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Abstract: Theoretical modelling has been used to calculate the holographic recording beam angles
required in air (at any recording wavelength) to produce a Volume Holographic Optical Element
(VHOE) for any defined input and output beam angles. The approach is used to facilitate the design
and fabrication of diffractive coupling elements through a holographic process that avoids the use of
coupling prisms during recording and will help in the design of recording arrangements that better
suit the mass production of low-cost elements, especially those designed for non-normal incidence.
In this study, the recording angles needed for a range of recording wavelengths were explored for
VHOE couplers designed for input angles (in air) ranging from 0◦ to −55◦. Then, in order to validate
the model, holographic recording in Bayfol HX 200 photopolymer at 532 nm was used to fabricate
photopolymer VHOE couplers for 633 nm light (−45◦ input angle in air). Bragg curves obtained
experimentally for different probe wavelengths (403 nm, 532 nm and 633 nm) confirm the recording
of the desired grating structures to a precision of ±1◦, and coupling is demonstrated at 633 nm with
a diffraction efficiency of up to 72%. Furthermore, the model is used to identify the origins of some
weaker spurious gratings observed alongside the expected ones.

Keywords: holography; coupler; waveguide; non-normal incidence; Bayfol; volume holography;
spurious gratings; HOE; VHOE; diffraction

1. Introduction

Holographic optical elements (HOEs) are holograms whose purpose is to replicate the
function of optical components, such as mirrors, lenses, etc., by diffracting light. HOEs
have the potential for high efficiency, have tuneable angular and wavelength selectivity
and are relatively low-cost to produce. A key advantage is that, being thin and lightweight,
they are well suited to compact systems and films or coatings, but they also have restricted
chromatic and angular bandwidths. Volume HOEs have been developed for a broad range
of applications, including data storage [1–3], optical communication [4–8] and others [9,10],
but two of the most active research areas in recent years have been augmented reality
displays and solar concentrators.

Augmented reality (AR) displays combine a digital image with the real-world view [11];
head-up displays (HUDs) and head-mounted displays (HMDs) have typical fields of view
(FOVs) of 30◦ and 45◦, respectively [12]. HOEs have been used as part or all of the optical
system. For example, Li et al. created a holographic augmented reality display using
a mirror-lens HOE [13], and Piao et al. fabricated full-colour HOEs to replace both the
couple-in and couple-out optics in a head-mounted display [14], whereas in [15], which
involved a waveguide-based system, a prism was used as an in-coupler, and a reflective
hologram was used as an out-coupler. Diffraction efficiencies of 25% were achieved from
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three exposures at RGB wavelengths. Zhang et al. proposed and experimentally demon-
strated a holographic waveguide display system with a planar hologram as an in-coupler
and a volume hologram as an out-coupler to correct the chromatic dispersion and increase
the efficiency of the waveguide display [16]. In [17], an integrated waveguide display
system consisting of an infrared volume holographic grating (IVHG) and a visible-light
grating was recorded on the same waveguide. The IVHG was used for eye tracking, and
the visible grating was used for the augmented reality display. Gu et al. developed a
laminated composite polarized volume grating (LCOM-PVG) with a reflective PVG that
was left-circularly polarised and with another reflective PVG that was right-circularly
polarised to increase the angular bandwidth [18]. Shen et al. have recently implemented an
RGB display using coupler VHOEs [19].

VHOEs have also long been considered an attractive option for use in conjunction with
photovoltaic (PV) devices in solar energy collection, more recently in spectrum-splitting
holographic solar concentrators and multiplexed systems [20–24]. Muller et al. developed a
holographic system for daylighting, solar shading and PV power generation. They installed
laminated glass with HOEs in three terraced houses in Stuttgart. In winter, relatively
little solar radiation was used to heat the room, and in the rest of the seasons, it was used
for heat, light and the generation of electricity [25]. VHOEs can act as deflectors and/or
concentrators, increasing the solar collection angle of the PV cell and improving efficiency
and/or lowering costs [26]. Prism Solar Technology recently patented solar concentrator
systems using transmission and reflection HOEs ([27,28]).

These VHOEs can be fabricated in lightweight polymer films via the light-induced
refractive index modulation of the photosensitive layers, which occurs due to the polymeri-
sation and diffusion of monomers within the layer [29,30]. Some of the parameters that
affect the final diffraction efficiency of VHOEs are the layer thickness, the exposure intensity
and energy used, the ratio between the energies of the object and reference beams, the dark
reaction time (time between recording and curing) and the spatial frequency [30–32].

Coupler HOEs have a broad range of applications since they are designed to deflect
light that would otherwise be transmitted through a film or layer and trap it through total
internal reflection.

The most straightforward way to holographically record any diffractive optical element
is to use recording beams with a wavelength identical to the wavelength at which the
coupler will function. In that case, recording wavefronts identical to the intended input
and output wavefronts can be used. They interfere to create the photonic structure required
to convert the desired input to the desired output (as well as the reverse). However,
for coupler elements, this presents a particular challenge, since one of the beams is, by
definition, trapped within the medium. Arranging the two recording beams to enter
the medium and overlap appropriately, therefore, requires the use of prisms and index
matching [33]. While this is readily achievable in a laboratory setting, it poses much larger
challenges in mass production, mainly because of the need to avoid an air gap, and is not
suitable for any kind of non-contact master-copying automated production method.

An alternative approach is to determine the slant and spatial frequency of the grating
needed to diffract the input beam appropriately at the desired wavelength and then use a
different recording wavelength to record that structure. With careful design, this approach
can exploit the change in the Bragg angle with the wavelength so that the desired struc-
ture can be holographically recorded at beam angles that do not require the use of prisms.
Several researchers have demonstrated this approach with success [24,34,35], usually for
situations where one of the beams is required to be normally incident, which reduces the
design complexity.

Gallego et al. [36] recently demonstrated this approach for couplers designed for use at
633 nm; they carried out holographic recording at green wavelengths and pointed out that
different combinations of spatial frequency and slant can be used to achieve coupling in the
final device. The authors demonstrate three examples, two with normal incidence and one
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with slightly off-normal incidence. They demonstrate the approach in three different materials
that are more or less suited to different combinations of slant and spatial frequency.

To the best of our knowledge, to date, no systematic modelling has been carried out
for the holographic recording of couplers of non-normally incident light, with a view to
exploit this approach for a wide range of incidence angles.

Many authors have published on the subject of modelling volume-phase gratings,
holograms and holographic optical elements [37–39], and the relationship of the grating
diffraction efficiency to the grating spacing, thickness, refractive index modulation, angle of
incidence and wavelength has long been understood. On this basis, sophisticated models
for predicting the diffraction behaviour of grating structures have been developed, and
excellent agreement was demonstrated between theory and the experimental results of
diffraction analysis across a very wide range of angles of incidence [40], although additional
spurious gratings were noted in the experimental data. More recent work [41] modelled
both the angle of incidence and wavelength simultaneously, allowing the visualisation
of a large number of the main characteristics of a particular grating structure through a
single angular-spectral map and a comparison with a similar map based on experimentally
obtained data. Spurious gratings were again noted. A number of authors have also
modelled the chemical and physical processes within different recording materials that
produce the desired photonic structure [42–45] as well as specific material issues, for
example, shrinkage, in order to quantitatively assess the detuning effect this causes and
enable compensation through design [46]. Finally, there has been extensive application-
specific modelling. Some examples include the modelling of rays directed towards a solar
cell [47], optimal grating characteristics for sensor design [48] and colour combining for a
waveguide display [49].

In the current work, however, the main interest is in modelling the grating charac-
teristics (spatial period and slant angle) needed to provide a specific functionality at a
specific wavelength and translating that into recording beam angles for a given recording
wavelength. For this type of modelling, a key work is the paper by Close [50], which
extended work by Latta [51] to develop a design approach that uses straightforward ray
tracing to define the slant and fringe spacing in the designed HOE based on the angular
change in direction needed at each location in the element. Although Bragg selectivity
and the photosensitive material’s response are key elements in developing a functioning
HOE with high efficiency over a suitable range of spatial frequencies, for the design of the
optical arrangement for holographic recording, only the spatial frequency and slant need
to be considered, as these are the parameters that are directly determined by the optical
recording arrangement. Once these parameters are set, the material choice and exposure
time and energy can be used to control efficiency, selectivity, etc.

This paper presents a simple but flexible model to systematically determine the holo-
graphic recording arrangements needed to produce diffractive optical elements designed
for any input and output beam angles. It facilitates the design of recording arrangements
at wavelengths different from the operating wavelength to record structures that would
otherwise be challenging or impossible to record (at the operating wavelength). It allows
an at-a-glance assessment of the range of recording wavelengths that will be practical for
that particular element and compensation for the effect of large beam angles on pattern
contrast. While the equations comprising the model are well known, the use of systematic
modelling for the design of coupler elements (spatial frequency, slant angle and recording
beam angles) that have distinct recording and operation wavelengths has not been reported
elsewhere to the best of our knowledge.

This work offers a clear and straightforward protocol for use in fabricating angle-
and/or wavelength-specific HOE coupler waveguides for any application. Coupler-
waveguide elements are chosen as an interesting example to explore in this instance
because it is not possible to simply holographically record them at the same wavelength at
which they will function. In this paper, the accuracy of the theoretical model is validated
via the design, fabrication and characterisation of holographic coupler elements. In the
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experimental work, HOE couplers were recorded at 532 nm using a commercially available
(Covestro’s HX200) photopolymer material [52]. Efficient coupling (72%) at the intended
input angle is demonstrated for a 633 nm beam at non-normal incidence

A wide-angle Bragg diffraction analysis of the recorded coupling element’s structures
was carried out in red (the chosen coupling wavelength), green and blue, and the peak
positions were compared with the theoretically predicted values. In addition, the model
was used to identify the source of some spurious gratings caused by back reflections, further
validating the usefulness of the model.

2. Modelling and Design
2.1. Identification of HOE Parameters for Desired Input and Output Angles

The ability of a HOE to redirect an incident beam of a specified wavelength at a desired
angle depends primarily on two grating parameters: the spatial period and slant angle of
the grating fringes. A primary objective of this simple model is to allow a user to compute
the required spatial period and slant angle combination that will enable the redirection of
an incident beam from its initial angle (i.e., model input angle, θ1) to another desired angle
(i.e., model output angle, θ2).

In the simplest case, the desired HOE structure is a uniform volume diffraction grating
characterised by a single spatial period and fringe slant angle, which obeys Bragg’s law:

2nΛsin(θB) = mλ (1)

where n is the refractive index of the medium, Λ is the grating period, θB is the Bragg angle
within that medium, λ is the wavelength of the light in air, and m is the order of diffraction.
The spatial frequency is given by 1/Λ.

The first step is to calculate the required grating spatial period, Λ. As can be seen in
Figure 1, the required Bragg angle, θB, for the volume diffraction grating is given by

2θB = (θ2 − θ1) (2)

since this is the angle through which an incident beam will be diffracted when it interacts
with the grating. Thus, for any incident beam of a specified wavelength, knowing the
material refractive index (n), we can use Equation (1) to determine the value of the grating
spatial period, Λ, that is required for any specified values of θ1 and θ2.
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Next, the required slant angle must be determined, which defines the orientation of
the fringes relative to the material boundaries. θS is used to define the angle the grating
planes make with the normal of the glass surface. In order to produce a specific diffracted
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beam forming angle θ2 with the normal from a beam incident at angle θ1, the planes of the
grating need to be oriented correctly at a slant of θS, where

θS = (θ2 + θ1)/2. (3)

2.2. Calculation of the Appropriate Recording Beam Angles for a Range of Recording Wavelengths

Having defined the required HOE structure (within the medium) in terms of the slant
angle and spatial period, it is now possible to explore the range of holographic recording
arrangements that could produce that slant and spatial period inside a photosensitive
medium by using different combinations of recording wavelengths and recording angles.
Holographic recording is achieved by overlapping two coherent beams to produce an inter-
ference pattern that has the required spatial period and slant. If the incident wavelength
and the recording wavelength match, then the recording beam angles will be exactly θ1
and θ2, as above. The slant angle required defines the plane that bisects the two recording
beams, and their position on either side of that plane is dictated by the required grating
spacing. Equation (1) is again used, but this time with the wavelength and spacing fixed so
that the required recording angle can be determined. Knowing the plane around which the
two beams must be centred, we can then calculate the exact recording angles needed for
that recording wavelength, first inside the medium and then the equivalent angles in air.
Graphing the recording beam angles in air allows assessments to be made at a glance on
the practicality of making that structure using any particular recording wavelength. This is
especially true where there is no angle in air that can produce the required beam inside the
medium, as is often the case with couplers.

A flowchart illustrating the various steps of the model is shown in Figure 2. Using
the Bragg equation (Equation (1)) with the desired input and output beam directions
and including refraction effects at the boundaries of the medium, the model calculates
the corresponding recording beam angles (in air) that are required to produce the HOE
structure needed for any recording wavelength. Yellow boxes indicate that the beam angles
are in air, and blue boxes indicate beam angles inside the medium with the specified
refractive index (1 in all results shown here). After specifying the desired input and output
beam angles in air (0◦ is taken to be along the normal of the front surface), the input and
output angles inside the medium are calculated using Snell’s law. Then, the grating spatial
period and spatial frequency are calculated for the desired wavelength using the method
described in Section 2.1 above.

Photonics 2022, 9, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 2. Flowchart showing how the recording angles are calculated using the model. 

It should be borne in mind that for volume gratings, Bragg’s law (Equation (1)) only 
determines the incident and diffracted beam angles that give the maximum diffraction. 
For beams that deviate from this, Kogelnik’s Coupled Wave Theory (KCWT) [53] can be 
used to determine the relative efficiency in the case that just one diffracted order propa-
gates. Another aspect of the design is matching the selectivity to a desired application. For 
example, a high spatial frequency and thick gratings are preferable for applications in-
volving RGB wavelength multiplexing in order to ensure minimised crosstalk, whereas 
the opposite is true in solar collection, where high efficiency over the broadest possible 
angular and wavelength ranges is key. In this particular study, we focus on controlling 
the direction of the on-Bragg beam. Future work will address the control of the angular 
and wavelength bandwidth around the Bragg maxima. 

2.3. Calculation of the Appropriate Recording Beam Angles for Fabrication of Couplers 
In order to achieve the total internal reflection (TIR) of the output beam in a typical 

glass or polymer medium, the incident beam angle at the internal boundary must be 
greater than the critical angle (e.g., 41.6° for a medium refractive index of 1.5). In this 
study, in order to achieve TIR and the coupling of light inside the medium, we specified 
the desired output angle of the HOE coupler device to be 45° inside the medium, but any 
angle greater than the critical angle would also successfully trap light (as shown in Figure 
3). The model in Section 2.2 was then used to compute the grating geometries (spatial 
period and slant angle) and recording beam conditions (recording wavelength and beam 
angles) required to produce a HOE with an output beam angle of 45° inside the medium. 

 
Figure 3. Principle of operation of a HOE coupler: (1) an incident light beam enters the glass layer 
and is refracted; (2) the beam then enters the refractive-index-matched diffraction grating and is 
diffracted by the grating at an angle greater than the critical angle for the medium; (3) the beam is 
totally internally reflected and ‘coupled’ along the length of the device. 

Figure 4a shows the recording angles required for four HOEs designed for four dif-
ferent input beam angles (0°, −35°, −45° and −55° in air) for operation at 633 nm wavelength 
and an output angle of +45° inside the medium. The curves show the recording angles 
needed to holographically record the required structures at a range of wavelengths. The 
two recording beams that need to interfere are shown in a single colour for each HOE. As 
would be expected, at some recording wavelengths, there is no second beam, indicating 
that it is not possible to achieve the required angle in air (without the use of prisms). It is 

Figure 2. Flowchart showing how the recording angles are calculated using the model.

It should be borne in mind that for volume gratings, Bragg’s law (Equation (1)) only
determines the incident and diffracted beam angles that give the maximum diffraction. For
beams that deviate from this, Kogelnik’s Coupled Wave Theory (KCWT) [53] can be used
to determine the relative efficiency in the case that just one diffracted order propagates. An-
other aspect of the design is matching the selectivity to a desired application. For example,
a high spatial frequency and thick gratings are preferable for applications involving RGB
wavelength multiplexing in order to ensure minimised crosstalk, whereas the opposite
is true in solar collection, where high efficiency over the broadest possible angular and
wavelength ranges is key. In this particular study, we focus on controlling the direction of
the on-Bragg beam. Future work will address the control of the angular and wavelength
bandwidth around the Bragg maxima.
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2.3. Calculation of the Appropriate Recording Beam Angles for Fabrication of Couplers

In order to achieve the total internal reflection (TIR) of the output beam in a typical
glass or polymer medium, the incident beam angle at the internal boundary must be greater
than the critical angle (e.g., 41.6◦ for a medium refractive index of 1.5). In this study, in
order to achieve TIR and the coupling of light inside the medium, we specified the desired
output angle of the HOE coupler device to be 45◦ inside the medium, but any angle greater
than the critical angle would also successfully trap light (as shown in Figure 3). The model
in Section 2.2 was then used to compute the grating geometries (spatial period and slant
angle) and recording beam conditions (recording wavelength and beam angles) required to
produce a HOE with an output beam angle of 45◦ inside the medium.
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Figure 3. Principle of operation of a HOE coupler: (1) an incident light beam enters the glass layer
and is refracted; (2) the beam then enters the refractive-index-matched diffraction grating and is
diffracted by the grating at an angle greater than the critical angle for the medium; (3) the beam is
totally internally reflected and ‘coupled’ along the length of the device.

Figure 4a shows the recording angles required for four HOEs designed for four
different input beam angles (0◦, −35◦, −45◦ and −55◦ in air) for operation at 633 nm
wavelength and an output angle of +45◦ inside the medium. The curves show the recording
angles needed to holographically record the required structures at a range of wavelengths.
The two recording beams that need to interfere are shown in a single colour for each HOE.
As would be expected, at some recording wavelengths, there is no second beam, indicating
that it is not possible to achieve the required angle in air (without the use of prisms). It
is possible to examine the graph and quickly decide on the recording wavelengths that
will have achievable recording angles, bearing in mind practical difficulties with reflection
losses and obliquity at very high angles, as well as any particular material considerations,
such as the avoidance of very high slant angles. Figure 4b shows the linear variation in the
slant angle inside the medium along with the four different incidence angles in air.

For subsequent studies, we chose an input beam angle of −45◦ in air. To produce the
desired +45◦ output angle in the medium for a specified wavelength of 633 nm, the required
slant angle is 8.5◦, and the required spatial frequency is 2823 lines/mm. HOE couplers
matching these parameters were experimentally fabricated; the calculated recording angles
for recording this HOE at 532 nm are −69.5◦ and 33.5◦ outside the medium. The total
interbeam angle is 103◦ outside the medium. Figure 5 shows an example of a coupler
designed for use at 633 nm, holographically recorded by the interference of two green laser
beams. In order to combat the losses due to high angles of incidence, the obliquity factor
is considered in the design. The losses due to Fresnel reflection at the air–photopolymer
interface are also considered in the model.
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structures. The red and green wavelengths are chosen to be equal to the recording (532 
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Figure 4. (a) Recording angles for both recording beams (in air) vs. recording wavelengths for four
HOE couplers designed for 633 nm with incident angles (in air) of 0◦, −35◦, −45◦ and −55◦ (the
dotted box shows the practically achievable angles). (b) Slant angle for each of the four HOE couplers.
In all cases, the diffraction angle is such that the 633 nm beam is incident internally at +45◦ and thus
is totally internally reflected.
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2.4. Modelling the Two Incident Angles at Which Bragg Diffraction Peaks Appear for a Range of
Input Beam Wavelengths

To characterise the performance of the couplers, their diffraction efficiency was mea-
sured over a range of incident angles. In order to facilitate data analysis, the model was
also adapted so that it can predict the incident angles at which the Bragg diffraction peaks
will appear for a range of input beam wavelengths. Characterisation at three separate wave-
lengths (red, green and blue) allows for a more complete analysis of the recorded structures.
The red and green wavelengths are chosen to be equal to the recording (532 nm) and oper-
ating (633 nm) wavelengths, and the blue wavelength (405 nm) provides an independent
measurement at a third probe wavelength. In this version, the recording arrangement and
wavelength are the inputs, and the model calculates the expected Bragg peak positions
using the steps outlined in Figure 6. Since the photonic structures are designed to work as
couplers for a wavelength of 633 nm, only one diffraction angle is present at 633 nm. Since
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the required spatial frequency and slant angle are defined in the design stage, a simpler
version of the model could input these parameters and simply calculate the changed Bragg
angle at the new wavelength and, combining this with the (unchanging) slant angle, calcu-
late the Bragg peak positions for that wavelength. However, to achieve wider applicability
and allow for the calculation of peak positions for unintended (spurious) gratings, as well
as the designed grating, it was decided to have recording beam angles and wavelength as
the specified inputs for this model and include a step where the spatial frequency and slant
are calculated directly.
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Figure 6. Flowchart to find the Bragg angles for different wavelengths.

Figure 7a shows the calculated angle of incidence for maximum Bragg diffraction (in
air) from the recorded grating structure modelled (slant angle = 8.5◦ (inside the medium);
grating SF = 2823 lines/mm). This is plotted as a function of the incident beam wavelength
over the visible range. The red, green and blue rectangles highlight the regions that
correspond to the probe beams used for experimental tests: 633 nm, 532 nm and 403 nm,
respectively. It is worth noting that while two incident angles are expected to cause Bragg
diffraction peaks at the blue and green wavelengths, for red, the appropriate incident
angle for the second peak exceeds 90 degrees in air, and only one main diffraction peak
is expected. This is because the element has been designed to function as a coupler at
this wavelength.

Figure 7b shows a Bragg circle diagram for different wavelengths. The grating vector
(K) associated with the incident beam (Ki) and the diffracted beam (Kd) is shown in red.
The relation among them is given by

Kd − Ki = K (4)

In other words, the difference between Ki and Kd is satisfied by K(=2π/Λ).
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3. Fabrication of VHOEs—Materials and Method
3.1. Fabrication of VHOEs

Following the identification of the recording beam angles required to produce holo-
graphic couplers with the desired input and beam diffraction angles using the theoretical
model, a set of coupler devices were then fabricated in order to test the theoretical model. A
commercially available Bayfol HX 200 photopolymer (purchased from Geola Digital UAB,
Lithuania) film was used, which is sensitive to red, green and blue wavelengths [52]. The
Bayfol HX 200 layer has a thickness of 16 ± 2 µm, and a refractive index modulation greater
than 0.03 can be achieved. To ensure sufficient stability during holographic recording, the
Bayfol HX 200 film was adhered to a glass slide. Holographic recording was conducted
using a two-beam interferometric geometry, as shown in Figure 8a. Briefly, a single 532 nm
beam from a (Hubner Photonics Cobolt SambaTM 1500 532 nm) laser was directed through
a half-wave plate, spatially filtered and collimated before its division by a beam-splitter
cube. Using a two-mirror arrangement, the two recording beams were redirected to overlap
at the photosensitive layer at the desired recording beam angles (in air) of −33.5◦ and 69.5◦

and a total interbeam angle of 103◦ (in air). The laser beam intensity was monitored using
an optical power meter (Newport, model 843-R), and data were transferred to a computer.
The holographic recording exposure time was controlled via an electronic shutter. The total
exposure energy (mJ/cm2) is estimated from Intensity (mW/cm2) x Exposure time (s). The
coupler diffraction efficiency is calculated as the percentage of the available light intensity
that is diverted into TIR-trapped light within the glass medium.

Photonics 2022, 9, x FOR PEER REVIEW 10 of 19 
 

 

CDE = 
(𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 % 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛)−(% 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑎𝑡 𝐵𝑟𝑎𝑔𝑔)

(𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 % 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛)
. (5) 

By rotating the coupler via the stage, these wide-angle transmission efficiency scans 

were obtained at each wavelength. This allowed for the identification and positional 

measurement of the reconstructed diffraction peaks, and the results are presented in Sec-

tion 4.2. At each wavelength, a full angular scan was also completed with a glass slide to 

allow the estimation of reflection losses. The approximate diffraction efficiency of the cou-

pler is estimated by taking the difference between the percentage transmission at that an-

gle in the absence of a grating and the percentage transmission with the grating in place 

as a ratio to the percentage transmission at that angle in the absence of a grating. 

 

(a) 

 
 

(b) (c) 

Figure 8. (a) Recording setup. (b) Recording beam angles of incidence on the photopolymer. (c) 

Reconstruction setup. 

4. Experimental Results 

4.1. Optimisation of the Holographic Recording Conditions for Couplers 

Using the recording arrangement shown above, couplers were recorded holograph-

ically with 532 nm light for a range of exposure conditions, and their diffraction efficien-

cies were measured (see Section 3 above). Figure 9a shows the coupler diffraction effi-

ciency at 633 nm for three different sets of samples recorded with 532 nm and total inten-

sities inside the medium of 2 mW/cm2, 3 mW/cm2 and 4 mW/cm2 (Table 1). The variation 

in the coupler diffraction efficiency with exposure energy is shown in Figure 9b. 

Figure 8. (a) Recording setup. (b) Recording beam angles of incidence on the photopolymer. (c) Re-
construction setup.



Photonics 2022, 9, 936 10 of 18

The influence of the recording conditions (recording intensity and exposure energy) on
the efficiency of the coupler devices fabricated in the Bayfol HX 200 film was investigated,
and the results are presented in Section 4.1. It is important to restate that obliquity and
Fresnel reflection losses were accounted for in all calculations of the total recording intensity.
Table 1 below shows the computed intensities that are required in beam 1 and beam 2 in
order to yield the total intensity desired inside the film/medium.

Table 1. Recording intensities for the beams incident on the photopolymer calculated to compensate
for reflection losses and obliquity at the recording angles for a HOE designed for −45◦ incidence in
air diffracted to a +45◦ angle inside the medium (for a 633 nm operating wavelength) for a 1:1 beam
ratio inside the medium.

Angle of
Recording

Beam 1 (in Air)

Angle of
Recording

Beam 2 (in Air)

Total Intensity
Inside the
Medium

(mW/cm2)

Required
Intensity

Outside the
Medium for

Beam 1
(mW/cm2)

Required
Intensity

Outside the
Medium for

Beam 2
(mW/cm2)

−33.5◦ 69.5◦
2 1.33 6.23

3 2.00 9.34

4 2.67 11.03

3.2. Characterisation of VHOE Performance

A separate multi-wavelength reconstruction setup, shown in Figure 8c, was then used
to analyse the holographic coupler performance and measure the diffraction efficiency at
three separate wavelengths: 403 nm, 532 nm and 633 nm. In this setup, the fabricated holo-
graphic coupler was positioned on an electronically controlled rotational stage (Newport
ESP300). The coupler was probed sequentially by each of the three probe wavelengths;
before taking each measurement corresponding to a probe beam of a different wavelength,
it was ensured that when the probe beam is normal to the sample, the reading on the
rotation stage corresponded to 0 degrees; in each case, the intensity of the transmitted beam
was measured, and the percentage transmitted in the zero-order beam was calculated based
on the initial intensity transmitted through glass, which is taken as 100% transmission and
equivalent to 0% diffraction into any other beam. The coupler diffraction efficiency (CDE)
is calculated using the following method:

CDE =
(Background level o f % transmission)− (% transmission at Bragg)

(Background level o f % transmission)
(5)

By rotating the coupler via the stage, these wide-angle transmission efficiency scans
were obtained at each wavelength. This allowed for the identification and positional
measurement of the reconstructed diffraction peaks, and the results are presented in
Section 4.2. At each wavelength, a full angular scan was also completed with a glass slide
to allow the estimation of reflection losses. The approximate diffraction efficiency of the
coupler is estimated by taking the difference between the percentage transmission at that
angle in the absence of a grating and the percentage transmission with the grating in place
as a ratio to the percentage transmission at that angle in the absence of a grating.

4. Experimental Results
4.1. Optimisation of the Holographic Recording Conditions for Couplers

Using the recording arrangement shown above, couplers were recorded holographi-
cally with 532 nm light for a range of exposure conditions, and their diffraction efficiencies
were measured (see Section 3 above). Figure 9a shows the coupler diffraction efficiency
at 633 nm for three different sets of samples recorded with 532 nm and total intensities
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inside the medium of 2 mW/cm2, 3 mW/cm2 and 4 mW/cm2 (Table 1). The variation in
the coupler diffraction efficiency with exposure energy is shown in Figure 9b.

Photonics 2022, 9, x FOR PEER REVIEW 11 of 19 
 

 

(b) (c) 

Figure 8. (a) Recording setup. (b) Recording beam angles of incidence on the photopolymer. (c) 
Reconstruction setup. 

4. Experimental Results 
4.1. Optimisation of the Holographic Recording Conditions for Couplers 

Using the recording arrangement shown above, couplers were recorded holograph-
ically with 532 nm light for a range of exposure conditions, and their diffraction efficien-
cies were measured (see Section 3 above). Figure 9a shows the coupler diffraction effi-
ciency at 633 nm for three different sets of samples recorded with 532 nm and total inten-
sities inside the medium of 2 mW/cm2, 3 mW/cm2 and 4 mW/cm2 (Table 1). The variation 
in the coupler diffraction efficiency with exposure energy is shown in Figure 9b. 

  
(a) (b) 

Figure 9. (a) Coupler diffraction efficiency vs. exposure time. (b) Coupler diffraction efficiency vs. 
exposure energy. 

From Figure 9a,b, we can conclude that highly efficient couplers are readily achieva-
ble in a range of exposure conditions. The minimum exposure energy required for effi-
ciency above 60% appears to be approximately 10–15 mJ/cm2, which is compatible with 
mass production requirements. Efficiency > 70% was achieved with approximately 6 s of 
exposure at 4 mW/cm2. At longer times and higher exposure energies, the data are quite 
scattered but broadly in the 60–70% range and not significantly increased or decreased by 
further exposure. We expect that this is due to the well-designed maximum refractive in-
dex modulation and thickness for these HX200 photopolymer layers. The repeatability of 
specific efficiency values may be improved by the more precise control of exposure energy 
in the recording system.  

4.2. Multi-Wavelength Angular Characterisation of the Fabricated Couplers 
In order to examine the diffraction behaviour of the recorded photonic structure in 

more detail, wide-angle zero-order Bragg curves were measured for three different probe 
wavelengths. Figure 10a–c present Bragg curves for a particular example of one of the 
couplers recorded as described above. In this case, the total recording intensity is 4 
mW/cm2, the exposure time is 6 s, and the probe wavelengths are 633 nm, 532 nm and 403 
nm, respectively. Figure 10d presents the background with a simple glass slide for the 
above-mentioned wavelengths. It should be noted that for Figure 10a,b, an FFT filter (with 
points of window = 5 units) was used to smooth the curve. Similar remarks apply to the 
backgrounds of 633 nm and 532 nm, as shown in Figure 10d. 
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exposure energy.

From Figure 9a,b, we can conclude that highly efficient couplers are readily achievable
in a range of exposure conditions. The minimum exposure energy required for efficiency
above 60% appears to be approximately 10–15 mJ/cm2, which is compatible with mass
production requirements. Efficiency > 70% was achieved with approximately 6 s of ex-
posure at 4 mW/cm2. At longer times and higher exposure energies, the data are quite
scattered but broadly in the 60–70% range and not significantly increased or decreased
by further exposure. We expect that this is due to the well-designed maximum refractive
index modulation and thickness for these HX200 photopolymer layers. The repeatability of
specific efficiency values may be improved by the more precise control of exposure energy
in the recording system.

4.2. Multi-Wavelength Angular Characterisation of the Fabricated Couplers

In order to examine the diffraction behaviour of the recorded photonic structure
in more detail, wide-angle zero-order Bragg curves were measured for three different
probe wavelengths. Figure 10a–c present Bragg curves for a particular example of one
of the couplers recorded as described above. In this case, the total recording intensity is
4 mW/cm2, the exposure time is 6 s, and the probe wavelengths are 633 nm, 532 nm and
403 nm, respectively. Figure 10d presents the background with a simple glass slide for the
above-mentioned wavelengths. It should be noted that for Figure 10a,b, an FFT filter (with
points of window = 5 units) was used to smooth the curve. Similar remarks apply to the
backgrounds of 633 nm and 532 nm, as shown in Figure 10d.
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Figure 10. Transmission efficiency versus angle of incidence for the HOE coupler when probed with
wavelengths of (a) 633 nm, (b) 532 nm and (c) 403 nm (d). Background measurements made for the
same range of angles at all three wavelengths with a glass slide in place of the HOE.

5. Discussion

There are a number of observations that can be made from the data shown above
relating to the expected diffraction maxima/minima and validation of the model, the
diffraction efficiency of the recorded structure and the observation of additional diffraction
peaks/spurious grating structures.

5.1. Bragg Angles for the Recorded Structure at the Three Probe Wavelengths

Table 2 compares the expected peak positions with the measured peak positions for
three different probing wavelengths. The expected angular position for the Bragg diffraction
of light of 633 nm wavelength (the design wavelength in air) is −45◦, representing the
angle at which the incident light is diffracted. No second diffraction peak is expected to be
observed in Figure 10a because the scan is performed by varying the incidence angle in
air; at this wavelength, the HOE functions as a coupler, and therefore, the second angle of
incidence that would produce strong diffraction is impossible to access from outside the
air–glass boundary. When probed at 532 nm, as shown in Figure 10b, the photonic structure
acts as an ordinary slanted diffraction grating, and the angles are close to the recording
angles, confirming that the expected grating was recorded. Finally, for scans completed
with 403 nm, as shown in Figure 10c, diffraction is expected (in air) (see Section 2) at −20.9◦

and +50.3◦. Diffraction is observed very close to both of these angles; however, the results
are somewhat obscured by strong diffraction from an additional unintended grating that
diffracts particularly strongly in blue. This is discussed below.
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Table 2. The model-predicted angles (in air) and measured angles (in air) for all three different
wavelengths.

Total Intensity
(Inside

Medium)
(mW/cm2)

Exposure
Time (sec)

403 nm 532 nm 633 nm

Expected
Angle

(Degree)
(Air)

Measured
Angle

(Degree)
(Air)

Expected
Angle

(Degree)
(Air)

Measured
Angle

(Degree)
(Air)

Expected
Angle

(Degree)
(Air)

Measured
Angle

(Degree)
(Air)

2 10 −20.9
50.3

−20.1
49.9

−33.5
69.5

−32.7
69.4

−45.0
N/A

−44.2
N/A

3 20 −20.9
50.3

−20.3
49.8

−33.5
69.5

−32.7
68.4

−45.0
N/A

−44
N/A

4 6 −20.9
50.3

−21.7
49.3

−33.5
69.5

−34
69.6

−45.0
N/A

−45.6
N/A

The diffraction peaks are within ±1◦ (in air) of the expected values, but the exact
position of the peak that should be at 69.5◦ for 532 nm is difficult to determine, as the
percentage of light transmitted at that angle is lower. The experimental error in setting the
recording beam angles is estimated at ±0.2◦, while the error in setting the photopolymer
layer in the holder for recording is estimated at ±0.3◦, and the error that arises in estimating
the position of maximum diffraction on the angular scans is estimated at approximately
±0.1◦. In this context, and bearing in mind that there will inevitably be some material issues
contributing, the experimental data are considered to be very well matched to the model,
validating the approach. The maximum coupling efficiency at the design wavelength
of 72% is achieved by the coupler recorded with a total intensity of 4 mW/cm2 and an
exposure time of 6s, as shown in Figure 10a.

5.2. Spurious Gratings and Additional Diffraction Peaks

Although the above provides validation of the model insofar as the expected diffraction
maxima are all present and are (within a margin of error) observed at the angles the
model predicts, some diffraction efficiencies are lower than expected, and a number of
‘unexpected’ diffraction maxima are observed without an obvious connection in their
positions at different wavelengths. The efficiency of the spurious peaks is not particularly
repeatable in the different recordings, but the angles at which they occur are repeated in
many samples. This is to be expected since the extent to which unwanted gratings (due to
back reflections) are recorded will vary with exposure conditions, but the angle at which
they are observed should be consistent. Figure 11 is an example in which most of the
recurring spurious peaks are particularly dominant (2 mW/cm2 couplers) and easy to
see. A simple comparison of the Bragg scans at different wavelengths does not point to a
single recorded structure causing the unexpected diffraction maxima. For example, two
small ‘peaks’ observed ±30◦ (in air) on either side of normal incidence in most of the data
taken at 633 nm might indicate a non-slanted transmission grating with a spatial frequency
of approximately 2426 lines/mm (Figure 11), and one would expect to observe similar
symmetrical peaks in the other two scans (405 nm and 532 nm) at appropriately smaller
diffraction angles. However, these are not observed. In the green scans, we observe the
expected peaks (in air) at around −33◦ and +69◦ (corresponding to the recording beams)
but also smaller peaks at +33◦ and (just visible) −69◦ (Figure 8), and in blue, the unexpected
peaks (in air) are observed at −50.4◦ and +20.9◦.
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Figure 11. An example of a recording with particularly strong spurious gratings scanned at three
wavelengths: 405 nm, 532 nm and 633 nm.

Using the model, the structures that could arise from potential reflections occurring
during recording were analysed.

1. The back reflection of the two primary recording beams interfering with one another
(creates a transmission grating with the same spatial frequency as the intended coupler
but with opposite slant, the beams have similar intensities, so a high-contrast pattern
is recorded);

2. The back reflection of each beam interfering with that beam (creates two non-slanted
reflection gratings, presumably quite weak due to the poor beam ratio);

3. The back reflection from each beam interfering with the opposite main recording
beam (creates two slanted reflection gratings, presumably quite weak due to the poor
beam ratio).

The very strong diffraction around +20◦ (in air) noted in the blue scans and the +33◦

(in air) and the (just visible) −69◦ (in air) diffractions observed in the green scans all
correspond to the strong grating formed by the back reflections of the two main recording
beams. The equivalent single diffraction peak that might have been expected at +45◦ (in
air) at 633 nm was not observed, however.

In the 633 nm scan, two small peaks, symmetrical around 0◦, appear close to the ±33◦

(in air) that the model predicts for diffraction from the structure caused by the interference
of the recording beam (−69.5◦) (in air) with itself (Figure 12b). The same structure causes
diffraction at ±69◦ at 532 nm, which is observed as a broadening of the 69◦ peak. An
additional structure that corresponds to the interference of the recording beam (−33.5◦) (in
air) with itself (Figure 12c) may well be present, but, from the set of wavelengths tested
here, it would only be observable at 532 nm and coincides with the expected peak at
that wavelength. This may be responsible for the broadened/non-standard peak shape
observed here. Table 3 shows the detail analysis of the spurious peak positions for three
different wavelengths
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Table 3. The expected positions of the spurious peaks (in air) and measured positions of the spurious
peaks (in air) for all three different wavelengths. Not Applicable (NA) means angles are imaginary
in air.

Angle of
Recording

Beam 1
(Degree)

(Air)

Angle of
Recording

Beam 2
(Degree)

(Air)

403 nm 532 nm 633 nm

Expected
Spurious

Grating Peak
Position
(Degree)

(Air)

Measured
Spurious

Grating Peak
Position
(Degree)

(Air)

Expected
Spurious

Grating Peak
Position
(Degree)

(Air)

Measured
Spurious

Grating Peak
Position
(Degree)

(Air)

Expected
Spurious

Grating Peak
Position
(Degree)

(Air)

Measured
Spurious

Grating Peak
Position
(Degree)

(Air)

33.5 −69.5 −50.3
20.9

−49.5
18.7

−69.5
33.5

−69.3
32.4

NA
45

NA
Not Observed

33.5 −33.5 NA
NA

NA
NA

−33.5
33.5

−32.3
32.4

NA
NA

NA
NA

69.5 −69.5 NA
NA

NA
NA

−69.5
69.5

−69.3
69.6

−33.5
33.5

−31.8
33.4

There are additional, weaker interferences, which have also been thoroughly analysed
by the model; however, since the main additional features observed can be explained by
the above, we have not presented them here.
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6. Conclusions

A theoretical model that enables the identification of suitable recording angles for
volume holographic optical couplers has been described. This model was then used to aid
the fabrication of VHOE couplers for operation at 633 nm using a recording wavelength of
532 nm.

The model has several advantages: it generates data on the required beam angles
across all possible recording wavelengths and facilitates the design of a suitable holographic
recording arrangement in free space, avoiding the use of coupling prisms; it allows all
input and output angle options to be explored so that the user can easily determine under
which conditions and at which wavelengths the recording angles would be suitable to work
without prisms; and it includes a simple beam ratio calculator to help compensate for the
very large obliquity factor and Fresnel reflections at large recording beam angles. This is
especially useful when the interfering beams have very different angles of incidence on the
recording medium.

Different recording intensities and exposure times for the fabrication of high-efficiency
couplers were investigated. Three different sets of total intensities inside the medium
were considered: 2 mW/cm2, 3 mW/cm2 and 4 mW/cm2. The maximum coupling
efficiency of 72% is achieved for a total intensity of 4 mW/cm2 and an exposure time of
6 s. This compares well with the diffraction efficiency results achieved by other authors for
coupling elements; for example, Gallego et al. [36] obtained an efficiency higher than 70%
with penta/hexa-acrylate-based polymer with dispersed nematic liquid crystal molecules,
PDLC, having a thickness of 40 microns and a spatial frequency of 2000 lines/mm.

Three different wavelengths were used for probing the recorded elements, and angular
agreement with the desired value within ±1◦ was achieved at all three wavelengths.
Spurious grating peaks were observed, and the model was further used to determine the
origin of such peaks. Potentially, such HOE couplers can be used in various applications,
such as augmented reality displays, solar collectors and compact photonic devices.
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