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We describe a fast way to encode a gray-scale image with quadratic properties in polymer thin film doped with azo dye. Under a
two photon microscopy setup, we induced disorientation in corona-poled azo dye copolymer thin films by a focused near infrared
(IR) femtosecond laser beam of variable exposure time. In situ, the sample was then scan to detect the second harmonic signal. We
have also tested the backward detection which can provide reading and writing through a single microscope objective. In addition,
we were able to store binary 3D information in the bulk of a 50 μm thick film of the same material.
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1. Introduction

Many efforts were put in polymeric material to use them as
a fast data recording system [1, 2]. To cite some examples,
holographic recording have been successfully used to encode
images in large volumes of poly (methyl methacrylate)
(PMMA) [3, 4]. Jia et al. have presented a generation
of continuous gray levels in three-dimensional diffractive
optical elements and have demonstrated the use of the
two-photon polymerization method for fabricating three-
dimensional diffractive optical elements of continuous gray
levels [5]. Li et al. have reported a rewritable polarization-
encoded multilayer data storage method with a polymer
film doped with the azo dye DMNPAA (2,5-dimethyl-4-(p-
nitrophenylazo) anisole) under two-photon excitation by a
linearly polarized femtosecond laser beam at 780 nm, where
the optical axis of DMNPAA molecules can be oriented
perpendicular to the direction of the beam via a trans-
cis-trans isomerization process [6]. In this work, we have
improved our approach to encode information in DR1-
grafted PMMA [7–9]. In particular, we have investigated the
possibility to encode information in 3D using the quadratic
response of a polymer film. As in our previous work [7–
9], the approach consists in using the optically induced
disorientation of the DR1 molecules. We started from a film

where the push-pull azo-chromophores have been oriented
and then frozen in a given orientation through conventional
poling techniques. This provides us with a sample which
uniformly emits a second harmonic signal (all pixels set
to white). The two-photon absorption (TPA) process is
then used to locally disorient the chromophores in desired
microscopic volumes via cis-trans isomerization cycles. The
resulting decrease in second harmonic intensity is directly
related to the amount of induced disorientation. While in our
previous work we used a spectrometer to follow the evolution
of the signal and for data readout, we have now replaced it
with a photomultiplier, which provides a faster and simpler
data acquisition.

Our samples were prepared from a commercially
purchased poly-methyl-methacrylate (PMMA) copolymer,
where one monomer out of ten carries a Dispers Red
(DR1) molecule (Specific Polymer, molecular weight =
20 000 g/mol, Tg = 125◦C). To prepare a thin film, the solu-
tion of DR1 functionalyzed PMMA in 1,1,2-trichloroethan is
spin coated on a transparent microscope slide and left to dry
at 80◦C for 1 hour yielding films with a typical thickness of
400 nm as measured by a DekTak Profilometer. In the case
of thick (50 μm) films, 6% weight of DR1 doped PMMA was
dissolved in chloroform. The solution was filtered through a
0.45 μm Teflon filter and cast directly into a stainless steel ring
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Figure 1: Schematic diagram of the experimental setup. The two
filters are used to detect only the SHG signal in the forward and
backward directions.

on a leveled mirror. The initial evaporation was performed in
a glove bag in a solvent-enriched atmosphere. After 24 hours,
the film was removed from the mirror plate by immersion in
water. The film was further dried under vacuum at 100◦C to
remove the residual solvent. Our film (thin or thick) was then
subjected to elevated temperature corona poling on a heating
plate at 130◦C in a normal atmosphere. This procedure yields
samples where the chromophores are sufficiently oriented
on average to generate a second harmonic generation (SHG)
signal which is nearly uniform over areas of about 2× 2 cm2.

The experimental setup is presented in Figure 1. Reading
and writing are performed by placing the sample between
two identical microscope objectives (×20): the first is used
to provide the laser beam, the second to collect the SHG
signal. The sample is held by a 3D translation system
which allows us to scan its position along the three x, y, z
axes with a resolution of 200 nm. The laser source is a
Tsunami Ti:saphire tunable laser (670–1100 nm) with 120 fs
pulse duration and 80 MHz repetition rate. Two different
power levels are used for reading (∼20 mW) and writing
(∼70 mW), obtained by adjusting a half-wave plate and a
Glan-Taylor polarizer. The low intensity of the reading case
is chosen to avoid further isomerization.

2. Calibration of the System

In order to control the level of disorientation of the chro-
mophores and, consequently, to obtain the desired amplitude
of the SHG signals, we have induced local TPA processes on
successive areas of the sample by exposing them to increasing
levels of irradiation. The written areas have then been read
back to determine the SHG intensities of the different zones.
We have started by calculating the maximum theoretical
number of levels that can be recorded in the structure.
We measured the average intensity and standard deviation

of a poled (white) area and of a completely disoriented
(black) area. At 70 mW laser power, the exposure time for
a completely black area is around 5 seconds. The photon
counts for these two areas are 12700 ± 380 and 130 ± 40.
If we want two gray levels to be separated by at least two
standard deviations, and assume the worst case of σ = 380,
this would allow for 16 levels to be written in the material.
In reality, we cannot use the entire range, as long-time
exposure results not only in chromophore disorientation but
also in the degradation of the polymer matrix. We have
then one additional constraint which limits the maximum
exposure time. White-light imaging of the sample indicates
that for exposure times higher than 1 second, material
degradation becomes relevant. Figure 2(a) shows a photon
count measurement together with a white-light image of the
sample: only the long-exposure square is visible (5 seconds),
while the other two (0.4 second and 1.3 seconds) do not
result in sample degradation. The lowest count available is
then raised from 130 to around 2200, which corresponds to
the darkest area with no material damage (exposure time of
1.3 seconds at 70 mW). The number of usable gray levels
is then reduced from 16 to 13. Our tests indicate that this
number is optimistic, since inhomogeneities in the sample
can increase the deviation of the SHG signal from the
expected value. Figure 2(c) shows the test grayscale image
that we wrote in the sample. The exposure times go from
0.05 to 0.85 second, split in 5 gray levels (6 levels in total,
if including the unexposed areas). Note that since the SHG
intensity is not a linear function of the exposure time, the
exposure times for the gray levels do not increase linearly,
but follow roughly an extended exponential curve [8, 10].

3. Thin Film Recording

In order to demonstrate the capability to record an image, we
have taken a bitmap of a popular comic’s hero and quantified
it on 5 levels, then we have proceeded to write it pixel-by-
pixel. The gray levels used correspond to exposure times
of 0, 0.02, 0.12, 0.37, and 1 second, which are determined
to reproduce the luminance of the gray levels used in the
original image, for a writing power of 70 mW. The recorded
area is 200 μm by 300 μm. Figure 3 shows the original image
as well as the SHG read back from the written area. For
comparison, the SHG signal has been renormalized to cover
the same luminosity interval than the original image, the
darkest area being normalized to black while the clearest area
to white. While the overall quality of the image is very good
(Figure 3(b)), we can see the “smoothing out” due to the
finite spatial resolution of the writing and reading process
as well as some deviation from the original colors. Some of
them are due to irregularities of the sample, like the dark dot
in the lower-right corner or the white spots on the character’s
nose. Another source of error are inhomogeneities in the
material, which result in a global shift of the gray levels,
as it appears on the part above the left eye, which is black
in the original area, but is read back as dark gray in the
reconstruction. Figure 3(c) demonstrates the durability of
the sample: it represents the read back of the same area
of Figure 3(b) but seven months later, during this time the
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Figure 2: Calibration of the system: (a) photon counts as a function of position for different exposure times: 0.4 second, 1.3 seconds, 5
seconds, (b) white-light image of the same area as (a), showing material degradation for the darkest (lowest count) square, (c) SHG image
of 6-level gray scale obtained by varying the exposure time from 0 to 0.85 second. In all cases the laser power is fixed to 70 mW for writing
and the readout time is 20 ms/pixel at 20 mW.

sample has been kept in the dark and at room temperature.
We can notice the noisy aspect of the image, which is due
to the decrease of the SHG signal resulting from the aging
process and a worse signal/noise ratio. Nevertheless the
image of Asterix is well preserved and the grey levels are still
distinguishable.

We have also performed another test to investigate
the possibility of reading and writing through a single
microscope objective, an approach which would simplify
the read/write system. We observed that backward-detection
provides us with enough signal. Two possible sources of
this signal are the back-reflection of the SHG beam at
the bottom sample/air interface or directly the backward
propagating SHG (back-SHG). In the case where second
harmonic emitting molecules are tightly clustered around
the focal point of the fundamental beam (small size of the
zone of possible SHG emission compared to the SHG active
volume size), taking into account momentum conservation
arguments and phase anomalies at that focal center, the
SHG beam can propagate in the backward direction [11–
13]. The use of an index-matching fluid to eliminate back-
reflection from the sample/air interface has shown that
around 50% of the signal comes from back-SHG. The back-
reflected SHG beam does not have the same geometry as
the incoming beam, but since we do not use a pinhole
in front of the photomultiplier, even if the spot is not
correctly focused, the area of the photomultiplier can collect
it. Compared to a “classical” confocal setup, here we are
relying completely on the spatial selectivity of the excitation
to provide the 3D resolution, and on the narrow pass-band

filter to keep only the SHG component and eliminate any
fluorescence.

Figure 4(a) shows the evolution of the SHG signals
intensities as a function of the wavelength for the forward
and the backward components. As expected, when approach-
ing resonance both signals increase, the back-collected one
showing a reduced increase. A possible explanation can be
the fact that the part of the back-collected SHG, which comes
from the reflection at the bottom interface, must cross again
the film, which will introduce additional absorption. We have
also tested this on a black/white image, Figures 4(b) and
4(c) show the two read back images obtained from the two
photomultipliers.

4. Thick Film Recording

In the recording test of the thick (50 μm) film we have chosen
to write an image close to the lower surface of the film.
Figure 5 shows a picture of a thick sample. The writing and
reading process are identical to the one of the thin film.

The main problem is that the homogeneity of the sample
is not as good as in the case of a thin film, even on planes
which are unaffected by the writing process, the signal
fluctuates too much to obtain anything more than 2-level
writing. For example, the reading in the bulk of the thick
sample giving an average signal of 150 photons, presents
some peak signals of 1000 photons. We have then limited
ourselves to a binary image. At the lowest plane z = 0μm we
draw a circle adjacent to a disc and then we continued to draw
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(a) (b) (c)

Figure 3: Asterix image: (a) the original grayscale image, quantized on 5 gray levels, (b) the read back from the sample (size 200× 300μm),
rescaled to cover the entire black to white range and quantized on 5 gray levels to allow direct comparison with the original image, (c) the
read back of the same image 7 months later. In each case the readout time is 20 ms/pixel at a power of 20 mW.
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Figure 4: (a) Evolution of the forward and backward SHG
intensities as a function of wavelength, showing the increase of
signal as the wavelength approaches the DR1 resonance. The
inset represents the absorbance spectra of DR1. (b) and (c)
Reconstructed and renormalized B/W image from respectively the
forward and backward SHG signals.

Figure 5: Thick film sample.

(a) (b)

Figure 6: SHG signal intensity measured on two separate depth
planes (a) z = 0μm and (b) z = 20μm.

the circle alone in upper planes separated by 2 μm. We have
then performed readings at different planes. Figure 6 shows
the SHG image for the planes z = 0μm and z = 20μm.
We can see that the disc has already disappeared from the
upper image. The noisy aspect of Figure 6 shows that the
quality of the image lower than the case of a thin film, but
it is clear that the information is detectable in the bulk of the
material.
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5. Conclusion

We have presented an approach to encode information in
polymeric materials functionalized with azo-dye molecules
based on the disorientation of the azo-chromophores by
successive isomerization cycles induced through two-photon
absorption processes and resulting in a decrease of the SHG
signal. The ability to control the disorientation rates allows
the encoding of grey scale images. In this study we have
determined the relevant grey scale level number that we can
use in this material and presented an example of a high
quality image. This encoding method can also be used for
3D storage. As an example we stored a binary image in the
bulk of the material but the low quality of thick samples is
currently a limiting factor, nevertheless the technique seems
to be a promising tool and effort should be made to improve
the material quality.
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