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Abstract: Photochromic polyurethanes based on diarylethene units show a 
large reversible modulation of refractive index in the Vis-NIR spectral 
region. The change of refractive index in the material is easily induced by 
visible laser illumination, without any optical or chemical post-process. In 
this paper, patterns at the micron scale range have been written by a suitable 
direct laser writing machine and characterized at 1550 nm by means of a 
digital holographic approach. The refractive index profile has been 
retrieved, its dependence on the film thickness and writing speed was 
shown. The writing process has also been modelled by means of a kinetic 
model, showing theoretically the dependence of the pattern width and 
profile on the writing conditions. It is demonstrated that the photochromic 
films are suitable for developing a reconfigurable platform for complex 
phase patterns working in the NIR. 
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1. Introduction 

Photochromic materials have been known for a long time thanks to their reversible change in 
color that has found application in photochromatic lenses [1]. Actually, the potential 
applications of photochromic materials are wider and not only related to the change in color; 
indeed, the photochromic conversion induces a change in many properties other than color, 
such as refractive index, vibrational spectrum, fluorescence signal [2–5]. Among the different 
classes of photochromic materials, diarylethenes have found a large interest thanks to the 
good overall photochromic properties and their thermal stability [5]. 
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Once fixed the beam size and the laser light intensity, the conversion profile depends on 
the translation rate: increasing the writing speed, the local dose provided to the film decreases 
and the conversion profile becomes narrower, until a non complete penetration inside the film 
occurs. Therefore, by acting on the scan rate, it is possible to tune in a large extent the feature 
size of the transferred pattern and, consequently, the duty cycle (DC) of the grating (the DC is 
calculated as the feature size at transmittance 0.5 over the grating period). This is an important 
conclusion, which allows for an easy control over the feature size using a constant laser beam 
power and size, and only changing the writing speed. The experimental evidence is reported 
in Fig. 5, where the optical microscope images of the grating patterns are shown for the 
sample C1 (scan rate: 0.7 mm/s) and C2 (scan rate: 1.1 mm/s). By fitting the intensity profile 
with sinusoidal functions, we extrapolated the duty cycles, resulting in a DC of 0.5 for the 
sample C1 and 0.35 for the sample C2, which were written at lower and higher speed, 
respectively. Results are in agreement with the simulations reported in Fig. 4(c). 

 
Fig. 5. White light optical microscopy images of C1 (a) and C2 (b); corresponding intensity 
profiles as sum of the RGB values (c, d): measured (black) and fitted (red) lines. 

The photochromic films and corresponding patterns have been also characterized by AFM 
in order to measure the surface roughness and exclude the presence of a surface modulation 
induced during the pattern writing. We found a roughness (as RMS value) of 63.8 nm for the 
C1 sample and 5.5 nm for the C2 sample and no periodic patterns related to the transferred 
grating. As a consequence, we can consider the thickness of the two films a constant value. 
The lack of thickness patterns seems to be in contrast with recent results reported in the 
literature [19] for a diarylethene-based polymer that shows a small thickness variation upon 
photoisomerization. However, this change was measured on very thin films of a polyester (a 
few tens of nm), which differ from the samples here studied. 

3.2 Holographic measurements 

The photochromic pattern obtained by converting the photochromic units from the colored to 
the uncolored form provides a pattern of transparency in the visible with high contrast close to 
the absorption peak of the colored form. Since the two forms of the photochromic molecule 
show also a different polarizability (so a different refractive index), a refractive index pattern 
is achieved, which directly turns into a pure phase pattern in the spectral region where both of 
the photochromic forms are transparent, hence in the NIR. To determine the refractive index 
profile in the patterned polyurethane films, digital holography microscopy performed in the 
NIR was used since the measured phase shift is proportional to the product d��̃ûn. Details on 
the set-up are reported in section 2.4. 
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Here, the aim of holography is to capture the complete wavefront scattered by the 
transferred pattern in the polyurethane films; i.e.: 

 ( , )( , ) ( , ) j x yO x y O x y e �I�  (2) 

where |O| is the amplitude and �I the phase, x and y denote the Cartesian coordinates in the 
plane where the wavefield is recorded (CCD plane). The phase �I(x,y) incorporates 
information about both the refractive index distribution (n) and the thickness (d) of the 
photochromic film: 

 �� ��2( , ) ,x y n x y d�S
�I

�O
� �˜ (3) 

The holographic approach allows encoding the phase variation into an intensity fringe pattern 
generated and acquired with the setup sketched in Fig. 1. A numerical elaboration of the 
acquired interference pattern provides the retrieval of a discrete version of the complex optical 
wavefront generated by the transferred pattern. The phase of the retrieved wavefront, except 
for a constant, is related to thickness of the film and the refractive index distribution n(i,j) of 
the transferred pattern. Thus, digital holography gives the unique possibility to manage 
quantitatively the reconstructed phase information. Unlike the conventional phase contrast 
microscopy, it makes possible the estimation of both the shape and the value of the refractive 
index modulation, hence allowing to determine the refractive index difference between the 
colored and uncolored forms of the film. 

In Fig. 6, the phase maps are reported for the two samples. The resulting line pattern 
immediately confirms the presence of a modulation of the refractive index. Moreover, the 
colorbar indicates the mapping of the quantitative phase distribution values into the grayscale 
map of each figure. 

 

Fig. 6. Phase map for the C1 (a) and C2 (b) samples. 

The noise in the phase-contrast maps is mainly due to both superficial and volumetric non-
homogeneity of the photochromic films. Because of the high coherence of the laser source, 
these non-homogeneities act as scattering centers altering the retrieved phase-contrast map. In 
particular, the greater roughness of the C1 sample entails the greater noise of the Fig. 6(a) (of 
the order of ± 125mrad) compared to the Fig. 6(b) (of the order of ± 15mrad). From these 
images, the period and duty cycle of the pattern can be also evaluated, obtaing the values 
reported in Table 1. The results are in good agreement with both the simulations and the 
measurements carried out by white light optical microscopy. 
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Table 1. Period and duty cycle of the transferred pattern evaluated from the holographic 
analysis. 

 Sample C1 Sample C2 

�3�H�U�L�R�G���>���P�@ 14.5 ± 0.7 14.8 ± 0.4 

Duty cycle 0.50 ± 0.01 0.38 ± 0.05 

Knowing the real thickness from the spectral reflectance measurements and using Eq. (1), 
it is possible to evaluate the three-dimensional distribution of the refractive index modulation 
(Fig. 7). 

 
Fig. 7. Refractive index modulation for C1 (a) and C2 (b) samples with the corresponding 
�S�H�U�L�R�G�� �D�Q�G�� �û�Q���� �3�U�R�I�L�O�H�V�� �R�I�� �W�K�H�� �U�H�I�U�D�F�W�L�Y�H�� �L�Q�G�H�[�� �P�R�G�X�O�D�W�L�R�Q�� ���U�H�G�� �F�L�U�F�O�H�G�� �O�L�Q�H���� �Z�L�W�K�� �W�K�H��
corresponding fitting curve (blue solid lines) for C1 (c) and C2 (d) samples. 

�,�Q���S�D�U�W�L�F�X�O�D�U�����W�K�H���P�D�[�L�P�X�P���Y�D�O�X�H���R�I���W�K�H���U�H�I�U�D�F�W�L�Y�H���L�Q�G�H�[���P�R�G�X�O�D�W�L�R�Q�����û�Q��� ���Qmax – nmin) is 
about 0.004 for the C1 sample and 0.008 for the C2 �V�D�P�S�O�H�����7�K�H���O�D�W�W�H�U���Y�D�O�X�H���R�I���û�Q���L�V���G�R�X�E�O�H��
the former, in agreement with the double concentration of photochromic switching units in the 
C2 film. As the refractive index is proportional to the concentration of active units, this result 
gives a clear indication of the reliability of the method. 

The bidimensional refractive index distributions are used to evaluate the change in shape 
of the periodic pattern with writing speed. In particular, in Fig. 7(c) and Fig. 7(d) two profiles 
relative to C1 and C2 samples are reported. The lower writing speed used to write the sample 
C1 provides a sinusoidal-like signal; in fact if this profile (circled line in Fig. 7(c)) is fit with a 
pure sinusoidal signal (solid line in Fig. 7(c)) a goodness-of-fit (R2) of about 0.9 is achieved. 
In order to achieve almost the same value of R2 for the C2 sample a fitting signal given by the 
sum of eight sine waves has to be used (solid line in Fig. 7(d)). In other word, the periodic 
pattern obtained with the higher writing speed can be represented as the sum of eight simple 
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sine waves. Thus, the higher writing speed induces a shape of the transferred pattern for the 
C2 sample that is more complex than a simple sine wave. In fact, for a high writing speed the 
transferred line is more spatially confined with respect to a low writing speed. For this reason, 
the duty-cycle of the transferred pattern is not 50%. The results in terms of Δn resemble the 
results we obtained monitoring the change in transparency, which is consistent with the fact 
that the refractive index is proportional to the conversion of the photochromic unit. 

A further important advantage provided by the holographic imaging is the possibility to be 
performed in line during the pattern writing, since it works in the NIR, thus not affecting the 
conversion of the photochromic materials. In this way also the phase map will be readily 
available at the end of the writing procedure. Certainly, this represents a relevant tool for the 
design and production of devices such as waveguides with complex geometry. 

4. Conclusions 

An innovative approach to study and characterize microstructures written in high performance 
photochromic polyurethanes has been reported. In particular, digital holography in the NIR 
has been used to measure the refractive index modulation profile in a grating written by direct 
laser approach in the visible. Values of the order of 10��2 have been achieved in the high 
content photochromic films. The digital holography in the NIR can be also potentially used as 
in line method to characterize the phase patterns directly during the writing, providing at the 
end the full phase map. 

At the same time, a kinetic model of the photochromic reaction has been used for the first 
time to model the dynamic writing process that occurs in the direct laser writing machine. We 
demonstrated how the size of the transferred feature can be tuned in a large extent with the 
scan rate, in other words with the writing speed. This is an interesting feature of the 
photochromic systems that makes simpler and more efficient the writing step. These 
theoretical conclusions were confirmed by performing experimental tests on polyurethane 
films with different photochromic content, where a grating pattern has been written changing 
the scan rate. Indeed, the grating duty cycle changed from 0.5 to 0.35 just by increasing the 
writing speed from 0.7 mm/s to 1.1 mm/s in accordance with the simulations. 
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