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Functionalized holographic gratings present a promising approach to the development of optical sensors. Volume phase
transmission or reflection holographic gratings have been explored for the detection of chemical, biochemical, and
biomedical analytes, as well as environmental parameters such as humidity, temperature, and pressure. Volume phase
holographic gratings are characterized by a strong dependence of their diffraction efficiency on the angle of incidence of
the probe beam. Maximum diffraction efficiency is observed at the Bragg angle; any detuning from the Bragg angle can
cause a significant change in the efficiency of the gratings. The angular detuning is typically a result of the change in
the average refractive index and/or the thickness of the layer in which the grating is recorded, both changes happening
in the presence of the target analyte. In this work, we theoretically compare the sensitivity of unslanted and slanted
volume transmission holographic gratings to angular detuning caused by the presence of the analyte. We demonstrate
that slanted gratings are more sensitive to Bragg angle detuning caused by the target analyte. We also demonstrate that
in the case of slanted gratings, the sensitivity depends on the choice of the probe beam, which in this case is incident
at different angles to the grating and this must be considered when the sensor device is designed. © Anita Publications.
All rights reserved.
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1 Introduction

Holographic sensors are photonic structures that are inscribed in functionalized photosensitive layers
that can change their diffractive properties under exposure to the target analyte [1-2]. The typical changes
observed due to the presence of the analyte are: change in the diffraction efficiency of the hologram and/or
change in the spectral characteristics of the diffracted light. Most of the sensors reported in the literature are
based on reflection holograms [ 1-3]. This configuration offers a colorimetric response which can be registered
electronically or visually in the form of indicator. The second visual option is particularly useful when a
low cost, easy to interpret indicator is developed. Another configuration utilizes volume phase transmission
holographic gratings (VPTHG). They require electronic read-out and are easier to mass manufacture. Because
of their versatile properties, holographic sensors are a sensor platform that can find applications in different
fields as shown in (Fig 1). Research efforts in holographic sensor development [4-14] are focused on three
main areas (Fig 2).
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Fig 1. Range of applications for holographic sensors.
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Fig 2. Three main areas of holographic sensors research and the challenges to be addressed by each area.

Sensitivity of the sensor is one of the key characteristics that needs further improvement. Previous
studies analyzed the factors determining the sensitivity of holographic unslanted gratings [ 15]. The theoretical
modelling identified that the probe beam wavelength, the grating thickness and spatial frequency are key
factors of the holographic structure determining the sensitivity. In addition, it is expected that introducing
a slant angle between the grating's planes and the surface of the layer can increase the grating sensitivity
due to the expected higher Bragg angle detuning. This article investigates quantitatively, through numerical
simulations, the effects of introducing a slant angle on the response of volume transmission holographic
gratings to changes in the layer’s thickness and/or average refractive index caused by the presence of the
target analyte. To simplify the analysis and better distinguish the difference between slanted and unslanted
grating due to their different geometric characteristics, this study assumes no change in the refractive index
modulation of the grating.

2 Background

Volume phase transmission holographic gratings are recorded in the photosensitive layer in the form
of periodic fringes of spatially varying refractive index. Depending on the geometry of recording two types
of gratings can be recorded: unslanted, when the two recording beams have same incident angles (Fig 3(2))
and slanted when the two recording beams are incident at different angles (Fig 3(b)).
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Fig 3. Holographic grating structures with identical spatial frequency at different slant angles: (a) unslanted,
(b) slanted grating where one of the beams is normal to the surface of the later.

The slant angle (¥) is determined by the angles of incidence 8, and 6, inside the layer as shown in
Fig 3(b):
0, +6,
e (1)

The diffraction efficiency of a VPTHG is described with high accuracy by Kogelnik’s Coupled
Wave Theory (KCWT)[16]. The KCWT assumes that in addition to the zero-order beam, there is only one
diffraction order propagating through the layer; the amplitudes of the beams change slowly as they propagate
in the medium, thus the second derivatives of their amplitudes in space are zero; the diffraction from the
boundaries of the layer is ignored. The KCWT provides an analytical expression for the diffraction efficiency
(1) of VPTHGs, given by Eq (2):

Y=

n= Sil’l2 (V2+ £2)1/2 (2)
(1+ 52)1/2
V2
mnd
h = s 3
wherey )"probe'(CR'CS) ( )

is the phase difference accumulated between the probe and the diffracted beam of wavelength, A, as
they pass through the gratings with thickness d, period A and refractive index modulation n,. Cg and Cy are
oblique factors and are described by Eqs (4) and (5) as follows:

Cr=cos O3 4)

Cg=cos Oz + sin ¥ &)

navg.A
where 05 is the Bragg angle, the angle between the probe beam inside the medium and the grating planes, at

which maximum diffraction efficiency is observed and is given by:

0,-0
e ©)

2
F lanted grating, ¥ = 0, and m..d %
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g & Aprobe-COS O
The angular detuning parameter ¢ is given by Eq (8):

A9, K.dsin(?- 6)
é - L 2CS (8)

where Ag, is the detuning from the Bragg angle, and K is the grating vector.

When the layer is exposed to the analyte, both the thickness of the layer and the average refractive
index could change, thus causing Bragg angle detuning (Eq 8), (Fig 4).
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Fig 4. Illustration of the links between changes in the layer thickness and average refractive index and the
resultant Bragg angle detuning.

The expected effect of the Bragg angle detuning on the change of the diffraction efficiency of the
grating due to analyte exposure is illustrated in Fig 5. It is clearly seen that for the same absolute change in
the maximum diffraction efficiency (A#,) due to the target analyte, the measured change in the diffraction
efficiency of the grating (An,) can be significantly larger due to the additional change in Bragg angle and a
shift in the Bragg curve. In this case the probe beam is incident at constant angle 8;', while the new Bragg
angle is 6,'.

0(°) ¢
Fig 5. Angular selectivity curves for a volume phase transmission grating which has undergone
a Bragg angle shift due to analyte exposure. Az, indicates the diffraction efficiency change
that will be measured by a fixed probe beam incident at the original Bragg angle 6,' after a
Bragg angle shift has taken place; Az, indicates the diffraction efficiency change that will be
measured by a probe beam that is incident on the grating at the new Bragg angle, 6,'.

3 Methodology

In the present work, the theoretical simulations assume that the probe beam is a collimated
monochromatic laser beam. For practical applications, this will need to be further expanded to cases where
the light source is a low cost source emitting at a broader wavelength range, for example an LED. For the
sake of simplicity and to understand better the different factors influencing the diffraction efficiency change,
we consider that the refractive index modulation in the grating remains constant, and there is Bragg angle
shift/detuning due to the change in thickness and change in the average refractive index of the layer.

In the following sections, we describe the methodology of calculation of the Bragg angle detuning
due to thickness change (through the change in the slant angle and grating period) and due to average
refractive index change (through the change in the refracted beam direction), as explained in Fig 4. First,
we explore the relationships between the grating’s key parameters and the change in layer thickness and in
average refractive index.
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3.1 Slant angle

The change of slant angle (Ay) due to change of the layer thickness can be expressed with the help
of Eq (9):

Ay =¥, —cot!

(1+Ad) cot ¥,
d

)

Here, ¥ and ¥, are the final and initial slant angles, respectively.

The slant angle change depends only on dimensional change of the grating on exposure to the
analyte, i.e. on the dimensional change Ad, the initial layer thickness d and the initial slant angle. The slant
angle shift (Ay) along with the probe beam shift determines the overall detuning from the Bragg angle inside
the hologram, see Eq (10).

Afg =AW — AD, or Afg = AO, — AP (10)

Here, Afy is the Bragg angle shift inside the medium, A8, and A6, are the respective angular shift in the probe
beams.

In a slanted grating there are two possible probe beam directions that are asymmetric with respect
to the normal of the grating. Each of the two probe beams, incident at a different angle on the grating, can
experience different Bragg angle detuning after exposure of the grating to the analyte, (Eq 10).

3.2 Grating period

The grating period (A) is determined by the recording beams wavelength and their inter-beam angle
at the recording stage. It can also be expressed in terms of the Bragg angle 6g, at which for specific probe
beam wavelength Ay, maximum diffraction efficiency is observed as in Eq (11):

/Iprobe
A= (11)
21 4,810(0p)

As aresult of the layer thickness change, the grating period will also change as previously described

in the study [11].

3.3 Change in probe beam angle inside the layer due to change in average refractive index

As the probe beam enters the layer it is refracted. Any change in the average refractive index will
lead to a change in the refracted beam direction, thus causing a detuning from the Bragg angle for the fixed
probe beam wavelength.

The value of A0, (depending on the direction of probing, either Af1 or Af,) is determined by the
average refractive index change and can be calculated using Snell’s law with the help of Eq (12):

Angyg SN0y ohe
AHprobe = (1 2)

nan'\/ navgz - Sinz(grprobe

where 0'p,op 18 the incident angle of the probe beam in air.

3.4 Gratings geometries

Two different grating configurations were examined (Fig 3). The thickness of the layers was 60
um. The spatial frequency of the examined gratings was fixed at 1200 line-pairs/mm. This spatial frequency
was selected to ensure that the gratings are operating as VPTHG for which the KCWT is applicable. The
sensitivity in terms of Bragg angle detuning and resulting diffraction efficiency change was compared for
unslanted and slanted grating with one of the two probe beams: (1) normal to the surface of the layer; (2)
incident at an angle 6,', (Fig 3(b)).

The slant angle for the slanted gratings was 12° degrees. The slant angle was selected to remain
constant in this investigation. The sensitivity of the grating for a range of different slant angles will be
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reported elsewhere. The physical changes in the layer which occur as a result of analyte exposure were
selected to be within 10% of the original value of the thickness (60 um) and the average refractive index
(1.5). Thus, the thickness was varied in the range of +£ 6 um and the average refractive index was changed
within + 0.02. The initial diffraction efficiency of the grating was selected to be 50%. This was done to ensure
a linear regime of operation for the range of changes studied.

A MATLAB programme was created to calculate numerically the Bragg angle detuning Afy for
each pair of thickness and average refractive index within the range of studied values. The resulting change
in diffraction efficiency # (Eq 2) was then determined by running numerical simulations to calculate v ( Eq 3)
and ¢ (Eq 8) for each possible combination of n,,, and d.

4 Results and discussion

4.1 Unslanted grating

Figure 6 shows the calculated Bragg angle detuning in an unslanted grating for the studied thickness
and average refractive index ranges. Figure 6(a) shows the map of angular Bragg detuning parameter Afg.
It can be observed that the maximum absolute values for Afg are in the order of +0.1° for all possible
combinations of change in thickness and average refractive index. Even relatively small detuning such as
this can have a significant contribution; for example for a 1200 line-pairs/mm grating with a thickness of
60 pm, the FWHM of the Bragg selectivity curve is in the order of 0.8°, and so a + 0.1° change may be
significant. Figure 6(b) shows Afg versus the change in layer thickness due to analyte exposure for a number
of scenarios: where there is no change in the average refractive index of the grating, and where there is a
maximum average refractive index change (both in the positive (blue) or negative (red) directions). It is
worth noticing that even if there is a thickness change in this case, no Bragg detuning is observed in the
absence of a change in the average refractive index (orange line). Figure 6(c) shows that the angular Bragg
detuning in this case is fully symmetrical with respect to the sign of the average refractive index change as
would be expected. As expected (from Eq 12), the maximum positive Afy is found at the lowest value for
N4y While maximum negative A6y is found at highest ,,,, value. Moreover, Fig 6(c) further confirms that the
value of Ad has no effect on the extent of Bragg detuning for unslanted gratings.
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Fig 6. Bragg angle detuning Af for an unslanted grating at a spatial frequency of 1200 lines/mm. (a) Afg map for
all combinations of An,,, and Ad; (b) A0y versus Ad at three different An,,,, values; (c) Afp versus An,,, at three
different Ad values.
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Fig 7. (a) A colour map of the expected change in diffraction efficiency for an unslanted grating for all
possible combinations of the An,,, and Ad; (b) diffraction efficiency versus grating thickness for three

values of the An,,,; (¢) diffraction efficiency versus An,,, for three values of grating thickness.
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(b) corresponding dependence of & on thickness change.
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In the next step, the values for Afp were used to calculate the Bragg angle detuning parameter ¢
(Eq 8) and the phase parameter v (Eq 3). A colour map of the expected change in diffraction efficiency is
shown in Fig 7(a) for all possible combinations of the An,,, and Ad. It can be observed that the maximum
increase (approximately 15.6%) of the diffraction efficiency ratio occurs at the maximum positive Ad (grating
thickness increased from 60 to 66 um) and at An,,,, = 0 (Fig 7(b)), while the maximum diffraction efficiency
ratio decrease (approximately 21%) is observed at the maximum studied negative Ad (grating thickness
reduced from 60 to 54 pm) and for maximum studied absolute value of An,,,. According to the simulations,
the sign of the An,,, has no effect on the diffraction efficiency change at specific Ad (Fig 7(b)). Figure 7(c)
shows the dependence of the diffraction efficiency change on the An,,, for three values of Ad. It is seen that
the impact of a 10% change in thickness on the observed diffraction change is significantly higher than that
of'a 10% change in An,,,.

To fully understand their contributions to the overall diffraction efficiency, the values of the Bragg
angle detuning parameter ¢ (Eq 8) and the phase parameter v (Eq 3) are shown separately in Fig 8.

From these two maps it is seen that the variation of average refractive index has little impact on v,
the spread of values at a particular Ad is small compared to the spread observed in & An asymmetry in the
dependence of ¢ on grating thickness is also observed in Fig 8(b).

4.2 Introducing a slant angle

Next we examine the case where a slant angle of 12° is introduced. Two different probe beam
configurations are considered: (1) the probe beam is normal to the grating surface (6= 0°) and (2) the
probe beam is incident at 24° (i.e. Oyope = O + ¥). Examination of the two 2D maps of the Bragg angular
detuning for the slanted grating (Figs 9(a & b)) shows that the value of maximum Afg has increased by an
order of magnitude in comparison to the unslanted grating (Fig 6(a)); that is, from the 0.1° observed in an
unslanted grating to more than 1° in a slanted grating.
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Fig 9. A for a slanted grating with a spatial frequency of 1200 lines/mm for two different probe beam configurations.
(a) Afg distribution for all combinations of An,,, and Ad at 6. = O +¥. (b) Afg distribution for all combinations
of An,, and Ad at O = 0°. (¢) A versus Ad at different An,,,, conditions when Gyrop. = O +¥. (d) Afg versus Ad
at different An,,,, conditions when 6,4, = 0°. () Abg versus An,,, values at different Ad conditions when 8,4, = 05
+ ¥. (f) Afg versus An,,, values at different Ad conditions when 6,,;4p.= 0°.
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This result is independent of the angle of the probe beam used. As previously mentioned, the FWHM of a
1200 lines/mm and 60 pm thick grating is approximately 0.8°. A 1° change in the Bragg angle due to analyte-
induced changes in grating thickness and average refractive index is thus highly significant and, as shown
earlier in Fig 5, can be exploited to maximize the sensitivity of VPTHG-based sensors.

Another interesting observation is the highly asymmetric dependence of the Bragg angular detuning
for the probe beam incident at 24° (Figs 9(c & d)), and the highly symmetric response for the probe beam at
normal incidence (Figs 9 (d & f)). The use of a probe beam that is incident normal to the layer also removes
any sensitivity to analyte-induced changes in the average refractive index of the grating. This is potentially a
very useful result. In slanted gratings, change in thickness due to layer swelling or shrinkage plays a significant
role in the response of the grating to the presence of the analyte. It is worth noting that if one aims at evaluating
separately the two effects — thickness change and average refractive index change - a measurement system
with two probe beams incident from both directions could be used for analysis, to allow for separation of the
influence of thickness change and average refractive index change on the overall sensor response to an analyte.
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Fig 10. Map of the diffraction efficiency change of slanted grating as d and n,,, change; (a) diffraction efficiency
change distribution for all combinations of An,,, and Ad at O, = 0 + P. (b) diffraction efficiency change
distribution for all combinations of An,,, and Ad at 0,4, = 0°. (¢) diffraction efficiency change versus Ad at different
Ang,, conditions when 0= 0 + . (d) diffraction efficiency change versus Ad at different An,,,,, conditions when
Oprobe = 0°. (e) diffraction efficiency change versus An,,, values at different Ad conditions when 0y = 0 + ¥. (d)
diffraction efficiency change versus An,,, values at different Ad conditions Gprope = 0°.

Figure 10 illustrates the expected change in diffraction efficiency for the slanted grating for all
possible combinations of the An,,, and Ad, and for both probe beam configurations. As expected, the observed
changes in diffraction efficiency are significantly larger for the slanted grating in comparison to the unslanted
grating scenario (Fig 7), indicating improved sensitivity for slanted grating-based sensor configurations. The
diffraction efficiency is seen to drop to zero for specific combinations of changes in thickness and average
refractive index. For example, the diffraction efficiency goes to zero at around + 4 pm change in thickness for
the slanted grating at normal incidence (Fig 10 (d)).

For the probe beam incident on the grating at 24°, the analyte-induced change in the grating’s
average refractive index is seen to influence the change in diffraction efficiency (Fig 10(c)); an asymmetry
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in the response of the grating to changes in grating thickness is also observed. In Fig 10(c), it can be clearly
seen that for the maximum studied analyte-induced refractive index changes (both positive and negative),
there are corresponding thickness changes that, if occurring concurrently, will act to negate any measurable
change in diffraction efficiency, thus preventing a detectable sensor response to the analyte. This emphasizes
the importance of the careful theoretical design of the sensor. The contribution of average refractive index
alone to the diffraction efficiency change at 24° probe angle can be found in Fig 10 (e, blue line); the response
of the diffraction efficiency drop is symmetrical with respect to the absolute change in average refractive
index. A large diffraction efficiency drop is observed for the maximum studied absolute change in thickness
over the whole range of An,,, (Fig 10 (¢)).

As was seen earlier for the Bragg detuning studies, at normal probe beam incidence, the change in
diffraction efficiency of the slanted grating is due only to the change in the grating thickness, and does not
depend on the average refractive index change (Fig 10 (d) and (f)). This is a beneficial result that can be
exploited for material characterization and sensor development purposes.
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Fig 11. Maps of normalized diffraction efficiency of a slanted grating for varying layer thickness and average
refractive index. (a) corresponding dependence of v on thickness change when probing at 24°; (b) corresponding
dependence of v on thickness change when probing at 0°. (¢) corresponding dependence of ¢ on thickness change
when probing at 24°); (d) corresponding dependence of & on thickness change when probing at 0°.

Figure 11(a, b) shows that over the studied range of Ad, only a slight difference in magnitudes of
v has been observed for both incident beams. Figure 11(a, b) also shows that, for the slanted structure, any
absolute change in Ad will result in a drop in diffraction efficiency. This is different to what was observed for
the unslanted structure (Fig 8 (a)), where the relationship between diffraction efficiency and thickness change
was seen to be linear (i.e., as the layer swells, diffraction efficiency increases). In Fig 11(c,d), as expected
a higher magnitude of ¢ is observed (for both probe beams) for the slanted grating structure, in comparison
to that shown previously for the unslanted grating structure (Fig 8(b)). It can also be seen that the direction
of change of ¢ varies depending on the angle of incidence of the probe beam. The average refractive index
change has no impact when probing at 0°, and so a larger spread in & values at a particular Ad is observed for
the case where the probe beam is incident on the grating at 24° (Fig 11(c,d)).
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5 Conclusions

The objective of this study was to compare theoretically the sensitivity of unslanted and slanted
volume transmission holographic gratings to angular detuning, which is caused by the presence of a target
analyte. The angular detuning and subsequent change in grating diffraction efficiency occur due to analyte-
induced simultaneous changes in grating thickness and average refractive index; through careful design of
the holographic grating structure, this angular detuning can be utilised to yield significant improvements in
optical sensor performance.

The extent of angular detuning and the resultant effect on grating diffraction efficiency was
calculated for both unslanted and slanted gratings. An order of magnitude increase in the amount of Bragg
angle detuning was achieved by the introduction of a 12° slant angle. Angular detuning of more than 1°
was estimated for a 1200 lines/mm and 60 um slanted grating for a 10% change in the grating’s thickness
and average refractive index; this is a highly significant amount of detuning in the context of a grating with
an angular selectivity curve FWHM of 0.8°, and demonstrates the potential of slanted gratings for highly
sensitive sensing applications.

The influence of the orientation of the probe beam on the extent of angular detuning and diffraction
efficiency change were also investigated. It was observed that probing of slanted gratings at normal incidence
completely mitigates the effects of angular detuning due to changes in the grating’s average refractive index;
in contrast, probing at another angle (24°) introduces a highly asymmetric response. This important result can
be exploited to allow for separate analysis of the changes in grating thickness and average refractive index
which occur simultaneously in many VPTHG-based sensors during target analyte exposure. Future studies
will explore in detail the influence of slant angle on the extent of grating angular detuning, as well as the
influence of probe beam wavelength.
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