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Abstract
It is shown that the formation of a holographic structure on the
polymethylmethacrylate (PMMA) surface is based on the use of the destructive
effect of short-wave UV radiation with a wavelength less than 270 nm through
windows previously formed in a thin layer of dichromated gelatin (DCG) covering
the substrate. The optimization of the PMMA surface treatment by isopropanol and
methylisobutyl ketone (MIBK) developers was made, which allowed creating on the
PMMA substrates relief-phase holographic gratings with the high diffraction efficiency
(DE) of about 25% and maximum depth of the surface relief of the order of 1 μm.

Keywords: holographic gratings, surface relief, UV radiation, dichromated gelatin,
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1. Introduction

The destructive effect of short-wave UV radiation with a wavelength of 250-270 nm
on gelatin is the effective method of converting an amplitude holographic structure
into a surface relief on the layers of a silver halide photoemulsion [1]. The main factor
that modulates the UV radiation is the silver image of interference fringes recorded
on the hologram. In addition to silver halide photo emulsions, gelatin is also the main
component of dichromated gelatin (DCG) layers. Unlike silver halide photoemulsions,
physicochemical properties of gelatin in DCG layers change directly during holographic
recording of the interference pattern due to the selective tanning of the layer by light of
a He-Cd laser with a wavelength of 0.44 μm in the presence of ammonium dichromate.
In this case, there is a structuring, that is, the formation of a large number of cross-links
at the maxima of the interference pattern after the primary treatment of the layers in
water. Obviously, the more photolytically tanned areas of the DCG layer should be
less affected to the damaging effects of UV radiation. Therefore, the irradiation of
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DCG layers with short-wave UV light should result in the appearance of a pronounced
surface relief, since a large number of cross-links prevent the fragmentation of macro-
molecules in the tanned sites of gelatin and the washout of these areas into the water
during the subsequent layer processing. Thus, the mechanism by which the surface
relief is formed on DCG layers is fundamentally different from themechanism bywhich
the relief is created on silver halide photoemulsions.

It was shown in [2] that primary holographic structures on thick layers of DCG (aver-
age thickness Tavr≥ 50 μm) after the exposure to short-wave radiation of a mercury
lamp and bathing in water show high values of the surface relief h of the order of 1
μm or more. In [3], it was shown that short-wave UV radiation is absorbed rapidly in a
narrow near-surface layer of gelatin. Therefore, high values of the height of the surface
relief are to be expected when using thinner layers of DCG. This was demonstrated in
[4] for thicknesses Tavr≤ 3 μmand even for ultrathin layerswith Tavr≤ 0.7 μm. It was also
established in this paper that the energy sensitivity of the DCG layer to the coherent
radiation of the He-Cd laser remains practically unchanged when passing from thick to
hyperfine layers.

The use of low-thickness DCG layers in [4] made it possible to establish the fact
of the formation of windows in which the thickness of the layer T tends to zero. It
is possible to impact on a substrate through such windows. Thus, if instead of the
glass that is usually used as a substrate, we choose another material that has a suffi-
cient sensitivity to short-wave UV radiation, it is possible to transfer the holographic
structure from the DCG layer directly to the substrate material. In the present work,
polymethylmethacrylate (PMMA) was chosen as the substrate material.

PMMA has a sufficiently high sensitivity to various kinds of radiation [5, 6], including
short-wave UV radiation (λ ≤ 300 nm) [6-8] and is used in lithography as a resist.
Therefore, it is possible to transfer the holographic structure onto the surface of the
PMMA substrate by consistently applying the technology of processing the layers of
DCG and resists. The use of the intermediate photosensitive medium in this case is
justified by the fact that the energy sensitivity of DCG in the short-wavelength visible
light region (λ = 0.44 μm) is 5 or more times better than the sensitivity of PMMA in
the short-wave UV range with λ ≤ 270 nm [6].

2. Experimental procedure

As the object of the study, we chose holographic diffraction gratings with a spatial
frequency close to 100 mm−1 that were recorded on DCG layers deposited on 2 mm
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thick PMMA substrates. The holographic recording of the gratings was carried out with
the help of a He-Cd laser with a wavelength of 0.44 μm and power of 12 mW.

The layers of DCG were made in laboratory conditions in a manner similar to that
described in [9], which made it possible to vary the thickness of the obtained layers
and the concentration of ammonium dichromate. To obtain thin uniform layers of DCG,
we diluted the 6% solution of gelatin with an ammonium dichromate content 0.4 g per
100 mL solution 10 times. After drying, the thickness of the layers was from a micron
fraction to 5 μm, depending on the amount of the applied solution,. The holographic
gratings with a spatial frequency of 103 mm−1 were recorded on the resulting layers.
Samples of the recorded gratings were treated by immersion in a 2% solution of
sodium sulfite Na2SO3 for 5 min and then washed in running water for 20 min and
dried at room temperature.

The layers were further processed according to the procedure described in [1]. The
samples were irradiated with a quartz mercury lamp DRT-220 for 7-50 min, washed
in water for 5 min and dried at room temperature. As a result of this operation, the
nontanned areas of the gelatin layer that were in the minima of the interference
pattern, were subjected to photolysis and were removed by dissolving in water at
room temperature. This made it possible to form windows in the DCG layer for the
subsequent exposure of the PMMA substrate with UV radiation. For relatively thick
DCG layers of (several microns), the operation ”exposure to UV radiation + washing
in water” was repeated several times to ensure the access of UV radiation to the
substrate material. The final stage of the experiment involved the mechanical removal
of the gelatin layer previously soaked in hot water at a temperature of 45∘ C from the
surface of the substrate.

In contrast to the DCG layers inwhich the photodegraded areas of gelatin arewashed
out with water UV-irradiated areas of the PMMA substrate require special etching
agents - developers. In work [4], the processing of the PMMA substrate in a special
developer was absent, which made it impossible to obtain a surface relief height of
more than 0.18 μm and an average DE of more than 10%. In the present work, at
the final stage of the experiment, the compositions of special developers used in
lithography were used to treat PMMA substrates [5, 6, 8, 10, 11]. The development
time was 20 - 120 s. After the development operation, washing in pure isopropanol
followed.

For final samples, the parameters of the holographic gratings were measured, such
as the height of the surface relief h and the diffraction efficiency η of the 1st and zero
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diffraction orders. The height of the surface relief was measured with a microinter-
ferometer MII-4 as a total difference between crests and depressions. The DE was
defined as the ratio of the intensity of the beam of one or another diffraction order
that passed through the hologram to the incident beam intensity for the wavelength
of a He-Ne laser of 0.63 μm.

3. Results of experiments

The best results were obtained with PMMA substrates both in pure isopropanol and
in a mixture of isopropanol with a stronger MIBK solvent. The processing parameters,
initial thickness of the DCG layers and duration of each operation (in square brackets)
for three samples are shown in Table 1. The exposure time of the DCG layers with
coherent radiation t𝐻𝑒−𝐶𝑑 varied from 5 to 180 s.

The characteristics of holographic gratings on PMMA substrates are given in Table 2.
As can be seen from Table 1 and 2, the use of pure isopropanol as a developer (sample
No. 1) allows successful transfer of the holographic structure to the substrate material
even in the case of the ultrathin DCG layer with Tavr≈ 0.3 μm. A significant height of
the surface relief h = 0.48 μm was obtained on the PMMA surface, and the grating is
characterized by a noticeable DE value in the first order η1 equal to 8%.

Table 1: Parameters of sample processing.

№ Developer Washing Initial
thickness of
the DCG
layer, µm

Exposure time by
UV radiation, min

1 Isopropanol (100%)
[1 min]

Isopropanol (100%)
[1 min]

0.3 7+54

2 MIBK + isopropanol,
1:1 [1 min]

Isopropanol (100%)
[30+30, s]

1.5 25+25

3 MIBK + isopropanol,
1:1 [20 s]

Isopropanol (100%)
[15+15, s]

5 23+23+45

Table 2: Parameters of holographic gratings on PMMA substrates.

№ Height of the surface relief
h, µm

DE in the 0-th order η0, % DE in the 1-th order η1, %

1 0.48 54 8

2 - 10.3 15.3

3 1.3 1.7 25

Using a stronger developer of MIBK diluted with isopropanol and a thicker DCG
layer of T ≈ 1.5 μm (sample No. 2) enabled to increase the structure DE of the first
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order by almost 2 times. However, a comparatively long development time (1 min) led
to the appearance of large inhomogeneities of PMMA surface etching. The resulting
irregularities in the holographic structure prevented the measurement of the surface
relief height in the interferometer MII-4.

The reduction of the development time to 20 s (sample No. 3) allowed us to obtain
regular relief structures (see Figure 1) on the PMMA surface. They had a high DE of
the first order up to 25% and a small fraction of non-scattered light of about 1.7%.
Figure 2 shows the dependence of the surface relief height on the DCG exposure time
with coherent radiation for undeveloped (curve 1) and developed (curve 2) PMMA sub-
strates. The height of the surface relief of the developed PMMA substrates exceeded
this value several times for nondeveloped samples, which proved the effectiveness of
using a developer containing MIBK. The same figure shows the height of the surface
relief for primary grating on the DCG layer (curve 3) after the third UV exposure (see
Table 1, sample No. 3).

As can be seen from Figure 3, gratings on the PMMA substrate illuminated by a He-
Ne laser with a wavelength of 0.63 μm demonstrate high values of DE approximately
corresponding to its values obtained from the theory of thin relief-phase holograms
[1].

Figure 1: Interferogram of the surface relief on the PMMA substrate.
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Figure 2: Dependence of the surface relief height on the DCG exposure time with coherent radiation for
undeveloped (curve 1), developed (curve 2) PMMA substrates and for a primary grating on the DCG layer
(curve 3) after the third UV exposure.

 

Figure 3: Dependence of the first-order DE on the DCG exposure time with coherent radiation for
developed PMMA substrates (sample No. 3). Experiment – 1, the calculation based on the theory of thin
holograms with a sinusoidal relief profile – 2.
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4. Conclusions

The research has shown the possibility of the effective transfer of a holographic relief
structure from the DCG layer onto a PMMA substrate with the subsequent application
of the technologies for processing the DCG layers and resists. The effect of short-wave
UV radiation on both the DCG and PMMA layers allowed the creation of regular gratings
with a relief height of the order of 1 μm or more which is quite enough to obtain the
high diffraction efficiency in the visible and infrared regions of the spectrum.
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