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We propose a method to pattern organic optically active materials based on local photo-bleaching for making
wavelength selective grating. Usually, photo-bleaching is considered as a limitation for organic emitter. Here, this
property is exploited to locally suppress dye emission and absorption at the microscale with abrupt interface and
no changes in layer thickness. Periodic patterns were fabricated and exhibit diffraction only at 590nm wavelength
with spectral selectivity of 11nm. Based on laser writer flexibility and efficiency, this study shows the potential of
local photo-bleaching for several applications like wavelength selective grating fabrication.
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1. Introduction

The patterning of optically active organic materials is a key feature for
numerous applications involving organic emitters. Patterning organic
materials is usually achieved using soft lithography processes[1,2],
since conventional photolithography techniques used in
microelectronics are often non compatible with sensitive materials [3].
Nevertheless, soft lithography often requires complex layers transfer
and surface chemistry, depending on the envisioned device structure.
Dye photo-bleaching represents an alternative method for
structuration. Usually, photo-bleaching is considered as a limitation for
organic emitter [4,5]. But, this property can be exploited to suppress
dye emission and absorption [6] which can be used for controlling the
dye properties for strong coupling application [7]. In this work we
propose a new method based on local photo-bleaching[7,8] of dye
layers to obtain micro-structured organic material without complex
lithography processing. In addition, we exploit an industrial laser
writer to locally photo-bleach the material. Like all mask less
lithography methods (eg spatial light modulators based
lithography [9,10]), this very versatile technique allows an easy
fabrication of any kind of micro-structured flat geometry.

Moreover, one of the main interest of the photo-bleaching approach is
that it only alters the optical index in the wavelength range of the
absorption [7]. The obtained structuration is thus strongly wavelength
dependent. To validate the efficiency of our method, we propose to
apply this concept to the fabrication of wavelength selective gratings of
different shapes and periods. This easy processing technique could be
a convenient alternative to the previously described methods [11-15]
for selective wavelength grating fabrication, such as multiple
interference [11-13], cholesteric liquid crystal [14,15] or plasmonic
system [16,17].

In the first part of this paper, we will show that such technique allows
to locally remove absorption and photoluminescence in insolated
layers at the macro scale. We then study the influence of insolation
dose by fluorescence, bright and dark field imaging on micro-scale
patterns. Finally, we will focus on periodically insolated dye patterns,
and investigate their wavelength selective diffraction properties.

2. Fabrication

Samples consist of locally photo-bleached dye deposited on thin silver
film on glass substrate. Figure 1 presents the process flow for the
sample fabrication. A 50 nm thick silver layer was thermally
evaporated on glass substrate, and an aqueous solution of ]-aggregated
dye TDBC (5,6-Dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-
benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-(4-sulfobutyl)-
benzimidazolium hydroxide, inner salt, sodium salt) is spin coated on
top of the silver film (Figure 1-a). The concentration of the TDBC
aqueous solution is 8.39x103 M. This active molecule on silver has
been chosen because it is widely used in strong coupling
studies [7,18,19]. The spin coated layer has a 17 nm thickness
measured by plasmon fitting [7]. Finally, uPG101 laser writer with 365
nm wavelength was used for the local insolation. The laser spot was
focused on a ~0.5 um? surface, with an adjustable laser power up to 70
mW. A writing speed of 1 mm?/min was used resulting in a maximum
insolation dose of 110 ]/cm?. Design files were programed with GDSpy
python library for providing patterns to the laser lithography machine.
In order to prevent sample from oxidation and ambient light photo-
bleaching, samples were kept under vacuum in dark environment.
Using such precaution, dye patterning is still observed several months
after fabrication and characterizations.
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Fig. 1. Process flow for the sample fabrication starting from a glass
substrate with first a) Ag deposition by evaporation and TDBC spin
coating followed by b) the laser insolation giving c) micro-bleached
patterning.

3. Optical characterizations

Figure 2 shows absorption and photoluminescence spectra of such
TDBC layers deposited on silver with or without photo-bleaching.
Absorbance was measured with a Perkin Elmer lambda 900
spectrometer. Photoluminescence measurement was performed
under low excitation (<2 mW/cm?) using a 532 nm wavelength
laser with a 400 um? spot size. Sample was insolated at ~100 J/cm?
on a surface larger than the detection area. Before insolation, a
narrow absorption line around 2.1 eV is observed associated with a
photoluminescence peak at 2.08 eV, in good agreement with TDBC
properties [20]. After insolation, neither emission nor absorption
are observed [18,21].
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Fig. 2. a) Absorption and b) Photoluminescence measurements for
photobleached and un-photobleached sample

scale along the X direction and normalized contrast were measured.
The pattern width (W in the Figure 3-b) was measured at the half
maximum contrast. The deviation from the target width is estimated
by AW=W-W4, with W the theoretical design programmed in the GDS
file (Wi = 11 pm). The normalized contrast (C in the Figure 3-b) is
calculated with C = (Io-Iphoto) /To with Io the maximal image intensity in
the un-photobleached region and Iphoto the minimal intensity in the
photo-bleached region. Figures 3-c and -d present AW and C as a
function of insolation dose. For BF imaging, “~C” has been plotted for
easier comparison.
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Fig 3. a) Optical images of the fabricated sample and b) associated
normalized grey scale; c) pattern width difference and d) image
contrast as a function of the insolation dose.

Figure 3-a presents top view imaging of a patterned layer insolated at
40 J/cm? The theoretical design is a 11 um width rectangle. Optical
properties of the samples were studied by microscopy using dark field
(DF), fluorescence (Fluo.) and Bright Field (BF) imaging with a x50
objective. For all images, two regions are clearly observed: the
insolated region (in the middle of the Figure 3-a) and the un-insolated
region (all around the insolated region). In BF observation, the un-
insolated region is blue because TDBC layer absorbs mainly red
wavelengths (Figure 2-a). The insolated region appears pale yellow,
which corresponds to the metal below the insolated layer because the
photo-bleached layer is transparent after photo-bleaching. For
Fluorescence, insolated region appears black because the layer
emission is suppressed by photo-bleaching and un-insolated region is
orange because emission is localized at around 590 nm (Figure 2-b).
For DF imaging (acquisition time x100 compared to BF and Fluo.),
some white spots are present in both regions attributed to light
scattered by defects. A contrast between both regions is also observed,
as the un-insolated region appears in dark orange due to TDBC light
scattering [22] and in-plane fluorescence. Using Image] software, gray

For low insolation dose (<20 J/cm?), the dye is not fully photo-
bleached as indicated by the low contrast values (Figure 3-d). The
contrast then increases with the insolation dose up to saturation. Even
if saturation is reached at the same dose for all imaging mode, the
measured contrast increases faster with the dose in the case of
Fluorescence and DF imaging compared to BF imaging. This could be
explained by a smaller dose needed to bleach emission compared to
absorption [23]. Above 20 ]/cm?, the contrast remains high and stable
as a function of the used dose, which indicates a complete photo-
bleaching of the layer. Note that the needed dose to reach photo-
bleaching could be reduced using wavelength with higher TDBC
absorption [24]. Concerning the pattern width, a very good agreement
with the target width is found in BF and DF imaging (AW<1 pm) with a
slightly pattern width increase at very high dose. For fluorescence
imaging, larger widths are observed probably due to light diffusion
affecting dye emission also in the vicinity of the insolated region.
Therefore, the optimal dose to obtain high contrast and small width
difference with the theoretical design should be around 40 J/cm?.

Figure 4-a presents a zoom on the transition between un-insolated and
insolated regions (dose 40 J/cm?) using fluorescence, BF and DF
microscopy. On the normalized grey profiles (Figure 4-b), the
transition length was evaluated to be below 1um with light scattering
detected at the interface in DF imaging indicating abrupt interfaces
between both regions. Like reported above, the insolated region
appears larger in Fluorescence imaging. In order to evaluate the spatial
resolution, we have then insolated very small disks of 500 nm and 1
um diameters at 40 J/cm?. Figure 4-c presents the fabricated samples.
Like previously observed (Figure 3-c), we obtain a good correlation
with the targeted diameter with a slight increase of the diameter only
for fluorescence imaging. We confirm here that we are able to reach
micrometric resolution and high contrast with this method.
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Fig 4. Insolated samples at 40]/cm? a) zoom of the transition region
between insolated and un-insolated areas in fluorescence, bright field
and dark field imaging; b) associated normalized grey profiles; c)
images of a sample with 500 nm and 1 pm diameter insolated disks.
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Fig. 6. Fluorescence image, design and associated reflected intensity in
the Fourier space with different excitation wavelengths for a) tri-axial
and b) bi-axial design samples.

4. Wavelength selective grating

Gratings with patterns of different shapes and periods were fabricated,
as presented in the optical images of Figure 5-a and b. As a function of
the design programing, we can easily choose the grating symmetry
(biaxial, triaxial...), filling factor, pattern width, shape, number of
period. Figure 5-c presents Atomic Force Microscopy (AFM)
measurement for a triaxial design. AFM measurements were
performed with a Nanosurf-EasyScan2 equipment with a TAP190AL-
G-10 probe in tapping mode. The obtained image was recorded on a
surface of 20x20 pm? and a Z profile was extracted using Gwyddion
software (Figure 5-d). In this measurement, we clearly see that (1) the
thickness of the layer is not affected (*2 nm) by the photo-bleaching
and (2) small trenches are detected at the interface which explain the
light scattering observed at the interface in DF mode (Figure 4-b).
These characterizations confirm that our method only affects the
absorption/emission properties of the material with abrupt interfaces
and no change in the layer thickness between both regions.

(@) Tri-axial design

Bi-axial design

Fig. 5. Image of fabricated samples with periodic micro-structures by
a) optical microscopy for a) tri-axial and b) bi-axial designs and by b)
AFM microscopy for a tri-axial design with c) the Z profile averaged
over Y=+2 um

The optical properties of gratings were then investigated. Figure 6
presents reflection measurements of two samples illuminated with 3
different wavelengths, using a supercontinuum source (Leukos)
focused on a 1Imm? spot with a x20 microscope objective (N.A. = 0.5).
The scattered light is collected by the same objective, and the Fourier
plane is imaged on a CCD camera [25]. This provides a reflectivity
image as a function of the wavevector, showing the scattered
directions. To measure the scattering of the sample, a well-defined
excitation is necessary, i.e. a quasi-parallel incident beam after the
microscope objective. For this purpose, the excitation beam aperture is
reduced by inserting a 100 um pinhole in a plane conjugated with the
Fourier plane of the microscope objective. This ensures a
perpendicular illumination of the sample with small angle aperture
(~8°). Unit cell of the designs are presented on the left side of Figure 6
with associated fluorescence images. The Fourier space images show
for both designs a strong diffraction at 586 nm that vanishes for higher
and lower wavelengths (536 and 636 nm). Due to the silver surface, a
reflectivity at 0 order is present, reflectivity which would be there even
without grating. Therefore, for usual grating, light diffraction occurs at
all wavelength. In this so called “wavelength selective grating” device,
diffraction occurs only at around 590 nm. Indeed, since photo-
bleaching affects the real and imaginary parts of the TDBC refractive
index only at around 590 nm wavelength [7], the grating effect occurs
only in this spectral range (Figure 2-b).

For the tri-axial design, 6 pm wide hexagons were insolated with 8um
period (Fig 6-a), several diffraction orders organized in a triangular
lattice are observed for a 586 nm excitation. The distance between the
first peaks and the central spot is 0.86 pm1, in good agreement with
the 8 pm real space period (2m/period=7.3 pum1). For the biaxial
design, 2 um wide squares were insolated with a 5.6 pm period. In that
case the obtained diffraction peaks are organized in a square lattice.
The distance between the central and the first diffraction order is 1.29
um-1, also in good agreement with the 5.6 pm real space period (21
/period=4.9 um-1).
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Fig. 7. (top panel) Reflected light for the square array as a function of
the wavelength and the ky wavevector at ky=0 um-L. (bottom panel)
Intensity profile at kyo=0 and ky1=1.2 pm-L.

To go deeper in the analysis of the optical properties of these gratings,
spectral characterization of the reflectivity has been performed. The
Figure 7 presents the reflected intensity as a function of the
wavelength and the wavevector along the y direction. The image of the
Figure 7 corresponds to the selection of a vertical line (at kx=0) in the
image of Figure 6-b with the wavelength as horizontal axis. For this
purpose, the sample is illuminated with a white source, in the same
configuration as described above. The Fourier plane of the objective is
now imaged on the entrance slit of a spectrometer, which selects a
vertical line at k«=Opm! in the corresponding reflectometry images of
Figure 6. The resulting spectral image shows the reflected intensity as a
function of the wavelength and the vertical wavevector ky, as
presented in Figure 7 for the bi-axial design. A spectrally broad
reflectivity is measured all along the normal direction (ky~0 pm?)
corresponding to the zero order diffraction. A dip at 586 nm can be
associated to the dye absorption/scattering. Furthermore, at 589 nm
two scattered peaks appear at ky=+-1.2 pm-L This corresponds to a
2m/k=5.2 pm period, which is in good agreement with the fabricated
sample (Figure 6-b). It has to be noticed that the minimum in the zero
order peak is not at the same wavelength as the maximal scattered
light. This could be attributed to the difference between the absorption,
mainly associated with the imaginary part of the index, and the
scattering associated with variation of the real part. The same
wavelength difference is observed in metallic nanoparticles
scattering/absorption [6]. Such wavelength offset between absorption
and diffraction would be obviously a drawback for wavelength
selective filter application but which can be accepted as tradeoff since
devices are compact and highly selective. Indeed, the sharp linewidth
(full width at half maximum of 11 nm) of the scattered spectrum
shows the interest of this method for wavelength selective gratings.

5. Conclusion

To sum up, we have shown that versatile active dye micro-
structuration can be obtained using laser writer. This method allows
relatively fast and large-scale dye micro-structuration using reliable
industrial equipment. We have periodically insolated dye on silver
showing many patterning possibilities for wavelength selective grating
fabrication. This work thus highlights the high potential of the local-
photo-bleaching method for obtaining many kind of micro-structured
geometries in organic emitters, and could be applied for different
applications like strong coupling studies [6,7,19,26] or wavelength
selective grating [11-15,17].
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