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Abstract: We explore the limits of the photosensitive response of thin, 15 to 35 nm, films
of complex azobenzene dyes. They show high refractive index, reaching 1.8, and significant
photo-induced birefringence. We have successfully recorded strong, birefringent phase gratings
with visible light and used the diffraction efficiency measurements to monitor their temporal
evolution. The photo-induced gratings in such thin films were found not to be associated with
any periodic surface relief, a typical feature in thicker azobenzene layers.
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1. Introduction

Azobenzene based materials exhibit strong, selective photosensitivity and have been explored
for different photonic applications [1]. They undergo photo-chemical isomerization from the
trans form to the less stable cis form, under irradiation with UV and visible light [2] to achieve a
photo-stationary composition that is wavelength and temperature dependent. The photo-chemical
or thermal isomerism between the cis and trans forms [1, 3] is shown in Fig. 1. The trans-isomer
preferentially absorbs UV and blue photons polarized parallel to its molecular axis, changing the
conformation of the N = N bond at the center of the molecule. As such the isomer transforms
into its cis form. The cis isomer is shorter than the trans isomer [4] (0.6 nm against 1 nm), has
different dipole moment and, hence, refractive index. The lifetime of the cis state is molecule
dependent [5], but it is, in general, relatively short lived [6] (~ 1 s) in the case of interest for liquid
crystal alignment. The cis isomer decays back to the frans- isomer with a random orientation
(Angular Hole Burning model [7]). Therefore, the net effect of prolonged illumination of an
azo-based layer is the preferential alignment of its molecules in the direction perpendicular
to the incident light local polarization, which has also been explored for writing gratings in
guest-host liquid crystal systems [8]. This orientation process is reversible [9], but stable in
ambient conditions. Such azobenzene layers can optically encode high resolution patterns, which
are used as polarization gratings and spiral phase wave-plates [10—12].

When illuminated by the interference pattern of two laser beams, thick azo-based layers (100 nm
to 2 um) form surface relief gratings [13—15] (SRGs), with troughs as deep as 200-300 nm.
Their depth depends on the polarization and intensity of the recording laser beams, and on the
recording duration [16]. In particular, while circularly polarized beams can produce relatively
deep surface reliefs also in the thinner layers considered in these studies (thickness ~ 150 nm),
linearly polarized beams produce a very shallow relief [17]. More complex surface relief patterns
were also demonstrated using, for example, incident vortex beams [18].

In liquid crystal display applications, much thinner layers, with thicknesses of the order of
a few tens of nanometers, are used. They have been mostly considered for their effect on the
neighboring materials, in particular for photo-aligning liquid crystals [10, 11, 19-24]. In relevant
studies the main focus was on their strong influence in modulating liquid crystal orientation and
the associated applications for waveplates. However, despite extensive investigations of very thin
films of azo-based materials for liquid crystal photo-alignment, there is little information on their
intrinsic optical properties.

In this work, we investigated thin layers (up to 35 nm) of azo-benzene materials, namely
PAAD complex azo-dyes [11], as stand alone films not integrated with other materials, to
characterize their optical properties and investigate any photo-induced response. In particular,

trans-azobenzene cis-azobenzene
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......... /
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Fig. 1. Schematic representation of the photo-chemical isomerization between trans- and cis-
forms in azobenzene based materials [3].
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we explore the possibility of creating photo-induced birefringent phase grating without surface
relief. Independently of their applications for liquid crystal alignment, the nanoscale resolution
and light-induced tunability of the optical properties of such layers will make them attractive, on
their own merit, for integration in nanophotonic devices to enhance their functionality.

We produced thin films of various PAADs using spin coating methods and measured the
thickness and absorption of the films using a stylus profilometer and an optical spectrophotometer,
respectively. We combined this information with spectroscopic ellipsometry to estimate their
complex refractive index and identified the minimum film thickness required to ensure good
optical quality, uniformity and significant photo-induced changes. Photo-induced changes in
PAAD films were investigated using an interferometric setup to record gratings and monitor the
diffraction efficiency as a function of the recording time and the polarizations of the recording
and probe beams. Finally, we used atomic force microscopy to investigate the surface topography
of these gratings for any evidence of surface relief.

This paper is structured as follows. Section 2 is devoted to the description of the methodology,
in particular different film fabrication and characterization techniques. Section 3 presents the
experimental measurements of the physical and optical parameters of the films as well as of
their photo-induced changes. Section 4 analyses the results. The conclusions end the paper by
highlighting the most important findings and discuss plans for future work.

2. Methodology

The azo dyes used in this study are based on azo-coupling of the diazonium salt of benzidinedisul-
fonic acid with the derivatives of phenol having different numbers and positions of pendants
such as -alkyl and -cyano groups at the phenol ring. Three different versions of PAAD complex
dyes were investigated, namely PAAD 22D, 22N and 22E. PAAD are proprietary materials
(BEAM Co. Orlando, FL) and the three variations are based on the same chemical composition.
They were developed with the aim of shifting the absorption band away from the ultraviolet and
into the visible region of the spectrum (towards 532 nm), while maintaining their stability and
uniformity. In earlier works, several versions of PAAD-27, 22 and 72 [25], [26] were studied for
their contact angle and photoalignment properties with liquid crystals. As presented in Tab. 2, the
three samples we have used show some differences in the wavelengths of their absorption peaks.
They also have different wetting properties on glass and ITO glass substrates, which influence
the uniformity and thickness of the films.

Thin films of PAAD dyes were fabricated by dissolving the dye powder in methanol at a
concentration of 1% g/ml and then sonicating for 5 minutes, until a clear solution was obtained.
Thin films were deposited on indium tin oxide (ITO) covered glass substrate by spin coating. To
obtain uniform films, a set of different speeds, 1000, 2000, 3000, and 4000 revolutions per minute
(RPM), of the spin-coater were tested. After deposition, the films were annealed on a hot plate for
10 minutes at 90 °C. In our experiments we used 1 mm thick glass substrates coated with a 30 nm
ITO layer typically used in the fabrication of liquid crystal cells. The choice of an ITO/glass
substrate was due to the observation that a uniform, smooth film could be achieved by the spin
coating on this substrate, most likely due to the good wetting properties of the ITO [27] to the dye
solution. Single crystal silicon was also investigated as a substrate due to its high refractive index,
as compared to glass and azo dyes, which could potentially lead to more accurate ellipsometric
measurements. However, we found it difficult to obtain uniform thin films on silicon due to its
poor wetting properties [27].

The complex refractive indices of the PAAD films were determined using ellipsometry [28,29]
(J. A. Woollam M2000DI and a Horiba Scientific UVISEL HR460 ellipsometer). We measured the
polarization state of the light reflected by coated and uncoated substrates. The measured behavior
was fitted with models of the optical properties of the PAAD layer. In order to independently check
the fitting procedure, we separately measured the thickness and the optical absorption of the films.
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Fig. 2. A 514.5 nm Ar* laser was used for writing the gratings and a He-Ne laser at 632.8 nm
was used for monitoring the diffraction efficiency (7). The laser powers are measured at the
surface of the sample.

The thickness (and its uniformity across the surface) was determined by surface profilometry
(KLA Tencor P-16 Stylus Profiler) in different locations of the same sample. Absorbance was
determined using a UV/VIS/NIR JASCO spectrometer by comparing measurements before and
after spin coating.

The photo-induced response (refractive index change) of thin PAAD films was investigated
by monitoring the diffraction from phase gratings recorded in the films by interferometric
illumination. A periodic intensity pattern was created by the interference of two mutually coherent
Ar* laser beams at 514.5 nm, a wavelength strongly absorbed by the PAAD films, using a
Michelson interferometric arrangement [30], as shown in Fig. 2.

The angle between the recording beams was 30°, corresponding to a grating period of 1 um.
The measurements presented below are for the case of the pump beams having linear polarization
and perpendicular to the plane of incidence, which creates an interference pattern with the
maximal contrast of the fringes. For consistency, we also explored the other configuration and
recorded a grating with the recording beams being polarized parallel to the plane of incidence.
The total recording laser power was 10 mW. The formation of photo-induced grating was probed
in real time by a HeNe laser beam (at 632.8 nm) with a power of 1.4 mW, and incident at the
corresponding Bragg angle for this wavelength, which is 18.5°. The choice of a HeNe laser as
a probe is due to the low absorption of the PAAD films at 632.8 nm ensuring that the probe
light will have a negligible effect on the photo-induced grating. The diffraction efficiency, n,
was measured for two polarizations of the probe beam, parallel (1)) and perpendicular (77,)
to the plane of incidence. It was calculated by dividing the power of the first order diffracted
beam by the power of the incident beam. The measurement of the diffracted beam power was
performed after the grating recording had reached saturation and with the recording beams turned
off. The interference patterns that were recorded in the film erased by uniform illumination of the
recording area using just one of the recording beams at 5 mW power.

Finally, AFM maps were acquired [31] by a MultiMode Nanoscope V AFM (Veeco Metrology
Group) in contact mode using commercial Al coated Si tips (Budget sensors, Tap300Al-G) with
125 pum long cantilevers, resonant frequency of 300 kHz and force constant of 40 N/m.



Vol. 8, No. 2| 1 Feb 2018 | OPTICAL MATERIALS EXPRESS 425
..

e

Research Article

EPL e AISSEXPRES S

Table 1. Average thicknesses of films made of the three different materials (22D, 22N
and 22E), spin coated at different speeds measured using a profilometer. The errors were
calculated by taking the standard deviation of measurements at different locations across
each sample.

Sample || 1000 RPM 2000 RPM | 3000 RPM | 4000 RPM
22D 150+50mm | 35+15mm | 20+ 10nm | 15+ 10 nm
22N 90 = 10 nm 70+ 10nm | 25 +5nm 15+ 5nm
22E 65 + 20 nm 35+20nm | 45+20nm | 45+ 20 nm
2.2 0.6
n —n |k
2.0 — Kk los5
1.8 0.4
1.6 0.3
1.4 0.2
1.2 0.1
1.0 0.0
400 600 800 1000 1200 1400

Wavelength (nm)

Fig. 3. Complex refractive index, n + ik, of 22D on ITO/glass substrate determined by
ellipsometry. The same absorption peaks were observed with absorption spectroscopy at
375 nm and 460 nm.

3. Experimental results

The thickness of different PAAD layers and their uniformity depending on the speed of spin-
coating are presented in Tab. 1. The films of 22N and 22D dyes appeared to produce more
uniform films and their thickness variation across the film and surface roughness was lower in
comparison with 22E. The AFM depth measurements have an error of approximately 1 nm, much
smaller than the surface roughness of the material. Therefore, the error bars reported in Tab. 1
are a measure of the film non-uniformity rather than the measurement resolution.

Surface profilometry revealed thickness variations that depended on the material and the spin
coating rotation speed. As a rule of thumb, increasing the rotation speed made the samples
thinner and more uniform. At high spin speed, a layer thickness down to 15-20 nm was easily
achievable for the 22D and 22N compounds, with small deviations across the sample. The 22E
films were more rough and not entirely uniform even at 3000 and 4000 RPM. The measured
surface roughness is included as error in Tab. 1.

In the remaining part of this study, we used the thinnest and most uniform PAAD samples
produced at 4000 RPM. For these samples, the profilometer estimates of the layer thickness were
independently verified by the ellipsometry measurements.

Figure 3 shows the result of the complex refractive index measurements of the PAAD 22D
films in the spectral range from 300 to 1400 nm determined by ellipsometry. The ellipsometry
data in the spectral region between 800 - 1400 nm were fitted using a Cauchy model [32] in
order to evaluate the thicknesses of the thin films. The complex refractive index n + ik of the
PAAD films were evaluated using Lorentz oscillator [33] and B-spline [32] models, which have
been widely applied for the calculation of refractive indices. The B-spline model was applied
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for all three samples. For the 22D, the results were also confirmed with the double Lorentz
oscillator model in the whole spectral region; the obtained complex refractive index is shown in
Fig. 3. This model takes an advantage of the two clear absorption peaks of PAADs, that were
also independently confirmed by the absorption measurements. For example, as shown in Fig. 3,
for modeling of the complex refractive index of 22D, the frequency values of the two Lorentz
oscillator resonances were set to 3.3 eV (375 nm) and 2.7 eV (460 nm).

Table 2. Middle column - Absorption peaks of the three different PAAD materials as
determined by spectrometric measurements. Right column - Average refractive index in the
range 800 to 1400 nm determined using ellipsometry.

Sample Absorption Average refrac-
peaks+5 (nm) tive index

22D 375 & 460 1.8+0.1

22N 380 & 470 1.6 £0.1

22E 375 & 440 1.8+0.1

As shown in Fig. 3, the real part of the refractive index of PAAD 22D, n, increases in the
400 to 500 nm range, where there are also the absorption resonances, and then decreases to an
approximately constant value of 1.7-1.8 from 700 nm onward. We can use the imaginary part of
the refractive index, k, to estimate the wavelength dependent absorption coefficient, @ = 47k /A,
of the material. The PAAD 22D absorption coefficient reached 200 x 10°> cm™! at peak absorption,
gradually reducing to 60 and then to 20 and 12 x 10* cm™" at 500, 600 and 700 nm, respectively.
A similar dependence was observed in the other PAAD materials investigated, namely 22N and
22E. Their average refractive index was smaller than for 22D, but strong absorption peaks were
also present near 400 nm. The average refractive index for all the films in the wavelength range
between 600 nm and 1200 nm is presented in Tab. 2. As shown in Tab. 2, PAAD has a relatively
high refractive index in this wavelength range, in particular for 22D and 22N, where its values
reach 1.8.

The average refractive indices have been calculated using a range of ellipsometric fits that
were then verified using our profilometry and absorption measurements. The refractive index of
azobenzene dyes, as determined by other groups [34], was n,.,=1.77, a value that agrees well
with our measurements.

As discussed in the introduction, the light induced changes in azobenzene can be exploited to
record polarization patterns. We used this effect to write diffraction phase gratings, using the
set-up shown in Fig. 2.

The recording dynamic of the photo-induced diffraction gratings have been measured using
the experimental arrangement that was described earlier. The temporal response of PAAD 22D,
22E, and 22N films is shown in Fig. 4. The dynamics of the 22N film is considerably slower than
the other two dyes. We have fitted the curves in Fig. 4 using exponentials: the time constants are
approximately 5, 4 and 120 s for PAAD 22D, 22E and 22N respectively.

Table 3. Diffraction efficiency of three different PAAD dyes for linear polarization of the
probe beam perpendicular (third column) or parallel (fourth column) to the plane of incidence.
The second column lists the film thickness for the samples used for these measurements,
while the last two columns list the birefringence parameter estimated using equation (1).

Sample Thickness N ull Any An

[nm]
22D 20+5 3%x107° 6.1x10% [1.7x1072 | 24x1073
22N 35+5 3x107° 2.1x107 [3.0x102 [25x%x1073
22E 35+ 15 1x107° 6.1x10% [55x1073 [ 1.3%x1073
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Fig. 4. Normalized intensity of the first diffracted order as a function of time for 22D and
22E (left), and 22N (right).

After the grating was recorded, we measured the dependence of the diffraction efficiency, 7,
on the relative polarization of the probe to the pump beams. For these measurements we used
samples with film thickness varying from 20 to 70 nm. The saturated values of the diffraction
efficiencies that correspond to different polarizations of the probe beam are presented in Tab. 3
for the thinnest uniform samples that we were able to achieve. The saturated values of the
diffraction efficiencies that correspond to different polarizations of the probe beam are also
presented in this table. The grating in the 22N film showed the highest diffraction efficiency
with 2o estimated as 3 X 1073, while in samples 22D and 22E, the diffraction efficiency was
an order of magnitude lower (approximately 10~°). Moreover, the diffraction efficiency, rather
unexpectedly, depends strongly of the relative polarization of the pump to the probe beams. The
ratio between diffraction efficiencies in the two polarization states varies from 16 in 22E to above
100 in 22N sample. In all cases the highest value of the diffraction efficiency was observed when
the polarization of the probe beam matched the polarization of the recording beams. We also
repeated the same measurements for gratings recorded with beams polarized parallel to the plane
of incidence. In this case, the highest diffraction was again observed when the probe beam had
the same polarization as the recording beams, and the ratio between diffraction efficiencies for
two orthogonal polarizations of the probe beam was consistent with the previous case.

Such high values of diffraction efficiency from 20 nm thin films indicate that light undergoes a
strong modulation while traversing the laser-recorded diffraction grating in the PAAD layer. In
order to determine the origin of the modulation, namely surface relief and/or refractive index
modulation, AFM imaging of the surfaces was carried out. This failed to show any periodic
surface relief pattern. Moreover, the lack of surface relief pattern justifies the observed diffraction
efficiency dependence on the polarization of the recording beams: the manner of the surface relief
grating should not change simply by rotating the polarization of the recording beams. The absence
of surface relief in the thin films considered here is in contrast with reports on thicker layers [16].
It is, however, consistent with the observation that linearly polarized light is less effective at
producing surface relief in 150 nm-thick layers [17]. A direct comparison between our work and
this last publication is not possible as the polarization of the pump beams used in the two cases
is different. In [17], the pump beams had either co- and contra-circular polarization, or linear
orthogonal polarization, while in our experiments the pump beams were always co-polarized. In
summary, it is therefore likely that for very thin films, as investigated in our study, the lack of
polymer structure and stronger influence of the surface impedes the formation of relief gratings.
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The assumption that illumination creates a refractive index grating can, in principle, explain
this polarization sensitivity: the polarized recording beam induces birefringence in PAAD
materials, causing different refractive index changes in the directions parallel or perpendicular
to its polarization. However, this interpretation is not straightforward, as we discuss in the next
section.

4. Discussion

Following the exclusion of a surface relief grating contributing to the measured diffraction
efficiency, we are forced to associate the observed diffraction purely to a modulation of the
refractive index. The diffraction properties of PAAD layers are normally modeled using Jones
matrices [13, 16, 17]. However, the linear polarization of the recording beams that we have used
produced a very simple polarization grating in which the illuminated regions now have an optical
axis that is perpendicular to the pump beam polarization, i.e. in the plane of incidence, while the
dark regions remain isotropic. In this case, the Jones matrices simplify considerably and we can
consider the PAAD film as an isotropic grating with a refractive index modulation that depends
on the polarization of the incident probe beam. Furthermore, as the film is thin with respect to
the recording wavelength we are firmly in the Raman-Nath regime [35, 36], and the diffraction
efficiency is given by [37]

_ o 2nAnd _ Acos(6)
= l(/lcos(H)) = An= nd Vi M

Here J; is the Bessel function of the first kind of order 1, An is the amplitude of the refractive
index modulation, A the probe wavelength in vacuum, d the film thickness and 8 the probe angle
of incidence. The approximation on the right hand side of equation (1) is excellent for our values
of 1.

The two rightmost columns in Tab. 3 list the amplitudes of the refractive index modulations
seen by a probe beam polarized perpendicular (An ) or parallel (An)) to the plane of incidence
required to produce the measured diffraction efficiencies. The largest of these modulations is
for a probe beam polarized in the direction perpendicular to the plane of incidence (matching
the polarization of the recording beams). What is most significant in these data is that the ratio
An, / An| is 4,7 and 12 in 22E, 22D and 22N PAAD films, respectively. This large difference
in refractive index is not explainable using standard molecular reorientation models for PAAD
layers [7].

In these models, the molecules are assumed to be rod-shaped. When in the isotropic phase,
there is no collective preferred direction among the PAAD molecules. Hence the film is optically
isotropic and has refractive index n;. When there is a collective orientation present, the film
acquires an optical axis parallel to the molecules average orientation and has associated ordinary
and extraordinary refractive indices, n, and n,, respectively, proportional to the degree of order
of the molecular axes. As a result, the film now acts as a birefringent medium in the illuminated
regions, with the optical axis laying in the direction perpendicular to the pump beam polarization.

The refractive index modulation in the grating region is obtained by assuming that the dark
regions are in the isotropic phase and that the illuminated regions are partially oriented. If we
assume that the film constrains the molecules to lie in its plane, then the isotropic refractive index

is ngw) = (n, + n.)/2. The two polarizations of a probe beam coming at a normal incidence

observe the same refractive index amplitude modulation An(HZD) = An(fD) = (n, — ne)/2 and,
hence, the same diffraction efficiency. For the tilted incidence, however, a probe beam polarized
in the plane of incidence experiences an effective refractive index in the illuminated region, which
depends on the angle of incidence:

neﬁ"(g) = folle

Vn2 cos2(8) + n2 sin?(6) .

@)
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Therefore, in general An?lw) is a function of 6, An<”2D ) (0) = neg(0) — n(lzD). In principle it is
(2D)

possible, by a careful choice of the angle of incidence 6, to make AnH as small as we wish.
However, at the angle of incidence used in the experiment, 8 = 18.5°, n, and n, would have to be
at least l.5n§2D) and O.SnEZD) respectively, in order to produce the experimental An, /An ratios.
These values are far too large to be acceptable.

Alternatively, we can assume that the film is sufficiently “’fluid” that the PAAD molecules
can equally reorient in three dimensions. In this case, the isotropic refractive index is n(I3D) =
(2n, + n.)/3. The illumination with the pump beam polarized perpendicular to the plane of
incidence decreases the population of molecules oriented in this direction, introducing a short
optical axis with the refractive index of n,. The molecules, though, are still free to orient in any
direction with equal distribution in the plane of incidence. The probe beam polarized parallel to
the plane of incidence would therefore experience an effective refractive index of (n, + n.)/2,
which does not depend on the angle of incidence. The amplitudes of refractive index modulation
are then given by

An(3D) _ No +Ne n(3D) _ Ne — N
I 2 1 6 3)
Nne — Ny

AnBD) = D) _ .

1 no =

The ratio between the two modulations is 2, independently of the absolute birefringence of the
PAAD molecule assembly. Whereas the 3D model yields the correct trend, the ratio between

An(fD) / An(”3D) is much smaller than experimentally measured values.

This analysis suggests that the origin of the refractive index modulation cannot be fully
attributed to a molecular reorientation effect. More experiments are needed to understand
this remarkable observation and ascertain its stability and dependence of the film parameters,
furthermore, the interaction of the PAAD films with the substrate surface has to be studied further.
It is possible, for example, that the thinness of the layer modifies the diffusion dynamics in the
Angular Hole Burning model [7] in a polarization dependent manner.

5. Conclusions

In this work three different azobenzene complex dye films, PAAD 22D, 22E and 22N, were
characterized for their main physical and optical properties. Uniform films with thickness from
150 nm down to 15 nm were fabricated on ITO coated glass substrates by using different spin
coating speeds. The complex refractive indices of the PAADs were measured using ellipsometry
and absorption spectroscopy. Furthermore, the profilometry measurements were also carried out
to cross check and confirm the validity of the ellipsometric results. The films had relatively high
refractive index, namely from 1.6 to 1.8. It was shown that even thin films, with thickness below
35 nm, lead to considerable diffraction efficiency with gratings formed through the refractive
index change rather than surface relief. PAAD films show considerable photo-sensitivity, in spite
of limited thickness, and can be attractive for functionalizing surfaces and structures. Previous
reports on thicker films of similar azo-based materials associated diffraction mostly due to
surface relief rather than a refractive index change. Most importantly we have also shown that
the photo-induced refractive index change in PAADs is anisotropic with largest refractive index
modulation in the direction parallel to the polarization of the writing beams. This phenomenon
cannot be attributed to a molecular reorientation effect. This intriguing mechanism of interaction
of thin PAAD films with light will be studied further, in particular by considering the interaction
with the substrate surface and its role in the formation of the gratings.
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