumetrically modulated RI (Figure 1a).[3] Scatterom-
etry, another method, assesses diffracted light to ascertain the
dimensional parameters of grating structures.[4] Nevertheless,
these methods are unable to characterize a microscopic spatial
distribution of RI. Ellipsometry has been suggested as an alter-
native for HOE’s RI and thickness measurement,[5] but this tech-
nique requires complex computations to derive parameters and

lacks sensitivity to changes in the RI of HOEs. High-resolution
imaging techniques like atomic force and scanning electron mi-
croscopy, which measure the surface grooves of HOEs, are not
suitable for phase-modulated grating measurement.[6] Recently,
several strategies have used an interferometric system to image
phase-modulated HOEs. Phase contrast microscopy provides 2D
contrast images of phase gratings.[7] Quantitative phase imag-
ing (QPI) techniques exploit RI as an imaging contrast.[8] 2D
QPI technique was used to demonstrate the measurements of
2D phase delay profiles of grating structures.[9] Polarization sen-
sitive QPI techniques have been reported to measure 2D phase
delay maps as a function of polarization states.[10] 3D QPI tech-
nique, also known as holotomography, reconstructs 3D RI dis-
tribution of a sample via tomographic reconstruction,[11] which
can be used for the characterizations of HOEs. However, these
methods fall short of measuring optically anisotropic 3D pHOEs
structures. Nevertheless, all of these methods cannot quantita-
tively measure the regularly rotating molecular orientations of
anisotropic azobenzene molecules, which have been reliant on
speculation thus far.

Polarization-sensitive imaging techniques are indispensable
for pHOE quantitation, given that their grating patterns are
formed by rotating the optic axis of anisotropic material. Po-
larized light microscopy is a conventional technique offering
polarization-sensitive contrast images of anisotropic structures
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(Figure 1b).[12] However, this method is limited to 2D plane in-
formation. Other methods extend the principle of optical diffrac-
tion tomography to display 3D polarization-sensitive contrast,[13]

but these necessitate strict sample assumptions for complete
anisotropy reconstruction. Recently, dielectric tensor tomogra-
phy (DTT), a technique enabling volumetric 3D anisotropic
structure measurement, has emerged (Figure 1c).[14] The optical
anisotropy can be fully characterized by inversely solving the vec-
tor wave equation, which includes 3D principal RI distributions
and their optic axes with a microscopic resolution.

This study presents the direct visualization of the holographi-
cally modulated molecular directors within a volumetric pHOEs
using DTT. The 1D polarization volume gratings were recorded
by illuminating the pHOEs with a PIP. The dielectric tensor to-
mograms were reconstructed from the measured fields, based on
the DTT principle. Periodic rotation of anisotropic molecular ori-
entations in the grating volume was directly visualized by diago-
nalizing the dielectric tensors, which were out of reach for the last
century. Further, we evaluated and compared the homogeneities
of the measured polarization volume gratings under various sam-
ple conditions.

2. Experimental Section

2.1. Holographic Inscription of pHOEs

The pHOEs were developed using a PAP, specifically polymethyl-
methacrylate (PMMA)-b-P(liquid crystalline (LC)-r-azobenzene
(Azo)), synthesized through atom transfer radical polymerization
(Figure 2a). The polymer was then sandwiched between two cover
glasses with 60 μm spacers, as outlined in the previous work.[15]

This PAP can be divided into two main parts: i) Azo/LC side
groups serving as photochromic reactive moieties; ii) PMMA act-
ing as an optically transparent host medium, crucial for the cast-
ing of thick polymer films.

On light exposure, the azobenzene molecules within the poly-
meric host underwent repetitive trans–cis–trans isomerization
cycles. This isomerization cycles cease when the long-axis of
trans isomer becomes accidentally aligned perpendicularly to the
polarization state, resulting in a molecular orientation.[16] These
photoinduced molecular alignments in Azo drive the coopera-
tive motions that enable the surrounding LC side groups to align
along the long axis of neighboring Azo side groups. This process
amplifies birefringence even in a volumetric thick film; promot-
ing volume modulation of RI.[17] Therefore, by illuminating the
PIP, a polarization volume hologram with the desired anisotropic
structure can be inscribed.

The PIP was generated by mixing two incident beams with
left-circular polarization (LCP) and right-circular polarization
(RCP).[15] The total electric field E can be described as follows:

E = exp
(

i 2𝜋
𝜆

xsin𝜃
) (
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)
+ exp
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−i 2𝜋
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(1)

s⃗ = ŷ, p⃗1 = cos (𝜃) x̂ + sin (𝜃) ẑ, p⃗2 = cos (𝜃) x̂ − sin (𝜃) ẑ (2)

where 𝜃, 𝜆, and s⃗ are the incident angle, the wavelength, and
the polarization state perpendicular to the incident plane, respec-
tively. p⃗1 and p⃗2 are the polarization states parallel to the incident
plane for each incident beam. Note that the phase delay i at the
z component indicates elliptical polarization, and normal axes of
the elliptical polarizations are rotated along the x direction with
a period of 0.5𝜆/sin𝜃 (Figure 2b). Prepared samples were illumi-
nated with 532 nm wavelength PIP at an incident angle of 15.5°,
forming regularly rotating molecular directors of Azo/LC with a
period of 1 μm.

Four variants of pHOEs were prepared with varying ratios of
moieties and exposure times (Table 1). To explore the effects of
azobenzene content and laser exposure, the weight percentage
of the azo group was adjusted to either 7 or 18 wt.%, with laser
exposure durations of 2, 10, and 30 min.

2.2. Dielectric Tensor Tomography

The optical system, based on a Mach–Zehnder interferometer
with spatially multiplexed off-axis holography, was constructed
as shown in Figure 2c.[14,18] The laser source (wavelength 𝜆 =
532 nm; Cobolt AB) was divided into a sample and reference arm
using a beam splitter. A digital micromirror device (DLi 4130,
Digital Light Innovations) was employed in the sample arm for
rapid control of the sample illumination angles.[19] Then, a LC
retarder (LCC1223-A, Thorlabs) was used to control the illumi-
nation polarization. A 4-f system, along with a condenser lens
(UPLSAPO 60XW, Olympus), was employed over the sample to
enable high angle illumination, and diffracted fields were col-
lected using an objective lens (UPLSAPO 60XW, Olympus), and
a tube lens. The gathered beam was combined with two perpen-
dicularly polarized reference beams, formed using a Wollaston
prism. As the light with perpendicular polarization does not in-
terfere, two polarization-dependent holograms were generated,
forming a check pattern on the image sensor (Lt425R, Lumen-
era).

For DTT reconstruction, the multiplexed holograms were
recorded at various illumination angles (Figure 2d). For each
multiplexed hologram, the polarization-sensitive fields were
simultaneously extracted based on the off-axis holography
method.[20] The measured fields were vectorized in Cartesian co-
ordinates and combined to reconstruct the dielectric tensor tomo-
grams based on the DTT principle.[14] To remove speckle noise
caused by dust and low signal to noise ratio in the sample, the
six tensor tomograms were filtered in the Fourier domain during
the reconstruction process,

̃⃖⃗⃖⃖𝜀ij

filtered
= F ̃⃖⃗⃖⃖𝜀ij (3)

where the binary filtering mask F was generated by thresholding
the Fourier domain depending on the value of the L1-norm of
the dielectric tensor, which includes integrated information ≈ all
tensor elements (Figure 2e). As shown, this removed noise while
keeping harmonic frequency terms due to the periodic grating
structure. In Figure 2f, the individual components of the filtered
dielectric tensor are visualized. It is important to note that, as the
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Figure 2. Measurements of the DTT of pHOE samples. a) Chemical structures of PaPs. b) Preparation of the pHOEs. The grating consists of a block
copolymer including Azo side groups with liquid crystals. Under the interference pattern of left and right circular polarization beams, the Azo side groups
and liquid crystal were aligned in the orientations linearly rotated along the lateral direction. c–g) Data acquisition in the DTT. c) The experimental setup
for DTT is based on the Mach-Zehnder interferometry. d) Recorded holograms at various illumination angles, retrieved fields, and vectorized fields in
the Cartesian coordinates. e) L1-norm of the dielectric tensor tomogram in the Fourier domain, before and after Fourier filtering. f) Six elements of
the dielectric tensor tomogram after the Fourier filtering. g) Orientation angles, extraordinary RI, and ordinary RI before and after the Fourier filtering,
acquired by diagonalizing the dielectric tensor tomogram.

dielectric tensor is symmetric, six components of the tensor were
reconstructed, and the remaining components were deduced.
The dielectric tensor tomograms were diagonalized based on the
singular value decomposition method to visualize the principal
RIs and their optic axes. In Figure 2g, the extraordinary RI and
lateral angle of orientations were visualized, comparing results
before and after filtering. The theoretical spatial resolution of the

imaging system stands at 111 nm in the lateral direction and
453 nm in the axial direction, respectively.[21]

3. Results and Discussion

To visualize the birdeye-viewed molecular orientations of the
pHOEs, we imaged the polarization volume gratings with a size

Adv. Optical Mater. 2024, 12, 2302346 © 2024 Wiley-VCH GmbH2302346 (4 of 9)
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Table 1. Sample conditions depending on the weight percentage of com-
positions and laser exposure time.

Sample
number

AzoNO2
[wt.%]

LC
[wt.%]

PMMA
[wt.%]

Laser exposure
time [min.]

1 7 59 34 10

2 18 50 32 2

3 18 50 32 10

4 18 50 32 30

of 212 × 212 × 21.2 μm (sample 3), by stitching 5 × 5 tiled im-
ages. Figure 3a shows the resulting stitched image visualizing
the regularly rotating molecular directors of the Azo and LC side
group moieties. This method enabled visualization of a large
part of the sample in which the large area polarization gratings
were fully inscribed along the volumetric thick film. A zoom-in
10 × 10 × 10 μm (Figure 3b) and 2 × 2 × 2 μm (Figure 3c) views
of the grating pattern taken at azimuthal angles further detailed
the spatial distributions of anisotropic molecular directors. In
particular, the anisotropic molecular directors rotate periodically
along the grating vector with a period of ≈ 1 μm, which shows
good agreement with the vertical counterpart of the polarization
pattern in PIP. The corresponding cross-sections of molecular
alignment were extracted in the x’z plane and x’y’ plane cen-
tered around the y’ axis and z axis respectively (Figure 3d,e). In
Figure 3d, while exhibiting a slight tilt of molecules as depth in-
creases along the z direction, the molecules are aligned predomi-

nantly maintaining the alignment in the upper region. In the x’y’
plane, the linear rotations of the molecules matched with the po-
larization directions of the PIP are illustrated in accordance with
periodicity shown in Figure 3e.

We proceeded to develop a quantitative analysis of the grating
structure, with initial evaluation conducted on Sample 4, crafted
with a high percentage of the Azo group and exposed to pro-
longed laser exposure. Displayed in Figure 4a are cross-sectional
images of the measured principal RIs ne and no along with the
azimuthal angles of the optic axes. Consistent with the intended
grating pattern, the optic axes were observed to rotate linearly
along the x direction. However, an unexpected spatial inhomo-
geneity was found in the measured principal RIs ne and no. This
discrepancy may have arisen due to unintentional spatial changes
in the PIP intensity, caused potentially by diffraction and absorp-
tion effects induced by pre-inscribed gratings near the upper sur-
face.

To enhance the clarity of visual interpretation, we incorporated
zoomed-in 3D rendering images, showcasing molecular align-
ments (Figure 4b). The specific regions magnified are indicated
by red lines in Figure 4a. Each horizontal cross-section presents
linear rotation of the optic axes. Nevertheless, slight phase dis-
crepancies were observed in the periodic patterns across different
sections, which may have been due to the absorption and scatter-
ing of PIP at the upper surface.

In order to quantitatively evaluate these observed molecular
misalignments, we performed a statistical analysis of the orien-
tations of the optic axes. Figure 4c presents line profiles of the
optic axis angle along the x directions, with the statistical analysis

Figure 3. Visualization and analysis of pHOE based on DTT. a) Wide-field image of optic axis orientations acquired using DTT. The image was compiled
by stitching together 25 (5 × 5) tiled images. b) Enlarged detailed images from a selected area within the wide-field image (outlined by a white dashed
box). c) 3D visualization of optic axes extracted from a specific area (indicated by a yellow dashed box). d,e) Highlighted cross-sections of x’y’ (marked
by a green line) and x’z (marked by a blue line).

Adv. Optical Mater. 2024, 12, 2302346 © 2024 Wiley-VCH GmbH2302346 (5 of 9)
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Figure 4. a) Cross-section images of ne (extraordinary RI), no (ordinary RI), and orientation angle of optic axis. The white dashed lines indicate positions
of the cross-sections. b) 3D view of the optic axes in the magnified region. The visualized cross-sections correspond to the red lines in (a). c, d) Plot of
line profiles with their circular mean and standard deviation along the x and z directions. The dotted lines in the right schematic indicate positions of
the line profiles within the tomogram. The red and blue lines indicate the circular mean and standard deviations of the line profiles, respectively.

being conducted at the central z section of the measured tomo-
gram. Here, we calculated the circular mean and standard devia-
tion of the angles using directional statistics as,[22]

𝜙̄ = 1
2

arg

(
1
n

∑
k

e2i𝜙k

)
, 𝜎𝜙 =

√√√√−2ln

(||||| 1
n

∑
k

e2i𝜙k

|||||
)

(4)

In these equations, the azimuthal angle ϕ is wrapped in terms
of phase values in the complex exponential function before av-
eraging. The angle of the averaged complex value is termed
the circular mean, while the magnitude of this averaged com-
plex value determines the circular standard deviation. In this

context, a value of 0 signifies no deviation, and a value ap-
proaching infinity indicates a random distribution. As illus-
trated in the graphs, the mean angle of the optic axes exhibits
a linear oscillation between −90° and 90°. However, the stan-
dard deviation along the x direction presents a periodic fluc-
tuation, with an increase near the 90° angle, which is per-
pendicular to the grating vector. This observation can be at-
tributed to the fact that the polarization states of the PIP at
this juncture become linear. As per Equation 1, the z com-
ponent of the PIP field periodically approaches zero, aligning
with the y component. Consequently, the orientation of the
Azo group, which aligns perpendicular to polarization, becomes
undefined.

Adv. Optical Mater. 2024, 12, 2302346 © 2024 Wiley-VCH GmbH2302346 (6 of 9)
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Figure 5. Directional statistics under the sample conditions. Each sample is represented with distinct colors to signify corresponding information. a,c)
Plot of circular mean along the x and z directions. b, d) Plot of circular standard deviation along the x and z directions. Values of individual average
standard deviations are displayed in the top right corner of each graph.

Figure 4d presents line profiles of the optic axis angle along
the z direction, along with their mean and standard deviation.
As indicated in Figure 4b, the mean angles display a linear ro-
tation along the z direction. With increasing the depth along the
z-direction, the average rotation angles of molecules increase pro-
gressively. Due to the natural property of the Azo group which can
absorb the light at 532 nm, the PIP cannot be reached into the
deeper region along the z direction with sufficient intensity and
intact formation of interference patterns. Thus, the molecules
align with gradually rotated angles at deeper positions along the
z direction.

In order to draw comparisons between different sample con-
ditions, we carried out a comprehensive quantitative analysis.
Figure 5a,c display the circular means along the x and z direc-
tions, respectively. Meanwhile, Figure 5b,d presents the circular
standard deviations along with their respective average values.
These metrics were crucial in assessing the homogeneity of the
samples.

Upon scrutinizing the circular mean graphs along the x direc-
tion, it was found that all the samples exhibited linear rotations
along the grating direction (Figure 5a). Viewing from the con-
tents of the Azo group, sample 1 with low Azo content shows
a decrease in the periodic homogeneity with the highest mean
value of standard deviation (𝜎̄ = 0.917), relative to other samples
with high content of Azo group. The overall molecular align-
ments of sample 1 are compromised due to the limited num-
ber of molecules which can be aligned by polarized light. In the
case of 18 wt.% Azo-contained samples from sample 2 to sample
4, generally, they show that extended laser exposure durations
correlate with enhanced molecular alignments, leading to reduc-

tion in the standard deviation and their mean values shown in
Figure 5b.

Similar tendencies are discernible in the graphs oriented along
the z direction. Figure 5c presents that the linear rotations of
molecules are greater in sample 1 than in the samples with high
content of Azo groups. Despite the high depth of light penetra-
tion of sample 1 due to the low concentration of Azo groups ab-
sorbing at 532 nm, the limitation in the number of Azo molecules
induced misalignments by molecular rotations across the thick-
ness throughout the sample with the maximum average standard
deviation at 0.645. For sample 2 through sample 4, there is a re-
duction in the average values of molecular rotation along the z
direction. The molecular oscillations can occur due to the con-
tinuous molecular reorientation caused by the alteration of PIP
by initially formed diffraction patterns near the surface. However,
with an increasing depth attainable by PIP, molecular alignments
in the z direction become more precise, giving rise to notable re-
duction of mean deviation values from 0.575 to 0.199 (Figure 5d).

4. Conclusion

In this study, we have successfully demonstrated the three-
dimensional measurements of anisotropic structures present in
pHOEs, leveraging the capabilities of DTT. Our results have fa-
cilitated the straightforward visualization of the orientation of
aligned molecules not only in the plane direction but also along
the thickness direction of the samples. The architectures mea-
sured were found to align well with the intended design of the
PIP. Moreover, we undertook a comparative analysis of the grat-
ing patterns fabricated under various conditions. Specifically, the
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results highlighted the impact of the content of the Azo group
and laser exposure duration on the quality of the resultant pat-
terns. The findings provide crucial insights for the optimization
of manufacturing parameters in future pHOE fabrication.

Despite these advancements, our study was not without limita-
tions. One of the prominent challenges was the need to increase
imaging depth by reducing speckle noise. The use of a coher-
ent light source in the proposed method makes the DTT mea-
surements susceptible to scatterers like dust, which can reduce
imaging depth and quality. While Fourier filtering was employed
in the reconstruction process to mitigate speckle noise, this ap-
proach may also inadvertently eliminate information about local
defects in the pHOEs. In our future endeavors, we aim to address
these issues by refining the processing algorithms to account for
multiple scattering and by developing a novel DTT setup based
on an incoherent illumination.

To sum up, the present work paves the way for more compre-
hensive and accurate analyses of anisotropic structures, promis-
ing significant advancements in the fabrication and evaluation of
pHOEs, thereby broadening their application horizons. The ver-
satility of DTT in being able to measure any anisotropic samples
in 3D domain opens the door to a multitude of applications. Be-
yond quality evaluation of polarization volume gratings, this ap-
proach can potentially be employed to examine a wider array of
complex anisotropic structures, which could prove beneficial in
fields such as materials science, photonic devices, and biological
research.[23]
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