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The photo-induced effects in 9,10-phenanthrenequinone-doped (PQ-doped) poly(methyl methacrylate)
(PMMA) photopolymer were studied by phase-modulated ellipsometry and polarimetry in real time. The
PQ-doped PMMA was exposed to an Ar/Kr tunable laser at the wavelength of 488 nm and measured by a
HeNe laser (632.8 nm). We measured the induced birefringence and the variation of the refractive index
separately during exposure; there was a difference of three orders of magnitude between these two effects.
This suggested that the physical mechanism of holographic recording in PQ-doped PMMA is mainly due to
the photo-induced variation in the refractive index.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Holographic data storage has been considered to be a promising
data storage technology because it provides high storage density and
fast readout rate. One of the fundamental issues for this technique to
be successful is the availability of thick recording materials.
Recently, research involving organic photopolymers has become of
interest because of the flexibility for fabrication. Photopolymers
exhibit a photo-refractive effect, and the photo-induced changes in
the refractive index can be used to record the holographic
interference pattern in order to form phase grating. Based on this
idea, many new photopolymers have been synthesized and studied.
The photo-induced refractive index variation (either due to
polymerization or molecular change) and photo-induced birefrin-
gence are two of the most often used mechanisms for producing the
necessary changes in refractive indices for holographic recording.
Thus, various methods have been proposed for investigating these
two effects in different photopolymers for further improving the
properties of the recording materials. The refractive birefringence
(double refraction) of photopolymers has been measured by
attenuated total reflection (ATR) spectroscopy [1,2] and interfer-
ometry [3]. The refractive indices of the photopolymers have been
measured by an Abbe refractometer [4] and a prism coupler [5], but
the variation of the refractive index is commonly extracted from the
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diffraction formula by measuring the diffraction efficiency of a
recorded grating [6-8]. Recently, different configurations of ellipso-
metry have been used to measure the refractive index and the
magnitude of birefringence of photopolymers [9-11]. Most of these
methods either use the measurements from the ellipsometer to
confirm their results or measure the refractive index at two static
states, i.e., before and after the photo illumination. Although, it is
very important to understand the sensitivity of the recording
processes, a few studies have been conducted to measure the
dynamics of refractive index changes during illumination, such as
the dynamic measurements of photo-induced birefringence by the
modified ellipsometer, which measured the phases of P-polarized
and S-polarized fields separately, but simultaneously through a
polarization beam splitter [12,13].

In the semiconductor industry, the in situ ellipsometry has been
established to monitor the etching/deposition process in real time for
more than a decade [14]. Since this technique is mature enough to
study the ellipsometric parameters in real time, we are interested in
investigating the feasibility of using phase-modulated ellipsometry
(PME) to study the photo-induced dynamics of photopolymers.
Hsiao et al. have fabricated a new PQ and methyl methacrylate
(MMA) molecules with very low photo-induced shrinkage property
(shrinkage coefficient ~ 10~ °) [15] and proven that this PQ-doped
PMMA can form a new type of adduct when it is exposed to light [6].
So, the photo-induced dynamics of PQ-doped PMMA can be
measured by the PME without having to consider the changes in its
thickness. For minimizing the temperature effect on the refractive
index during exposure, we employed a low-power Ar/Kr laser
(488 nm, 19 mW/cm?) to irradiate the sample. It is known that the
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temperature gradient of the refractive index of PQ-doped PMMA is
—2.09332x 10~ 4°C~ ! [16]. Using two wavelengths in polarimetry
for a thick medium (=2 mm), we were able to resolve the magnitude
of birefringence (An) better than 10~ 5 [17].

2. Theoretical background

The photoelastic modulator (PEM) was developed to replace the
compensator in ellipsometry by Jasperson and Schnatterly [19] and
later improved by Acher et al. [20]. This temporal phase-modulated
ellipsometry operates under a fixed polarizer and analyzer, but
measures its polarization state by the modulated phase. Because
there is no mechanical moving parts in the system, beam deviation
can be completely avoided, and its measuring speed is only limited by
the modulation frequency. We constructed two probing systems for
monitoring the photo-refractive process of a PQ-doped PMMA block
under the illumination of 488 nm (Ar/Kr tunable laser): (A) PEM
polarimetry for measuring the photo-induced birefringence and (B) PEM
ellipsometry for measuring the refractive index changes.

2.1. PEM polarimetric configuration

The configuration of the phase-modulated polarimeter is shown in
Fig. 1. Linearly polarized light with an azimuth angle of —45° passes
through the PEM. The phase of the PEM is modulated by Ap, and the
optic axis is at 0°. Then, the light is transmitted to the measured
birefringent medium, the retardation of which is Aq, and its optic axis
is oriented at . The phase retardation A, of the PEM is modulated as
6o sin ot. If the azimuth angle of the analyzer is set at 45°, the
measured intensity can be proved to be:

I(Ag, @) = Iy [1 — CosA, (cosAQ cos® 2o + sin® 20() + sinA, sinAq cos 20(} ,
(1

where Iy is the total intensity. After Fourier expansion, the intensity
of Eq. (1) can be decomposed into its harmonic components [20], as
shown below:

lac =1y
L = 2IyJ;(8p)cos2asinAg 2)
Lyt = —2IoJ5(8p) (cosiq cos” 2a + sin” 2x)

where J;(5) is the ith zero-order Bessel function. We adjusted &, to be
2.4065 for the convenience of setting Jo(6) equal to zero in the DC
term. Therefore, Aq and «of the birefringent medium can be obtained
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Fig. 1. Schematic setup of the PEM polarimeter for measuring photo-induced birefringence
and its azimuth angle. Probe beam: HeNe laser (632.8 nm); inducing beam: Ar/Kr laser
(488 nm); P1 and P2: polarizers; PEM: photoelastic modulator; A: analyzer; D: photodiode
detector; PC: personal computer.

from the measurement of its harmonic components and deduced
from the following equations:
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The phase retardation of the birefringent medium is:

sin2o =

2nAnd
N

Ay = + 2mnm, (4)

where An is the magnitude of birefringence, and d is the thickness of
the sample. The mth order ambiguity of the optical path difference has
to be determined by adding an extra probe beam.

2.2. PEM ellipsometric configuration

In this research, we also constructed the phase-modulated
ellipsometry to measure the photo-induced refractive index changes
of a photo-refractive polymer during illumination. In the ellipsometric
configuration (Fig. 2), the azimuth angles of the polarizer, PEM, and
analyzer are set at the same values used in the polarimetric
configuration, and the detected intensity [21] can be expressed as:

(W, A) = I,[1— sin2W cos (A—Ap)} , (5)

where ¥ and A are the ellipsometric parameters of the sample, and
they are related by:

tan We' = o/ Ts, (6)

where rp, and r, represent the Fresnel complex-amplitude reflection
coefficients of parallel and perpendicular components of the polarized
light [22]. Using the same Fourier expansions in Eq. (5) for the
modulated PEM, one can decompose the intensity into its harmonic
components as:
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Fig. 2. Schematic setup of the PEM ellipsometer for measuring the variation of the
refractive index of PQ-doped PMMA. Probe beam: HeNe laser (632.8 nm); inducing
beam: Ar/Kr laser (488 nm); P: polarizer; PEM: photoelastic modulator; A: analyzer;
D: photodiode detector; PC: personal computer.
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and obtain ¥ and A using the following equations:

tana = har J2(%) (8)

b1 (8o)

sin2 = Kzrd:f]f(ao)y * (21@112;(60))2}”2'

For a bulk medium, the refractive index nq of the sample can be
obtained in real time by substituting the measured ¥ and A into the
isotropic bulk model:

2 11/2
4 } 9)

ny = n;tan6; {1— T+07 sin 6;

where n; is the refractive index of the ambiance medium, and 6; is the
incident angle of the probe beam [22].

3. Experiments

The PQ-doped PMMA probed in this research was developed by Lin's
group [18]. In the probing system, the PEM (HINDS PEM-90/CF50) was
used in both polarimetric and ellipsometric configurations. The strain
axis of the PEM was set at 0°, and the azimuths of the polarizer and
analyzer were positioned at —45° and 45°, respectively, with respect to
the incident plane. The modulation amplitude (69) of PEM was
calibrated [21] and adjusted to be 2.4065 for setting Jo(5) equal to
zero in the measurements. The modulated intensities were obtained by
the amplified photodetector (PDA55, Thorlabs) through the data
acquisition system (PCI 6115, National Instruments). The acquired
data were decomposed into harmonic signals for deducing the physical
parameters of measured medium in real time; in this research, a rate of
10 sets/s can be achieved.

3.1. Polarimetric configuration

Fig. 1 demonstrates the polarimetric setup. A HeNe laser at
632.8 nm with a power density of 50 mW/cm? was used as the probe
beam which transmitted through the sample; its modulated intensity
can be acquired by the detection system, and the measured quantities
can be displayed in real time. Instead of measuring the photo-
refractive process, we first introduced a rotating quarter-wave plate
(Knight Optical, RYM2504) to verify the measurements of Aq and o
The entire measurement period lasted 50 s; we rotated the quarter-
wave plate for 10 s at a rate of 1°/s. Then, the PQ-doped PMMA was
irradiated by an Ar/Kr laser at a wavelength of 488 nm and a power
density of 19 mW/cm?. The induced Aq and « were measured by
polarimetry. The inducing beam, which was used to irradiate the
sample, passed through a polarizer (P2) with the azimuth set at
approximately 30° with an incident angle of 10°. For solving the
ambiguity of the thickness of the sample, we turned off the inducing
beam after the PQ-doped PMMA block had been fully developed and
became transparent. Then, we measured the Aq and « of the block by
substituting the probing beam from the 632.8 nm HeNe laser to the
514 nm Ar/Kr laser.

3.2. Ellipsometric configuration

The reflection coefficients were measured by PEM ellipsometry, as
shown in Fig. 2. The measurements employed the probe beam at an
incident angle of 60° on the normally induced sample. Because this
incident direction is close to the Brewster angle, one can maximize the
sensitivity of the measurement. Since a bulk model can be used to obtain
the refractive index in real time, we specially fabricated a PQ-doped
PMMA, wedge-shaped block that was 1.92 mm thick to separate the
multiple reflections. In addition to measuring the refractive index of the

PQ-doped PMMA, we measured the refractive index of a pure PMMA
block exposed to the same inducing beam.

4. Experimental results and discussion

For evaluating the measuring ability of PEM polarimetry, we first
measured the Aq and « of a rotating mica quarter-wave plate and
displayed these values in real time on a PC monitor, as shown in Fig. 3.
Before initiating the rotation, the average phase retardation and
azimuth angle of the quarter-wave plate were 91.99 + 0.06° and
9.99+ 0.02°, respectively. In the end, they were stabilized to the
value of 91.8440.06° and 19.99 £ 0.02°, respectively. The slight
difference in the phase retardation was caused by the misalignment
of the optical path. These results gave us enough confidence to
measure the photo-induced process of the PQ-doped PMMA. For
solving the ambiguity of order as described in Eq. (4), we employed
two wavelengths (632.8 nm and 514 nm) to measure the phase
retardation after the sample had been extensively exposed to the
488 nm line of Ar/Kr laser. At wavelengths of 632.8 nm and 514 nm,
the saturated Aq values were 115.25° and 115.55°, respectively. By
solving the two simultaneous equations, we determined that m was
0 and that the magnitude of the saturated birefringence An was
7.1x 10> at 632.8 nm. The induced « and Aq can be displayed on
the monitor in real time, as shown in Fig. 4(a) and (b). It can be
shown by Eq. (3) that the azimuth angle measured by this
polarimetric model for an isotropic medium should be 45°. In
Fig. 4, one can observe the photo-induced birefringence process of
the PQ/PMMA in real time. The azimuth of the optical axis of the
photo-induced birefringence started at 43° (close to be isotropic
medium) then reached 27.31°, which is close to what was set for the
azimuth of polarizer 2 (P2). Similar processes can be observed in the
variation of retardation, i.e., the phase retardation almost started
from zero (shown in Fig. 4(b)) then saturated after the sample was
irradiated for 100 s; the total exposure energy was 1.9 J/cm?. In

a - - - -

T

Fig. 3. (a): Azimuth angle of the optical axis; (b): phase retardation of the rotating mica
quarter-wave plate; and (c): zoom-in of (b).
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Fig.4. (a): Azimuth angle; (b): photo-induced phase retardation; and (c): magnitude of
the birefringence of PQ-doped PMMA during exposure. The 488 nm laser was turned on
at the 22nd second.

addition, the magnitude of the birefringence (An) can be calculated,
and shown in Fig. 4(c).

Without using a polarizer in the inducing beam for observing the
photo-refractive process, we first measured the refractive index of a
1.88 mm thick PMMA block under normal irradiation of the Ar/Kr
laser at a wavelength of 488 nm from the 200th second to the 500th
second. We found that the refractive index of pure PMMA was 1.493 &+
0.003 and remained steady before and after irradiation, as shown in
Fig. 5. This result is comparable to that in Krevelen's book on the
properties of polymers [23]. This phenomenon also confirmed that
PQ-doped PMMA forms a new adduct during exposure, since we
observed that the refractive index of PQ-doped PMMA changed from
1.497 to 1.487 under the illumination of 488 nm wave, as shown in
Fig. 6. Our results also illustrated that the rate of change in the
refractive index (dnp/dt) started from —3.77x10"¢s~! then
reduced to —6.72x 10~ 7 s~ ! because the medium became saturated
by the total exposure energy density of 68.4 J/cm?.

Using null ellipsometry, Nee et al. measured the refractive index of a
fully developed (2 h UV irradiation) PQ-doped PMMA to be 1.4899 [11],
which is comparable to that of our measurement (1.487). However, the
refractive index modulation measured by the Bragg diffraction angle
was highly underestimated (3.25 x 10~#[6]) in comparison with that of
our measurement due to the absorption and scatter losses [24,25] in the
grating structure. Whether this direct measurement technique can be
applied to holographic storage must be investigated further. However,
compared with the results shown in Figs. 4 and 6, the photo-induced
birefringence is three orders of magnitude less than the photo-induced
variation in the refractive index, but its sensitivity to the total exposure
energy is at least 36 times greater than that of the photo-induced
variation in the refractive index.
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Fig. 5. (a): Refractive index of pure PMMA during exposure. The 488 nm laser was
turned on at the 200th second and then turned off at the 500th second. The average
refractive index was 1.493 4+ 0.003; and (b): zoom-in of (a).

5. Conclusions

The photo-induced changes in the refractive index and birefrin-
gence of PQ-doped PMMA can be measured by PEM ellipsometry and
polarimetry in real time. With a total exposure energy density of
68.4 ]/cm?, the refractive index of the PQ-doped PMMA block changed
from 1.497 to 1.487. In addition, at a total exposure energy density of
1.9]/cm?, the photo-induced birefringence was estimated to be
7.1x107°. The azimuth direction of the induced birefringence was
identical to that of the inducing beam. From these two measurements,
we can conclude that the holographic recording in PQ-doped PMMA
was mainly due to the change in the refractive index. The change in
the refractive index is produced by molecular structure changes of the
PQ molecules because they attach to the molecules of the residual
monomer, MMA [6].

x10
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Fig. 6. Rate of change of the refractive index of PQ-doped PMMA during exposure; the
488 nm laser was turned on at the 23rd second and turned off at the 3623rd second.
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