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Abstract

Norland UV-adhesive NOA68 was studied as a material for holographic optical elements fabrication. Permanent transmission
diffractive gratings were inscribed by the exposure to the interference field of UV Ar-ion laser. The contributions of the volume and
the surface parts of the phase modulation to the efficiency of the gratings were investigated for different gratings periods. The depth
of the surface relief grows up to 250 nm with an increase in the grating period. For relatively small periods <2.5um the contribution
of the surface relief part to the total diffraction efficiency is negligible and gratings can be considered as volume diffractive structures.
The deep (up to 1.5 um) surface relief with almost square profile was manufactured by the UV exposure through a mask. Both tech-
niques do not require any subsequent wet or thermal developing process. The mechanism of the holographic image formation is

discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Holographic and diffractive optical technology is of
great interest for integrated optics, optical data storage,
optical interconnects, optical computers, etc. Photo-
polymers are promising materials for the holographic
and lithographic fabrication of the optical elements.
Until now, numerous photopolymeric materials in-
cluding DuPont acrylate solid photopolymer films
[1,2], acrylamide based compositions [3], phenanthren-
equinone-dye doped poly(methyl methacrylate) [4],
multicomponent acrylate oligomer-monomer and oligo-
mer-diluents liquid mixtures [5-9], and polymers con-
taining azobenzene moieties [10,11] were used as the
holographic recording media. In the most of these
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materials only volume phase periodic structure forms,
two last ones may insure the formation of both volume
and surface relief patterns. Photopolymerisation, diffu-
sion of one or more components, photoinduced addition
or photoisomerisation are plausible mechanisms of the
image formation in the photopolymers.

Optical adhesives, produced, for example, by Nor-
land Corporation (NOA), are quickly polymerised upon
UV irradiation and usually used for gluing of the optical
components to each other or to metal. However, such
adhesives themselves can be used for the manufacture
of the optical diffractive elements.

The most attractive feature of the NOA adhesives as
materials for optical element fabrication is the absence
of any chemical or thermal processing before and after
imaging procedure. One of these commercial materials
(NOAG65) was recently used for the fabrication of the
computer generated gratings and kinoforms [12]. The
fabrication of these diffractive optical elements was per-
formed by lithographic technique. Some examples of
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kinoform patterns with relatively good efficiency have
been reported [12]. In addition the material was recently
used to fabricate holographic polymer dispersed liquid
crystals (H-PDLC) structures. The mechanism of
polymerisation, phase separation of LC and the forma-
tion of the holographic gratings due to the periodic dis-
tribution of LC-droplets within polymer films during the
exposure were discussed in details [13].

The Norland adhesives are generally mixtures of
multifunctional aliphatic thiols, vinyl monomers and
photoinitiator [12,13]. The irradiation with UV light
(200-400nm) results in polymer network formation
due to thiol-radicals addition to the double bond of
vinyl component. From the chemistry itself and from
the published results [12] it is not clear so far whether
the exposure to the interference light field or through a
mask would lead to the volume and/or the surface relief
structure formation in the film. The second open ques-
tion is whether a surface relief structure may be obtained
without subsequent development of the film or with an
additional post-processing.

In this article we report one-step procedure to fabri-
cate the phase diffractive gratings using NOA68. Holog-
raphy and lithography were applied as rather simple
techniques. The influence of the parameters of these pro-
cedures on the final gratings is reported. Diffractive
properties of the fabricated structures were tested and
analysed. The mechanism of the image formation is also
discussed.

2. Experimental

In most experiments NOA68 adhesive (Norland Cor-
poration) as the recording material was used. The films
were prepared by spin-coating of the weighted amount
of NOAG68 onto the glass substrates of known size at
2000-3000 rpm. The films thickness was measured after
holographic exposure using DEKTAK profilometer
(Veeco, USA).

Ar-ion laser (Spectrophysics, model BeamLok 2080)
with A = 364nm and output power of ~500mW was
used for the holographic exposure. An experimental
set-up consists of a shutter, a spatial filter, collimating
lens, a 50:50 beam-splitter and two plane mirrors.
Transmission gratings with fringes perpendicular to a
polymer plane were recorded by the exposure of the
films to the interference pattern of two coherent planar
waves (s-polarization) intersecting in the sample plane.
The intensity balance between two recording beams
was near 1.1. The spatial frequency of the gratings re-
corded (grating period, A) was changed by varying the
angle between the recording beams. A He—Ne laser
(Atest = 633 nm, s-polarisation) was used as a probe beam
to test the grating formation. The power of the first-
order diffracted, Pg;(¢), and transmitted, Py .,s(¢), beams

were measured using two photodiodes. The kinetics of
the recording process was monitored by the time
behaviour of the gratings diffraction efficiency (DE(?)),
determined as n(t) = Pgi(¢)/(Pgir(t) + Pians(?)). Such de-
termination of DE characterises the holographic pro-
perties of material only (amplitude of the phase
modulation) and does not take into consideration the
losses associated with Fresnel reflection and a light-scat-
tering of a substrate. In all experiments the holographic
exposure was terminated upon achieving the saturation
of the diffraction efficiency. The recording and testing
processes were controlled by PC software developed
in-house. The program controls the shutter, data acqui-
sition from the photodiodes, and simultaneous calcula-
tion of DE in real time.

The striped patterned photomasks with the periods of
15 and 6 um were used for the lithographic exposure.

The surface of the exposed NOA films was examined
by Atomic Force Microscopy with Solver PA7H Smena
(NTMDT, Russia).

3. Results and discussion

The absorption spectrum of the NOAG68 layer is
shown in the Fig. 1. Ar-ion laser light emitted at wave-
length 364 nm could be used to initiate the photochemi-
cal reactions and physical processes leading to the
gratings formation in NOAG6S. After irradiation the
material exhibits high rigidity and high transparency in
the whole VIS region of the spectrum, allowing the fab-
rication of the optical elements.

The relatively low viscosity of the starting material
and its poor wetting of the glass substrate did not allow
to form a flat surface after spin-coating, which results in
some thickness variation. Typically the thickness varied
in the range of 30-33 pm for the different samples. Be-
sides a shallow noise structure was usually observed
on the surface of gratings and a weak noise pattern
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Fig. 1. Absorbance of unexposed NOA68 layer (d ~ 30 um).
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was presented in the diffraction picture. Probably, it is
associated with some chemical reactions accompanied
by the gas product evolution.

The influence of the recording intensity on the final
value of the DE was studied for the gratings of different
periods. For example, typical kinetics of the gratings
(period A = 0.85um) inscription submitted to the differ-
ent exposure conditions (intensity of the recording
beams) are shown in the Fig. 2. It was found, that final
DE increases under increase in the recording intensity,
with the maximum being observed for the intensity near
50mW/cm?. Further increasing in the recording inten-
sity (from 50 to 70mW/cm?) did not change the value
of the final DE. The higher intensity of the writing beam
the faster saturation value of the DE may be achieved.
The maximum DE could be obtained only with high
writing intensity (Fig. 2). Such a trend was valid for
the periods in the range of 0.3-3 um.

The obtained features of the recording process are
discussed below in detail, in association with the pro-
posed mechanism of the grating formation. The record-
ing process carried out under higher intensities posses
the advantages of maintaining higher rate of the photo-
polymerisation in the bright regions of the interference
field, and probably, higher difference of the refractive
index in the neighbouring areas of the grating.

As reported in [12] the non-homogeneous light expo-
sure of NOAGS5 layers led to the formation of the volume
and surface relief structures. We have found the same
situation for NOAG68. Testing the surface of the gratings
by means of AFM has shown the presence of the surface
relief structure for all periods studied. However, the fea-
tures of the diffractive pattern (the presence of only two
diffraction orders and high diffraction efficiency for the
smaller periods) evident the periodic modulation of the
material refractive index. It was revealed that the holo-
graphic recording in the NOAG6S layers is accompanied
by the formation of both volume and surface relief
structures.

Both surface relief and volume (refractive index)
modulation of the material provide their own contribu-
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Fig. 2. Kinetics of the gratings recording in the NOA68 film for
different intensities of the recording beams (A = 0.85pum).

tions to the diffraction efficiency of the gratings at al-
most all periods tested. The total phase shift of the
light passing through such volume-surface gratings can
be determined as:

Aélotal = A5vol + A5surf (1)

where Ad,, Adgur are the relative phase differences of
light passing through two adjacent regions of the vol-
ume and the surface relief gratings consequently.

Investigation of both components of the phase mod-
ulation versus recording intensity, grating period and
post-processing treatment were performed and discussed
below.

Experimental results show that for each period stud-
ied both total DE and depth of the surface relief (%) typ-
ically achieve a certain saturation value under increase
in the recording intensity. Such dependency for the grat-
ings with A4 = 0.85um is shown in the Fig. 3. The total
DE does not exceed 40% and the obtained value of 4
was not higher than 28 nm.

Different types of the diffractive gratings are formed
under the irradiation with the periodic light field of
the different spatial frequency. Two types of diffraction
is customarily distinguished by defining a dimensionless
Cook—Klein parameter Q [14]):

QO = 2leqd /n A%, (2)

where d is the thickness of the grating, A is the grating
period, n is the spatially averaged refractive index of
the recording medium, and A is the incident wave-
length. A “thick” or volume gratings (Q > 10) corre-
spond to the Bragg diffraction and provide the
diffraction when incident angle satisfies the phase match-
ing conditions [14]. Such structures exhibit only two dif-
fraction orders (zero- and the first-order) and a strong
dependency of the DE on the angle and wavelength of
the incident light. The DE of the transmission volume
phase grating in Bragg conditions is described by:
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Fig. 3. Total DE and surface relief depth / versus recording intensity
(A =0.85pum).



1382 L. Goldenberg et al. | Optical Materials 27 (2005) 13791385

Hyol = sinz(Aévol/Z) = sinz(nnld/)vtesl cos by) (3)

where n; is the amplitude of refractive index modulation
of the material, 0, is the Bragg angle of the incident light
within the material.

On the other hand, “thin” gratings (Q < 1) corre-
spond to the Raman—-Nath regime of the optical diffrac-
tion. In this regime, many orders of diffraction can be
observed. The efficiency of the first-order Raman—Nath
diffraction for the grating with a sinusoidal modulation
of refractive index is given by

Nsure = J%(Aésurf/z) = J% (2nh(ny — nu)/ Zest) (4)

where J7(Adqur/2) is the first-order Bessel functions of
the first kind, / is the depth of the grating grooves,
and ny, nyp are the refractive indices of the adjacent areas
of the grating [14].

The gratings of the periods 0.3—1.5 pm exhibit typical
properties of the Bragg gratings: only two diffraction or-
ders were observed and the DE of the gratings was
dependent strongly on the incident angle of the probe
beam. These gratings were “thick” according to the
value of Cook-Klein parameter, which varied from
860 to 30 for the periods 0.3 and 2um, respectively.
The diffraction pattern of the gratings with the periods
4-8um exhibit more than two diffraction orders and
weak dependence of the DE on the angle of the incident
beam.

The efficiency of the first-order diffraction for the
gratings with period 0.3-2.5um, recorded with almost
equal recording intensities, is shown in the Fig. 4. The
maximum DE was observed for the gratings with peri-
ods 0.7-1.5um; DE drops for the period below 0.5pum
and above 2um (where the gratings transform from
the “thick’ into the intermediate or “thin” type).

The dependence of the relief depth / on the period is
presented in the Fig. 5. Generally, for larger periods dee-
per surface relief could be inscribed in the film. Maxi-
mum depth of surface relief achieved was ~250nm at
A=7.5um.
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Fig. 4. Total DE versus period (recorded with the comparable
intensities (4 ~ 32 um).
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Fig. 5. Maximum /% versus grating period (recorded with the compa-
rable intensities).

The measured dependency of the amplitude of the
refractive index modulation n; versus period is presented
in the Fig. 6. The measurements were carried out using
the immersion liquid (7, = 71,01, for NOA68 np,o = 1.54)
on the surface of the gratings in order to eliminate the
surface relief modulation contribution into the total effi-
ciency. In such conditions the total efficiency, especially
for the periods 0.3—1.5um, exhibits a negligible decline
compare to the measurements without the immersion
liquid. This evidences the dominant role of the refractive
index modulation in the formation of the holographic
gratings for the mentioned periods. The values of n;
were calculated from the measured values of DE using
the Eq. (3). The refractive index modulation decreases
slightly for the smaller periods, achieves maximum value
for A =0.7—1um, and then drops slowly with the in-
crease in the gratings period. This behaviour is corre-
lated with the dependence of the total DE on the
period (Fig. 4).

AFM images of the gratings with the different periods
(Fig. 7) evident that the surface relief has almost sinusoi-
dal profile. Thus the efficiency of these relief gratings
can be estimated approximately using Eq. (4), where
H1 = Hpol, M1 = Hair. Our calculations revealed that for
A =0.3-2.5um the contribution of the relief into the
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Fig. 6. Dependence of the amplitude of refractive index modulation
(m) versus grating period.
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Fig. 7. AFM images (semi-contact mode) of the surface relief gratings with different periods: (a) 4000nm; (b) 750nm; (c¢) 1510nm.

total DE is negligibly small, that correlates to the meas-
ured values of n; presented above. Even for the gratings
with A = 1.5um and & =~ 50nm the efficiency due to the
surface relief modulation does not exceed 2%. Only for
larger periods (A > 5Sum) with 4 =200nm and higher,
the refractive index modulation becomes negligible and
the diffraction efficiency is determined by the surface re-
lief modulation mainly.

Thus, NOAG68 insures in situ holographic fabrication
of the volume phase gratings in the period range of 0.3—
3um, where the influence of the surface relief modula-
tion is negligible. The exposure of NOAG6S layers to
the interference field of the periods higher than 3 um
causes the sinusoidal surface relief formation with suffi-
ciently deep grooves, those parameters determine the
grating efficiency.

It was found that the surface relief formation in
NOAG68 occurs during the holographic exposure and
does not require any post-development. Moreover, our
attempts to develop the exposed NOA gratings with dif-
ferent solvents (alcohol, acetone), which dissolve the
original adhesive, resulted in the peal off the film from
the substrate. A post-exposure annealing of the NOA-
gratings up to 60°C does not change the total DE and
depth of the surface relief. Heating up to 110°C reduces
the height of the relief from 10 to 1.5nm (for the grat-
ings with 4 = 0.4um) and almost does not change the
total DE.

It was observed that the increase in thickness of the
recording layers up to 60 um (A = 1 pm) is accompanied
by the increase in the DE of a volume grating up to 70%.
However, the depth of the surface relief did not show
any further increase under these conditions.

Pure volume refractive index gratings can be recorded
in the layers of NOAG68 placed between two glass sub-
strates, when substrates prevent the relief formation.
The thickness of the film is controlled by the special
spacers. The experiments revealed that the DE of such
gratings is typically lower than the DE of the gratings
of the same period, fabricated with a free surface. For
example, the grating with 4 = 1 um exhibits DE = 45%
in the film with a free surface and DE = 20% in the film
between two substrates (the same thickness of the films).
Thus the holographic recording between two substrates

;] 18888 36860 ni!

Fig. 8. Cross-section of the AFM image (contact mode) of the
structure obtained by the photolithography with the amplitude mask
of 15um period.

causes smaller phase modulation compare to the films
with a free surface. The reason of such effect is discussed
below.

The exposure of the adhesive layers to the square
light distribution through the amplitude masks (photoli-
thography) with period from 1 to 15um led to the relief
structure formation with the depth up to 1.5um (in the
case of 15pum period) and almost square profile (Fig. 8).

It could be concluded from the AFM images of the
holographic and lithographic gratings of the different
periods that NOA adhesives have relatively linear re-
sponse to the light distribution in the irradiation field
(sinusoidal profile for the holographic exposure and
square profile for the lithographic irradiation). This
may be useful in respect to the application of NOAG68
as a material for the fabrication of surface relief struc-
tures. In contrast to the well-known photoresists the dif-
fractive structures in NOA68 do not require any pre-
and post-processing treatment of the relief.

4. Mechanism of the image formation in NOA68

The mechanism of the holographic recording in the
NOAG68 layers is not well understood so far. However,
the experimental results (dependencies of the DE, ampli-
tude of refractive index modulation n; and depth of the



1384 L. Goldenberg et al. | Optical Materials 27 (2005) 13791385

relief /2 on the different recording parameters) allow to
discuss possible processes involved in the volume and re-
lief modulation.

Several holographic multi-component initially liquid
or low-viscose photopolymer materials, their parameters
and mechanism of the holographic image formation
were presented so far in the literature [3,6-8]. Two main
processes of the image formation may be involved simul-
taneously. The first one is the photopolymerisation reac-
tion itself. Different degree of the monomer conversion
and different cross-linking density in the bright and dark
zones of the interference field results in the modulation
of the material density, and, consequently, the refractive
index. Thus, this process leads to the volume refractive
index grating formation. From the other hand the gradi-
ent in the material density results in the periodic change
of the material shrinkage (the formation of surface relief
structure).

The second process is a photo-induced mass-trans-
port of the component(s) during holographic exposure,
that is typical, for example, for the multi-component
acrylate or acrylamide formulations [3,6-8]. In this case
the components that posses higher reactivity and/or
higher rate of diffusion move from the dark to bright
areas (or vice versa) creating a concentration gradient.
This also causes the refractive index modulation and/
or relief formation as well.

The contribution of each of these processes should be
dependable on the writing intensity and the period of the
structure.

The experimental results, for example, growth of the
efficiency of the volume gratings on the recording inten-
sity, confirm the contribution of the first process. The
intensity difference in the bright and dark zones in-
creases with the increase in the writing intensity. This re-
sults in a higher difference of polymer cross-linking
density [15,16], and, according to the first process, high-
er DE, respectively (Fig. 4).

The dependence of n; on the period may be also help-
ful for the mechanism elucidation (Fig. 6). The curve

exhibits a peak value of n; for A =0.4—1.2 um (gratings
were recorded with the comparable recording intensity),
a weak decay in the range of smaller period, and a
strong drop for the large periods. Almost constant and
high n; is well explained by the first process. The weak
decrease of n; for smaller periods could be due to poly-
mer chain growth into adjoining dark areas, resulting in
so called “smearing” of the refractive index profile. This
type of the material response was described as a non-
local [3], since refractive index change initiated at one
position, produces a change at a point some distance
away. The decrease of n; for the larger periods can be
explained by the contribution of the second, mass-trans-
port process to the image formation. The following con-
siderations probably may be helpful at this point.

The gel-point in the thiolene formulations is reached
typically after 50% monomer conversion (in comparison
to the acrylate systems with the gel-point at 5% of the
general conversion) [13,17]. The material retains a low
viscosity even at the high monomer conversion degree
thus allowing the mass-transport of the components,
due to an extra free volume formation in the bright
areas. It results in a modulation of a chemical composi-
tion. Besides, according to the composition of NOA
adhesive [13] and refractive index data from Aldrich
database, the main components of NOA mixture have
the refractive index difference of ~0.07. The periodic
redistribution of the substances with the different refrac-
tive indices can provide an increase in the refractive in-
dex modulation, especially for smaller periods, less than
2um. The contribution of this process is strongly re-
duced at large periods. This was actually observed
experimentally: both total DE (Fig. 4) and n; (Fig. 6)
were small for large periods.

In order to further clarify the mechanism of the relief
formation an additional experiment allowing to eluci-
date the position of the valley and grooves in the surface
relief at least for larger periods has been performed. The
NOAG68 film was exposed through the binary mask with
different width of the dark and transparent zones (5 and
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Fig. 9. AFM images (contact-mode) of the surface of: (a) the amplitude mask with different width of the transparent and dark regions, 1 and 5um,
respectively; (b) the structure of the NOAG68 grating, obtained by the photolithography method though this mask.



L. Goldenberg et al. | Optical Materials 27 (2005) 13791385 1385

1 um, respectively). The distribution of the light pattern
was compared with the obtained relief structure, meas-
ured by AFM. Both top views of the mask and the fab-
ricated structure are shown in the Fig. 9. It is obvious
that the dark regions of the mask (higher level in
AFM image) correspond to the hills on the surface re-
lief. This fact confirms the predominant contribution
of the first process (difference of the local density and,
consequently, local shrinkage) of relief formation at
large periods. The observed experimental fact is in con-
trast to observed earlier for acrylate-diluents mixture ex-
posed between two glasses [8]. For these mixture the
mass-transport of the neutral diluents from the bright
to dark regions has a predominant contribution.

As the shrinkage in NOA materials is considerably
smaller than in the acrylate mixtures [13,16] this explain
well relatively shallow surface relief even for large peri-
ods observed in the current investigation.

An extra point in the mechanism is a role of oxygen,
dissolved in the reactive mixture [13,16]. Higher effi-
ciency of pure refractive index grating, recorded with
free surface compared with the film between two glasses,
may be due to the acceleration by oxygen of the tiol-ene
addition [13,16].

5. Conclusions

In conclusion, we have successfully inscribed and
studied permanent holographic gratings into Norland
UV-adhesives NOAG6S8. Holographic exposure to
Ar-ion laser at 364nm leads to the combination of the
volume and surface relief gratings for almost all periods
of the structures fabricated. The main role in the forma-
tion of the diffraction gratings plays the refractive index
modulation and the surface relief modulation almost
does not contribute to the total efficiency for the periods
less than 2 pm. The depth of the surface relief grows with
increase in the grating period and the surface relief mod-
ulation gives the dominant contribution into the effi-
ciency of the gratings for the periods larger than 5pm.
The refractive index pattern in NOA68 appears due to
the gradients both of the cross-linking density and the

content of the material in the bright and dark regions
provided by the photopolymerisation and diffusion of
the components during holographic exposure. The dif-
ference in the local material shrinkage in the adjacent re-
gions of the grating is suggested as the plausible
mechanism of the relief formation. The laser exposure
through the mask leads to deep (=~1-1.5um) structures
with almost square profile without any subsequent
development. NOAG68 is the material for the easy sin-
gle-step holographic or lithographic fabrication of dif-
fractive optical elements without either physical or
chemical post-processing.
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