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Local Poling of the Polar Chromophores in Copolymers and in situ Micro

Characterization of the Polarization Dynamics by Scanning Probes
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The azo copolymer film containing disperse red 1 (DR1) is a photoreactive material
attracting much attention in the past few years, because DR1 is a polar, nonlinear-optical
chromophore, exhibiting unique optical behaviors. The polar orientation created by local
photo-assisted-poling (PAP) in the DR1-PMMA copolymer films was investigated by scanning
probe microscopy. PAP was performed by a proximal biased probe and the polar orientation
was semiquantitatively measured by electrostatic force microscopy (EFM). The polar
orientation behaves as a bi-exponential function of the period of PAP, which is dominated by the
fast angular hole burning and slow angular redistribution (AR). The characteristic time of AR
decreases linearly with the poling bias. An expression has been developed to interpret the
evolution of the Lorentzian-like shape of the poled spots. A poled spot with 150 nm FWHM

was demonstrated.
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7+ % Introduction

The copolymer film containing disperse red 1 (DR1) (Fig. 1) is a photoreactive material
attracting much attention in the past few years, because DR1 is a polar, nonlinear-optical
chromophore, exhibiting unique optical behaviors [1]. DR1, the push-pull derivative of

azo-benzene molecules, has two isomers, trans and cis forms, which undergo the trans < cis
2
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isomerization by optical pumping (referred to as photoisomerization). Molecular orientation
anisotropy can is built up optically in the copolymers after several cycles of trans < cis
photoisomerization pumped by a linearly polarized light (Fig. 2). This is so called
photo-induced orientation (P10). In the opposite effect, an anisotropic DR1 copolymer can be
disordered by light, called photo-induced disorientation (PID). Therefore PIO and PID offer
the opportunity to manipulate the optical properties of photoreactive copolymer films. Many
studies have demonstrated potential applications of DR1 copolymers for active waveguide

components [2], frequency conversion [3], index grating [4], and image storage [5, 6].
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Fig. 1. Chemical structure of DR1-PMMA rans e
copolymer. Fia. 2. trans and cis isomer forms of DR1

We employed scanning probe microscopy (SPM) to perform local photo-assisted poling (PAP)
far below the glass transition temperature of DR1-PMMA copolymer thin films [7,8]. The
probe acts as both an electrode to apply an electric field ( E ) by atomic force microscopy (AFM)

and a sensor to detect P in situ by electrostatic force microscopy (EFM) [9-11].

1 B ¢ Purpose

There is great interest in moving the applications of photoreactive materials toward the
nanometer scale. However, the spatial resolution of the typical optical-based methods for poling
is restricted by optical diffraction, such as nonlinear optical measurements [12,13], and
attenuated total reflection [14]. To enhance the density of information storage in polymer films,
some novel approaches based on scanning probe microscopy (SPM) have been demonstrated.
We employed scanning probe microscopy (SPM) to perform local photo-assisted poling (PAP)

far below the glass transition temperature of DR1-PMMA copolymer thin films. The probe acts

as both an electrode to apply an electric field (E) by atomic force microscopy (AFM) and a
sensor to detect P in situ by electrostatic force microscopy (EFM). In this work, we studied
3



the kinetics of the polarization generated by probe-based PAP. The polarization behaves as a
bi-exponential function of the period of PAP, and the reaction is governed by the fast angular
hole burning (AHB) and the slow angular redistribution (AR). An analytical expression is

introduced to interpret the evolution of the Lorentzian-like shape of the poled spot.

< 1,?%%%5 B

Maeda et al. [15] have demonstrated the polarization storage in the guest-host
polymethylmethacrylate (PMMA) thin film containing disperse red one (DR1). DRI,
azo-benzene molecule, is a nonlinear optical chromophore, well known for the trans <> cis
photoisomerization excited by light [16]. The data bits were written by photo-induced
orientation (PIO) which is activated by two-photon absorption (TPA) and read by a polarized
confocal laser scanning microscopy in reflection mode. Maede’s work inspired Zyss’s group [17]
to develop a new scheme towards nonlinear optical memories. The data bits were written by
TPA and read by second harmonic generation (SHG) response of the nonlinear chromophores in
polymer films. The spatial resolution of the polar orientation is significantly improved to the
submicron scale, due to conditions in which the nonlinear processes (TPA and SHG) are confined

at the vicinity of the focal point (a volume of order A%, where A is the laser wavelength).
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Fig. 3. The SHG mapping images in poled azo-copolymer thin films measured by the SHG mapping technique. (a) 2D hexagonal

x@ structure and (b) 2D circular x® structure with period = 4 um, both fabricated by two-photon absorption DLW technique.

Dorkenoo’s group [18] and Hsu’s group [19] individually proposed another new approach, in

which uniform orientation of DR1-PMMA copolymer film was created by corona poling and the

4



data bits were produced by the disorientation of the DR1 chromophores through TPA-induced
photoisomerization (Fig. 3). The data can be erased by heating the copolymer film and
rewritten again after repoling the film.  Consequently, rewritable optical storage is

accomplished.

=3 2% Approach

A commercial SPM was utilized to scan the topography and conduct local PAP (by AFM) and
characterize the polarization or surface charge (by EFM) (Fig. 4). A linearly-polarized 473 nm
710 mW/cm? solid state laser with 3 mm diameter was used for local PAP. The illumination
power was controller by an attenuator. The EFM was operated in lift mode with a lift height of
30 nm to 50 nm to map the polarization of DR1-PMMA thin films. The Si-based cantilever is
metallic-coated with Ti-Pt double layers. The nominal radius of the probe apex is 20 nm. The
nominal force constant and resonant frequency (fo) of the cantilevers are 2-5 N/m and 65-70 kHz,
respectively. The cantilever was stimulated at a fixed frequency near fo. An sensing bias (-3 V

or +3 V) was applied to the probe during EFM mapping.
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Figure 4. (a) Schematic of the relationship between the bias and electric field and polarization/bound
charges associated with the local poling by a negatively-biased probe and (b) the local PAP with an

illumination of a laser source from the back side

The Coulomb force between the biased probe and o, given by -o,E , introduces an extra

force gradient to the probe, leading to a shift of resonant frequency. The phase of the cantilever
(@) responds sensitively to the extra force gradient and the EFM maps the phase shift (A¢) of the

cantilever with a lock-in amplifier to observe the variation of external force over the surface. An
5



attractive/repulsive extra force causes a negative/positive phase shift, corresponding to a
lower/higher (darker/brighter) EFM signal level. Therefore, given the imaging bias, the gray
scale of the EFM images can represent both the magnitude and sign of surface charges. The

determination of the sign of the surface charges is critical to judge which effect (PAP or CE)

induces the charges.

2% 272424 Results and Discussion
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Fig. 5. (a) and (b) Topographic and EFM images of a poled spot induced by local PAP on a

DR1-PMMA copolymer film. (c) The profile of the EFM image along the dashed line in (b).

The topographic and the EFM images were taken simultaneously, as shown in Fig. 4.
The cross-sectional profile of the EFM image in Fig. 4(c) shows that the polarization is
characterized by a Lorentzian-like shape. The peak of the induced polarization Py(t) as a
function of t was studied under the illumination of various laser powers (10, 80 and 550 uW) and a
fixed bias (- 10 V). As shown in Fig. 6(a), Pp(t) grows as a bi-exponential function of t [20],

described by the following equation:

P, () =RR—-aexp(-t/z)—a,exp(-t/z,)], 1)

where Py is the saturated polarization, z; and 7, are the response times of the chromophores to PAP,

and a; and a; are coefficients of the exponential terms.
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Fig. 6. (a) Peak of the polarization (P,) vs. the period of local PAP (t) under various laser

powers, and (b) plot of the characteristic time =z as a function of laser power (P,).

The buildup of the polar orientation is associated with two reactions; namely the fast AHB and slow
AR [21,22]. AHB involves the transition of trans — cis by optical pumping, and results in the
increase in the population of cis state. Contrarily, AR involves the orientation diffusion of the cis
chromophores driven by the torque and the thermal agitation. Therefore, 7 and a; (i = 1, 2) can be

regarded as the characteristic time and the weight of the reactions of AHB and AR.

According to the values of the fitted parameters, z; and z behaves differently in response to the
laser power, and 7; is a few orders of magnitude shorter than z,. Note that z is inversely
proportional to the laser power (o< P, ™) as shown in Fig. 3(b), while z is less sensitive to P.. We
consider 7 to be the characteristic time of the trans — cis transition (also referred to as pumping
time), since the pumping time is proportional to (ot @ P.)™, with o representing the cross sections
for the absorption of one photon by a trans-chromophore, and @ the quantum yield of trans — cis
photoisomerization [21]. Also, Pg increases with P, because a high P gives a higher population
of the rotatable cis-molecules.

We also analyzed Py(t) induced under various biases V (-2 V, -5V and -10 V) with a

constant laser power exposure (100 uW). As illustrated in Fig. 4(a), Py(t) still obeys the

bi-exponential behavior. We observed the empirical dependence of Py on the bias in a square-root
relation, given as P,(V) =a,/V|-V, (=0.07 is a constant and V,, = 0.97 V is the threshold bias).
The polarization was not detectable as the bias fell below the threshold bias V,. The threshold bias

depends on the film thickness and the probe condition. Based on this relationship, Eq. (1) can be
7



rewritten as

P.(V.0)=R(V)[1- a1‘5‘><I0( ) anp( |V|
3)

Pp(V, t) is an explicit function of bias, and z, decreases linearly with the bias as shown in Fig. 4(b).
Pp(V, t) is an explicit function of bias. ~As we take into account the distribution of the electric field,

Eqg. 3 can be modified to describe the Lorentzian-like shape of P. We propose that the poling

2

electric field under the probe is represented by V-L(p,c), where L(p,c) = 426—2 is the
p-+o

Lorentzian function of radial distance p, and o stands for the half width. The Lorentzian field

could result from the geometry of the probe. Taking the field distribution into account, the

polarization can be expressed as

P(p.V, ) =P, (V,p) [1-
(pV.)=R(V,0)[ alexp( ) 3, exp(— ﬂIVl o )] "

where Po(\/,,o):oz\/[\/|-L(,o,a)—V0 the saturated polarization involving the field distribution.

As |V |-L(p,0) < V,, the effect of PAP is ignored.
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Fig. 7. (a) P, vs. t under various poling biases, and (b) plot of the characteristic time z, as

the function of the bias.

According to these analyses, the optimum period of PAP to generate minimum poled
spots on the film was obtained. A poled spot of 150 nm FWHM was made by a fresh

probe with V = -3V and t = 30 s, as shown in Fig. 8. Such a size is well below those

produced by other optical-induced orientation on photoreactive films.
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Fig. 8. (a) and (b) Topographic and EFM images of a poled
spot with 150 nm.FWHM, and (c) the profile of EFM signal
along the center of the poled spot in (b).
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Polar orientation created by local photo-assisted poling (PAP) in copolymer films containing disperse red 1 was
investigated by scanning probe microscopy. PAP was performed by a proximal biased probe, and the polar ori-
entation was semiquantitatively measured by electrostatic force microscopy. The polar orientation behaves as
a biexponential function of the period of PAP, which is dominated by fast angular hole burning and slow an-
gular redistribution (AR). The characteristic time of AR decreases linearly with the poling bias. An expression
has been developed to interpret the evolution of the Lorentzian-like shape of the poled spots. A poled spot with
150 nm FWHM was demonstrated. © 2010 Optical Society of America

OCIS codes: 160.5320, 160.5470, 180.5810, 210.1635.

1. INTRODUCTION

Optical engineering of photoreactive polymers provides
an efficient and convenient approach to generate nonlin-
ear configuration for information storage [1,2] and
second-harmonic generation (SHG) [3]. Maeda et al. [4]
have demonstrated polarization storage in the guest-host
polymethylmethacrylate (PMMA) thin film containing
disperse red 1 (DR1). The DR1, azo-benzene molecule is a
nonlinear optical chromophore that is well known for the
trans < cis photoisomerization excited by light [5]. The
data bits were written by photoinduced orientation (PIO),
which is activated by two-photon absorption (TPA) and
read by confocal laser scanning microscopy in reflection
mode.

Zyss’s group [6] developed a new scheme for nonlinear
optical memories. The data bits were written by all-
optical poling (AOP) and read by the SHG response of the
nonlinear chromophores in polymer films. The spatial res-
olution of the polar orientation is significantly improved
to the submicron scale, due to conditions in which the
nonlinear processes (AOP and SHG) are confined in the
vicinity of the focal point (a volume of order \?, where \ is
the laser wavelength). Dorkenoo’s group [7] and Hsu’s
group [8] separately proposed another new approach, in
which uniform orientation of a DR1-PMMA copolymer
film was created by corona poling and the data bits were
produced by the disorientation of the DR1 chromophores
through TPA-induced photoisomerization. The data can
be erased by heating the copolymer film and rewritten
again after repoling the film. Consequently, rewritable op-
tical storage is accomplished.

However, the spatial resolution of the typical optical-
based methods, such as nonlinear optical measurements
[7,8] and attenuated total reflection [9], is restricted by
optical diffraction. To enhance the density of information

0740-3224/10/040773-6/$15.00

storage in polymer films, some novel approaches based on
scanning probe microscopy (SPM) have been demon-
strated. For instance, protrusions with a diameter of
50 nm were produced by metal-probe-enhanced near-field
illumination [10]. Also, submicron-scale polar orientation
in azo polymer films was generated by probe-induced local
photo-assisted poling (PAP) [11] in which a biased proxi-
mal probe provides an intense electric field to the azo
polymer films under illumination. The polarization (P)
was analyzed in-situ by electrostatic force microscopy
(EFM) [12], which detects the Coulomb force Fo=-0y-E
acting on the probe, where o}, (=P-#, f: the surface nor-
mal unit vector) stands for the surface bound charges and
E the electric field. Not only does it give a higher reso-
lution than other optical detection methods, EFM can also
investigate without disturbance to the orientation. In this
work, we studied the kinetics of the polarization gener-
ated by probe-based PAP. The polarization behaves as a
biexponential function of the period of PAP, and the reac-
tion is governed by the fast angular hole burning (AHB)
and the slow angular redistribution (AR). An analytical
expression is introduced to interpret the evolution of the
Lorentzian-like shape of the poled spot.

2. EXPERIMENT

DR1-PMMA copolymer was dissolved in chloroform, fil-
tered with a 250 nm filter, and spin-coated on a cleaned
conducting indium tin oxide (ITO) glass plate. The ITO
glass served as the bottom electrode. The film was then
subjected to post-baking at 80 °C for 1 hour to form a film
with a thickness of about 0.1 um. The film exhibited an
absorption band ranging from 400 nm to 600 nm, with an
absorption peak at 470 nm. A SPM was utilized to map

© 2010 Optical Society of America
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the topography, perform local PAP, and analyze the polar-
ization of the film. The probe was metallic-coated and had
a nominal force constant of 2 N/m and resonant fre-
quency (fp) of 75 kHz. EFM mapping was accomplished by
a double-path scheme. To observe the variation of polar-
ization quantitatively over the surface, the phase shift
(A@) of the oscillating cantilevers was measured during
the second path while the probe was biased at +3 V and
lifted by 30 nm.

For implementation of local PAP, a poling bias (V) was
applied to the probe and a linearly polarized diode-
pumped solid-state laser was used to stimulate the
trans<cis  photoisomerization, so that the cis-
chromophores are free to be rotated at room temperature
by the torque (g, xE, M. dipole moment of cis-
chromophores,). The wavelength and the beam diameter
of the laser were 473 nm and 3 mm, respectively. The la-
ser was not focused, so we assumed the laser light is a
plane wave with a horizontal polarization (perpendicular
to the applied dc electric field). This configuration makes
PAP more efficient. To avoid contact electrification (charge
transfer) between the probe and the copolymer, the SPM
was operated in tapping mode to reduce the period of
physical contact during poling [11].

3. RESULTS AND DISCUSSION

A. Semiquantitative Measurement of EFM

The cantilever was stimulated with a fixed frequency
near f;. The additional force F- associated with the polar
orientation of the film introduces shifts in the resonance
frequency (Afy) and phase (A¢). Within a small shift limit,
the relationships AfyxdF¢/dzxP-0E/dz are true [13].
Near f, A¢ responds almost linearly to the shift of reso-
nance frequency (A¢=Afy), and the phase shift is propor-
tional to the polarization (A¢>P) under a fixed applied E
field, because of the high quality factor (>300) of the can-
tilever.

To validate the semiquantitative measurement of EFM,
an external dc bias was applied to the probe to mimic the
effect of F¢ and to verify the relation A¢odF/dz. Since
the dc bias induces a capacitive force (FB=—%ﬁC/ %2V?), A
should obey the relation A¢x—35*C/32?V?. As shown in
Fig. 1, A¢ demonstrates a quadratic function of V, and

-4 -2 0 2 4
Bias (V)

Fig. 1. (Color online) Phase shift (A¢) of an oscillating cantile-
ver as a function of the bias.

Chien et al.

thus assures the capability of EFM for semiquantitative
measurement of polarization.

B. Polarization vs. Laser Power

The film was subjected to a bias of +10 V and a laser
power (Pr,) of 500 uW for 360 s to achieve local PAP, while
the oscillating probe was held still over the surface. The
period of PAP (¢) was equivalent to the time during which
both the bias and laser were applied. The topographic and
the EFM images were taken simultaneously, as shown in
Figs. 2(a) and 2(b). The cross-sectional profile of the EFM
image in Fig. 2(c) shows that the polarization is charac-
terized by a Lorentzian-like shape. No plasmonic effect
was produced to amplify the light at the probe apex, be-
cause there is no component with vertical laser polariza-
tion. Therefore, in Fig. 2(a), no remarkable change ap-
pears to the topography due to mass transport after PAP.
Analytical expressions for nonlocal PAP-induced polariza-
tion based on a phenomenological theory have been
presented [13]. Based on the theory, the polarization
is associated with the molecular orientation as P(¢)
=Nw,3T:(t)/52, where N is the molecular density of DR1
and T'(¢) the first-order coefficient of the non-normalized
Legendre expansion for the molecular angular distribu-
tion [14,15]. We assume that the contribution of cis-
chromophores to the polarization is negligible. The peak
of the induced polarization P,(¢) as a function of ¢ was
studied under the illumination of various laser powers
(10, 80, and 550 uW) and a fixed bias (-10 V). As shown
in Fig. 3(a), P,(t) grows as a biexponential function of ¢
[16], described by the following equation:

0 3 nm

—— EFM signal
© .

EFM signal (a.u.)
o =)
g =

e
=

0.0 25 50

Position (um)
Fig. 2. (Color online) (a) and (b) Topographic and EFM images
of a poled spot induced by local PAP on a DR1-PMMA copolymer
film. (¢) The profile of the EFM signal along the dashed line
in (b).
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Fig. 3. (Color online) (a) Peak of the polarization (P,) versus the

period of local PAP (¢) under various laser powers. (b) Plot of the
characteristic time 7; as a function of laser power (Py).

P,(t) = Po[1 - a; exp(-t/Ty) — ag exp(-t/1y)], (1)

where P, is the saturated polarization, 7; and 7, are the
response times of the chromophores to PAP, and a; and a,
are coefficients of the exponential terms. The parameters
were fitted according to Eq. (1), with the resulting values
listed in Table 1. Note that Py is a function of the bias and
laser power, and a;+agy=1.

The buildup of the polar orientation is associated with
two reactions; namely, the fast AHB and slow AR [14,16].
AHB involves the trans—-cis transition by optical pump-
ing, and it results in an increase in the population of cis
state. Contrarily, AR involves the orientation diffusion of
the cis chromophores driven by the torque and the ther-
mal agitation. Therefore, , and a; (i=1,2) can be re-
garded as the characteristic time and the weight of the re-
actions of AHB and AR. It is believed that, in the presence
of an intense electric field, most molecules preserve the
memory of orientation during the back-isomerization.

According to the values of the fitted parameters (Table
1), ; and 7, behave differently in response to the laser
power, and 7 is a few orders of magnitude shorter than
7o. Note that 7; is inversely proportional to the laser
power (OCPil) as shown in Fig. 3(b), while 7y is less sensi-
tive to P;. We consider 7; to be the characteristic time of
the trans—cis transition (also referred to as pumping
time), since the pumping time is proportional to

Table 1. Values of the Fitted Parameters in Eq. (1)
under Various Laser Powers

I (/U'W) 71 (s) Ty (s) aq ay PO
10 4.0 75 0.38 0.56 0.34
80 1.9 25 0.38 0.59 0.37
550 0.13 16 0.39 0.58 0.43

Vol. 27, No. 4/April 2010/J. Opt. Soc. Am. B 775

(0P P1)~"Y, with o, representing the cross section for the
absorption of one photon by a ¢trans-chromophore, and ®;,
the quantum yield of trans— cis photoisomerization [13].
Also, Py increases with Pj, because a high P, gives a
higher population of the rotatable cis-molecules.

C. Polarization vs. Bias

We also analyzed P,(¢) induced under various biases V
(-2V, -5V, and -10 V) with a constant laser power ex-
posure (100 uW). As illustrated in Fig. 4(a), P,(¢) still
obeys the biexponential behavior, and the values of the
fitted parameters (P, 71, 72, a1, and ay) are listed in Table
2. 71 essentially remains constant (~2.9 s), having no ap-
parent correlation with the bias because the trans—cis
transition does not react to the bias. However, 7, de-
creases linearly with the bias as shown in Fig. 4(b).
Therefore, we consider 7, as the angular diffusion time of
AR under the poling electric field. Apparently =, decreases
with |V] and thus is modified as

TZ=T%)_B|V|’ (2)

where 74,=37.5 s is the onset of angular diffusion time for
the cis state due to thermal effect, and 8=2.9 is a propor-
tionality coefficient that depends on the condition of the
probe. The torque (,J,CXE) accelerates the angular diffu-
sion of the chromophores to a specific direction, so the an-
gular diffusion time should be associated with the bias.
According to the theory in [12], the angular diffusion is
attributed to the thermal agitation of Brownian motion.
The angular diffusion time is expressed as 7}, ¢&/kT,
where ¢, k, and T denote the viscosity of the cis-
chromophores, the Boltzmann constant, and the absolute
temperature, respectively. The electric field E is not di-
rectly involved with 7}, but appears as a prefactor in the
expression of T';(¢) (Egs. 22 and 24 in Ref. [14]). The polar
orientation increases with the strength of poling dc E

0 50 100 150
t(s)

7,=37.5-29J|

7,0

20+

10+

V1 (v)

Fig. 4. (Color online) (a) P, versus ¢ under various poling biases.
(b) Plot of the characteristic time 7, as a function of the bias.
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Table 2. Values of the Fitted Parameters in Eq. (1)
under Various Biases

Chien et al.

Bias (V) 7 (s) 7o (8) ay ay Py
-2 2.9 32 0.56 0.50 0.08
-5 3.3 22 0.41 0.62 0.15
-10 2.8 8 0.50 0.50 0.20

field. Effectively, the angular diffusion time decreases
with E, which is consistent with our observation.

It has been predicted that P, increases with the poling
field [14]. As illustrated in Fig. 5, we observed the empiri-
cal dependence of P on the bias in a square-root relation,
given as Py(V)=ay|V|-V, (@=0.07 is a constant and V,
=0.97 V is the threshold bias). The polarization was not
detectable as the bias fell below the threshold bias V.
The threshold bias depends on the film thickness and the
probe condition. Based on this relationship, Eq. (1) can be
rewritten as

-t -t
PP(V,t) =P0(V)|:1 -aq exp(T—> — Q9 eXp(TC—IB|V|> :| .
1 D~
(3)

P,(V,t) is an explicit function of bias. As we take into ac-
count the distribution of the electric field, Eq. (3) can be
modified to describe the Lorentzian-like shape of P. We
propose that the poling electric field under the probe is
represented by V-L(p, o), where L(p, o) = 02/4p?+ o2 is the
Lorentzian function of radial distance p, and o stands for
the half width. The Lorentzian field could result from the
geometry of the probe. Taking the field distribution into
account, the polarization can be expressed as

1

-t
P(P,V’t) =P0(V,P)|:1 —a; exp(—)

-t
— Qg eXP(T%—BlVlL(p,O’))], (4)

where Py(V,p)=ay|V|-L(p,a) -V, is the saturated polar-
ization involving the field distribution. As |V|-L(p,0)
<V,, the effect of PAP is ignored. According to Eq. (4), we
plotted the profile of PAP polarization with ¢, shown in
Fig. 6, to simulate the evolution of the polarization with

2 4 6 8 10

(V)

Fig. 5. (Color online) Plot of the saturated polarization (P,) ver-
sus the poling bias.

i o 120s
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~ 02} 248 ° 54
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Fig. 6. (Color online) Evolution of the polarization profile P(p)
simulated by Eq. (4).

the following parameters: V=-3V, 11=2.35s, 7,=37.5 s,
a1=0.4, a3=0.6, =235 nm, «=0.15, and B=2.9.

D. Evolution of the FWHM of Poled Spots

Because 7, varies with p, the polarization profile of the
poled spots grows nonconformally. Therefore, the full
width at half-maximum (FWHM) varies with ¢. Figure 7
shows the dependence of P,(¢t) and FWHM on ¢ under a
bias of -3 V and a laser power of 150 uW. It is evident
that FWHM changes with ¢ abnormally. Initially, FWHM
decreases rapidly with # and reaches its minimum
(370 nm) at ~30 s; then it increases slowly with ¢ to reach
the saturated point. The FWHM of the numerically de-
rived profiles in Fig. 6 follows the same trends as shown
in Fig. 7. Such a phenomenon can be understood through
Eq. (4). In the beginning (¢ < 79), Eq. (4) is approximated
as

1

-t
P(p7v7t)=PO(Vap)|:a1<1_eXp<_> :| (5)

During this period, the polarization is dominated by the
fast AHB, and the FWHM is mainly determined by the
width of Py (V,p). As ¢ increases, AR begins to influence
the growth of polarization. When ¢ > 7, Eq. (4) is approxi-
mated as

= EFM signal
fitted by Eq. (1) _
0.28} {420
~ g —~
- e
~ B \ 0
o - D/\,_u:/__ E
0.21} —o—FWHM =
- —FWHMof Fig.6 13
0.0 50.0 100.0 150.0
1(s)

Fig. 7. (Color online) Evolution of P, and FWHM of a poled spot
created by —3 V bias and 150 W laser, along with the FWHM
predicted by Eq. (4). The FWHM of P(p) in Fig. 6 is also shown
(dashed curve).
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-t
- BV -L(p,o)”'
(6)

P(PyV,t) =P0(V’P)|:1 —Qy exp(

Under this circumstance, 75 increases with p, so AR pre-
sents a p-dependent enhancement to the growth of polar-
ization. The enhancement of the AR-related factor de-
creases with p, i.e., P(p=0,V,t) grows faster than the
outer area. When P(p=0,V,t) approaches its saturated
point, the FWHM of P(pV,¢) reaches its minimum.

Afterward, the outer area around p=0 gradually
reaches the saturated point, so FWMH increases with ¢
until the poling effect terminates. Therefore when ¢>> 7,
Eq. (6) becomes

P(p,V,t> 1) = Po(V,p), (7)

, which suggests that the saturated FWHM should be
close to the initial FWHM. The profile of the saturated
polarization shown in Fig. 2 is well fitted by Eq. (7)
(=0.72 and ¢=500 nm) to demonstrate its validity.

There is a little discrepancy between the experimental
and theoretical FWHMs in Fig. 7. We regard the major
cause of the discrepancy to be the fact that the effect of
the “vector” electric field was overestimated by the “sca-
lar” Lorentzian potential field.

According to these analyses, the optimum period of
PAP for generating minimum poled spots on the film was
obtained. A poled spot of 150 nm FWHM was made by a
fresh probe with V=-3 V and ¢=30 s, as shown in Fig. 8.

o=
= FWHM ~ 150 nm
S 0.05
= —a] Ve
&
< 0.00
=
S
@
0 1 2 3

Position (um)

Fig. 8. (Color online) (a) and (b) Topographic and EFM images
of a poled spot. (¢) Profile of EFM signal along the center of the
spot in (b) to show its FWHM (150 nm).
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Such a size is well below those produced by other optical-
induced orientation methods on photoreactive films.

The efficiency of the induced polar orientation is a ma-
jor concern to the applications of photoreactive polymers.
PAP is more efficient than the methods in which only op-
tical photoinduced orientation is involved. Normally, 7 is
much longer than 7, so the slow AR is the limiting pro-
cess for inducing orientation. The efficiency can be im-
proved as 7y is reduced by the E field in PAP; an estimate
by Eq. (2) indicates that 7, can be reduced by 50% with a
20 V bias. In addition, the carrier-to-noise ratio is also im-
proved by PAP, for P is enhanced with the E field. It is
worth noting that P, cannot be enhanced simply by the
increase of the intensity of light [17], because the rates of
cis—trans transition and the thermal angular diffusion
increase as well. However, we did not observe any de-
crease of P, even as the laser power increased by two or-
ders of magnitude. This result could be attributed to the
decrease in 75 and the higher memory of the molecular
alignment of cis—t¢rans transition. Therefore, local PAP
with scanning probes is an efficient method for the cre-
ation of polar orientation.

4. CONCLUSION

The polar orientation of local PAP in DR1-PMMA copoly-
mer films was induced by scanning probes and investi-
gated by EFM. The polar orientation obeys a biexponen-
tial function of the period of PAP. The kinetics is
dominated by the characteristic times of AHB and AR.
The poling field can effectively reduce the characteristic
time of AR. An analytical expression depicting the
Lorentzian-like shape of the poled spots was derived, and
the evolutions of the polarization as well as the FWHM of
the spots were interpreted. Local PAP is a more efficient
approach than all-optical methods to generate
subdiffraction-limit polar orientation. A poled spot of
150 nm FWHM was produced.
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Abstract

Azo copolymers are nonlinear-optical materials, in which polar orientation can be induced by
optical poling or electrical poling. We report a new efficient approach to performing
photo-assisted poling (PAP) by atomic force microscopy (AFM) for azo copolymer films
containing disperse-red-1 chromophores, and to characterize the polar orientation by
electrostatic force microscopy (EFM) at the submicrometre scale. Both PAP and contact

electrification effects can be generated by the physical interaction between the probes and the
films. We demonstrated that these two effects can be distinguished by the relationship between
the signs of the charges (bound charges and transferred charges) and the probe bias. Finally, we

achieve local PAP far below the glass transition temperature by AFM operated in the tapping
mode, and the response of the polar chromophores to local PAP can be studied by EFM.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The copolymer film containing disperse red 1 (DR1) is a
photoreactive material that has been attracting much attention
in the past few years, because DR1 is a polar, nonlinear-
optical chromophore, exhibiting unique optical behaviours [1].
DRI, the push-pull derivative of azo-benzene molecules,
has two isomers, frans and cis forms, which undergo the
trans < cis isomerization by optical pumping (referred to
as photoisomerization). Molecular orientation anisotropy is
built up optically in the copolymers after several cycles of
trans < cis photoisomerization pumped by a linearly polarized
light. This is the so-called photo-induced orientation (PIO).
In the opposite effect, an anisotropic DR1 copolymer can be
disordered by light, called photo-induced disorientation (PID).
Therefore PIO and PID offer the opportunity to manipulate the
optical properties of photoreactive copolymer films. Many
studies have demonstrated potential applications of DRI
copolymers for active waveguide components [2], frequency
conversion [3], index grating [4] and image storage [5, 6].
There is considerable interest in moving the applications
of photoreactive materials towards the nanometre scale. It is

0022-3727/08/235502+06$30.00

demonstrated that two-photon photopolymerization can make
three-dimensional features on a resin for functional devices
with a subdiffraction-limit spatial resolution of 120 nm [7].
Also, movement of azo polymers beyond the diffraction limit,
induced by metal-tip-enhanced near-field illumination, was
utilized to produce a protrusion with sub-50 nm full width at
half maximum [8]. Recently, micrometre-scale polarization
storage in the DRI-PMMA copolymer has been achieved.
Various optical methods to write and read the polarization (P)
are demonstrated; writing by two-photon absorption (TPA)
and reading by reflection laser confocal microscopy [9], or
writing by the excitation of coherent fundamental (w) and
harmonic (2w) lasers and reading by SHG [10], or writing by
disorientation induced by TPA on a corona-poled anisotropic
film and reading by second harmonic generation (SHG)
measurement [11]. Both TPA and SHG are nonlinear-optical
reactions, to which light is confined in the focal point to
a volume of order A3 (A: wavelength of incident light) to
provide higher spatial resolution than conventional optical
methods. However, the minimum poled or unpoled spots can
be generated is about 2 um in diameter and is still above the
diffraction limit. In addition, there is an intrinsic problem

© 2008 IOP Publishing Ltd  Printed in the UK
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in SHG measurement of the polar orientation; the probe
beam can cause a pronounced disturbance to the molecular
orientation. Therefore, SHG measurement is not suitable
in repeated reading and advanced studying of the dynamic
response of the polar molecules to optical and electrical poling
at subwavelength regions. Consequently, there is a stringent
need for efficient approaches to both generate and characterize
the local polar orientation well below the diffraction limit.

We employed scanning probe microscopy (SPM) to
perform local photo-assisted poling (PAP) far below the glass
transition temperature of DR1-PMMA copolymer thin films
[12,13]. The probe acts as both an electrode to apply an
electric field (E) py atomic force microscopy (AFM) and a
sensor to detect P in situ by electrostatic force microscopy
(EFM) [14-16]. However, two kinds of electric effects,
poling and contact electrification (CE) [17], can be introduced
by the interaction between metallic probes and insulating
polymers, and both effects generate surface charges (bound
charges oy and transferred charges o) on the copolymers.
Taking advantage of the difference between their natures, we
demonstrate that these two effects can be distinguished by the
relationship between the polarities of the charges generated
and probe bias. Then PAP can be done without CE as the
physical contact with the copolymer is handled cautiously. In
this paper, we first verify that EFM is able to analyse the local
variation of P on the film. EFM succeeded in mapping a two-
dimensional depoled grid on a corona-poled film. Secondly,
CE and PAP were separately performed and characterized by
AFM and EFM, to show how they are distinguished by the sign
of charges. Finally, we report that the kinetics of P produced
by local PAP is a bi-exponential function of poling time.

2. Experiment

The DR1-PMMA copolymer was dissolved in chloroform and
filtered with a 250 nm filter. Then it was spin-coated on a
glass plate, which has an indium tin oxide (ITO) layer on
the top surface as the bottom electrode for PAP. The films
were subjected to a post-bake at 80°C for 1h. The DRI1
chromophores in the spin-coated films are random oriented
and centrosymmetric distributed. The thickness of the films is
about 0.1-1 um and the absorption peak is at 470 nm. In this
study, poled and unpoled films were used for PID and PAP,
respectively.

The poled film was prepared by corona poling. The film
was kept at 120°C (near its glass temperature, 125°C) for
20 min, while an electric field of —5kV cm~! was applied.
Therefore P remains upward and the surface bound charge
density oy(= P - i) is positive, where 7 is the unit vector of
surface normal. For PID, the poled sample was placed on a
translation stage of the laser writing system with a travelling
speed of 1.5mms~'. A focused and circularly polarized
514nm argon laser with a power density of 2mW cm~2 and
a spot size of 6 um was used to selectively depole the sample
by PID.

A commercial SPM was utilized to scan the topography
and conduct local PAP (by AFM) and characterize the
polarization or surface charge (by EFM). A linearly polarized

473 nm, 710 mW cm~2 solid state laser with 3 mm diameter
was used for local PAP. The illumination power was controlled
by an attenuator. The EFM was operated in lift mode with
a lift height of 30-50nm to map the polarization of the
DR1-PMMA thin films. The Si-based cantilever is metallic-
coated with Ti-Pt double layers. The nominal radius of
the probe apex is 20nm. The nominal force constant and
resonant frequency (fy) of the cantilevers are 2-5Nm~' and
65-70kHz, respectively. The cantilever was stimulated at a
fixed frequency near fy. A sensing bias (—3 or +3V) was
applied to the probe during EFM mapping. The Coulomb force
between the biased probe and oy, given by —oy, E, introduces
an extra force gradient to the probe, leading to a shift of
resonant frequency. The phase of the cantilever (¢) responds
sensitively to the extra force gradient and the EFM maps the
phase shift (A¢) of the cantilever with a lock-in amplifier to
observe the variation of external force over the surface. An
attractive/repulsive extra force causes a negative/positive phase
shift, corresponding to a lower/higher (darker/brighter) EFM
signal level. Therefore, given the imaging bias, the grey scale
of the EFM images can represent both the magnitude and the
sign of surface charges. The determination of the sign of the
surface charges is critical to judge which effect (PAP or CE)
induces the charges.

3. Results and discussion

3.1. Characterization of a PID-induced pattern by EFM

First, we demonstrate the capability of EFM to characterize
the polarization of the copolymer films. A two-dimensional
depoled grid of 20 um pitch on a poled film was made by
PID with direct laser writing. The grid was depoled, because
the molecular orientations became isotropic due to the angular
hole burning and angular redistribution after several frans
& cis transition cycles, but the unwritten squares kept their
polar orientation. Figure 1 shows the topographic AFM and
electric EFM images. The surface relief can be observed in the
topographic image (figure 1(a)). That is formed by the laser-
induced molecular movement (i.e. mass transportation) at the
film [18]. This grid relief about 1 nm high is a good reference
for locating the grid during EFM imaging. The EFM images,
figures 1(b) and (c), were taken with a sensing bias of —3V
and +3V, respectively. Good coherence is shown between the
topographic and the EFM images. However, the contrast of the
EFM images reverses as the sign of the sensing bias changes.
There are two components, Coulomb force and capacitive
force, contributing to the EFM signal. The capacitive force
varies with the surface relief and is always attractive regardless
of the sign of the sensing bias, but the Coulomb force changes
its direction with the sign of the sensing bias. The reversal of
EFM contrast with sensing bias indicates that it is the Coulomb
force between local charges and the biased probe, and the
contribution of the minor surface relief can be ignored. From
the relation of the signs of the bias and the contrast of EFM
images, we assure that the charge is positive in the squares
(marked by the dotted box), which agrees with our expectation
to the corona-poled film, and proof that the variation of P in
the DR1-PMMA films can be detected by EFM.



7. Phys. D: Appl. Phys. 41 (2008) 235502

F S-S Chien et al

0nm

0.4°

00

0.23°

00

Figure 1. Topography taken by AFM (a) and polarization by EFM
with —3 V and +3 V sensing bias (b) and (c) of the corona-poled
DR1-PMMA copolymer film with a 2D depoled grid pattern
generated by photo-induced disorientation. The squares marked by
dotted lines are to indicate one of the corona-poled areas possessing
positive bound charges.

3.2. CE by a biased probe

It is important to distinguish the effects of local PAP from CE
by EFM. CE between metal and copolymer can be described
by the charge injection between metals to copolymers. The
distribution of the density of states of copolymers is presented
by a double Gaussian, consisting of empty acceptor states and
filled donor states (figure 2) [17]. For PMMA, the peaks
of acceptor and donor states are at —2.0eV and —6.1¢eV,
respectively. The centroid of the charge states ((E) = —4.1V)
separates the Gaussians of acceptor and donor states, defined

Density of states
0+ >
A
3 5.4V
>
2
5 E,
© v
(3]
w
-8
DR1-PMMA Pt

Figure 2. Spectrum of electron density of states of the
DR1-PMMA, showing the double Gaussians with respect to the
Fermi energy of Pt. The half width of the Gaussian is 0.845eV. The
DRI1 molecules contribute a slight shift to the spectrum, which is
ignored because it does not affect the interpretation of CE [17].

by the initial charge-neutral condition. The net density of
exchange charges is expressed as

EF+AE EF
o1 OCf pp(E) f(E)dE —f pa(E)[1 — f(E)]AE,
Er Er—AE
6]

where pp and pa are the density of donor and acceptor states,
f(E) is the probability that the state is occupied and 1 — f(E)
is the probability that the state is unoccupied. Ef is the Fermi
energy of Pt (5.4eV) and AE, the transfer window of the
metal, is approximately 0.4 V. The first term on the right of
equation (1) represents the amount of charges injected from
the donor states to the metal and the second term represents
that from the metal to the acceptor states. If Ep aligns in
energy with the donor (acceptor) states, CE is dominated by
the injection from donor states to the metal (from the metal
to acceptor states), and the transferred charges are positive
(negative).

We verify the local CE effect by SPM on copolymers.
AFM was operated in contact mode with a contact force of
about 10 nN. The probe scanned over three strip areas (each of
0.5 x 2.5 um?) at a speed of 1 ums~!, applied with writing
biases (V) of 0 V,+3 V and —3 V, respectively. Figure 3 shows
the topographic and the EFM images taken with a —3 V sensing
bias. The negative EFM contrast of the first two strips (written
with 0 and +3 V) indicates that an attractive force acts on the
probe and positive charges are possessed there. This is because
the Fermi level Ep of the Pt-coated probe aligns with donor
states, while the probe was biased with 0 and +3 V. The positive
contrast of the third strip (written with —3 V) indicates an
opposite force and charges, for Er aligns with acceptor states.
Local charge transferring between probes and copolymer is
governed by the CE model given in equation (1), and the sign
of oy is determined by the relative position between the Er level
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ITO/glass

Figure 3. (a) 5 x 5 um? topographic image (grey scale = 2 nm),
(b) EFM image illustrating the surface charges produced by CE with
the writing bias of 0V, +3 V and —3 V, respectively (grey

scale = 9°) and (c) schematic of the relationship between the bias
and transferred charges of the CE effect with a negative-biased
probe.

of Pt and density of states of the copolymer. Typically, the sign
is the same as that of Vy, as |V, | is greater than |Ex — (E)|.
Figure 3(c) illustrates the relationship between Vy, and oy; a
negative-biased probe induces negative o due to the CE effect.

3.3. Local PAP by a biased probe

The polarization ﬁ, generated by PAP, is parallel to E , because
the cis-chromophores are rotated by the torque P x E, so the
sign of oy, is opposite to that of V,,. For instance, a negative-
biased writing probe induces a positive bound charge o, at the
surface (figure 4(a)), which is opposite to transferred charges

-0V

ITO/glass T

(b)

ITO/glass

attenuator
473 nm laser

mirror

Figure 4. (a) Schematic of the relationship between the bias and
polarization/bound charges associated with the local poling by a
negatively biased probe and (b) the local PAP with an illumination
of a laser source from the back side.

oy induced by the CE effect (figure 3(c)). Therefore, one can
distinguish o}, from oy by the relationship of charge signs and
writing bias, due to the dissimilarity between the nature of PAP
and the CE effects.

For implementation of local PAP by AFM, V,,was applied
to the probe for poling and a linearly polarized diode-pumped
solid state laser was used to stimulate the photoisomerization
(figure 4(b)) [12]. An unpoled film (without corona poling)
was subjected to local PAP. First we have to prove that CE
can be avoided when the probe is biased. To do so, AFM
was operated in tapping mode to reduce the friction force and
the period of physical contact during poling. The oscillating
amplitude of cantilevers is about 40 nm. Firstly, V,, = +10V
was applied without illumination, and no EFM signal was
observed. That means when the probe is tapping, the CE is far
less effective, which is under the detection limit of our EFM.
The oscillating probe gently touches the film, so no detectable
charge exchanges under the contact force (<10nN), which
is the same order as the contact force in contact mode. In
other words, the magnitude of charge exchange described by
equation (1) depends on both the magnitude of the force and
the type of force (normal or frictional). The friction force in
contact mode is significant to CE.

It is very surprising that probe poling failed without the
assistance of photoisomerization. Even the local field is as
high as ~10°Vem™!, but not strong enough to rotate the
trans-chromophores. This indicates that the mobility of trans-
chromophores is so low that the intense field is not able to
move them.
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Figure 5. (a) 5 x 3 um? topographic image of the copolymer film,
(b) and (c) EFM images of the spot poled by —10 V bias and
depoled by photoisomerization, respectively, (d) and (¢) EFM
images of the spots poled by +10 V and depoled, respectively, and
(f) the cross-sectional profile across the centres of (d) and (e). The
size of the EFM images is 3 x 3 um?.

Secondly, a ‘poled’ spot was produced by PAP under a
writing bias of —10V and illumination of the 1.5 mW cm™2
laser for 360 s. Figures 5(a) and (b) show the topographic and
EFM images (with a —3 V sensing bias) taken simultaneously.
There is no surface relief induced by the electric field. The
negative contrast of EFM image at the spot indicates the force
is attractive. This means that the corresponding charges are
positive (opposite to the sign of Vi), and the charges should
be bound charges oy, attributed to the polar anisotropy. Then,
the spot can be depoled after the illumination with the same
laser power for 60s without a bias, as shown with the EFM
image (figure 5(c)). The polarization is erased, due to PID.
The o do not respond to illumination, so it is evidence that
the bound charges are generated. At the same location, we
made another spot with an opposite writing bias, +10 V. The
topography is similar to that shown in figure 5(a), and its
EFM image has a positive contrast (figure 5(d)). Therefore,
the charges are negative, consonant with our argument for oy,
again. The spot was depoled again after illumination without
a bias (figure 5(e)). The cross-section profiles of figures 5(d)
and (e) indicate there is little residual polar orientation after
illumination. We attribute the residual polar orientation to the
angular redistribution (see below) of the chromophores due
to photoisomerization, where the polarization of the laser is
horizontal.

1.0 f
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Figure 6. Kinetics of the polarization with the PAP time. The line is
fitted with the bi-exponential function in equation (2).

Hence, it is evident that AFM can manipulate the
orientation of DR1 chromophores through PAP. The DR1
chromophores are pumped to the cis form by trans — cis
photoisomerization. For cis-chromophores have a higher
mobility, angular diffusion occurs in the presence of the local
field and the local polar orientation is built up. The diameter
of the poled spot is only 500 nm, which is smaller than those
poled/depoled spots (several micrometres) generated by all
optical methods [9-11]. The spot size is controlled by the
extents of the electric field and the laser field. The electric field
is dominated since it is focused at the probe apex. The lateral
distribution of the electric field is a Gaussian-like function.
However, as the period of local PAP is about the order of
characteristic time of angular redistribution (see below), the
extent of the PAP effect (i.e. the spot size) should be about the
extent of the electric field. We believe the spot size can be
reduced, if the bias increases and the period of PAP decreases.

The response of chromophores to PAP at the submicrome-
tre scale can be studied by EFM. We plot the magnitude of the
EFM signal at the centre of the poled spot (under a —2 V writ-
ing bias and 0.7 mW cm~? illumination as a function of the PAP
time (¢) (figure 6). Apparently, P (¢) can be well described by
a bi-exponential function, increasing with z#,

P(1) = Py — Arexp(—t/m1) — Asexp(=t/12),  (2)

where Py is the steady-state polarization, and t;(= 2.4s) and
(= 34s) are the characteristic times of the chromophores
to PAP, and A; and A, are coefficients of the exponential
terms. Presumably, P () is dominated by two processes
with different characteristic times. We suggest these two
processes are the fast trans — cis transition and slow molecular
rotation, correlated with the angular hole burning and the
angular redistribution, respectively, reported by Hsu et al
[19]. Although the power density we applied for PAP is
one order of magnitude smaller than that (12mW cm~2) for
PID in [19], both 7; and 7, of PAP are shorter than those
of PID (5.9 and 163.9s). We attribute this to the electric
field of PAP, which enhances the possibility to the molecules
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pointing in the same direction. The polarization is stable,
as the temperature far below the glass transition temperature
of the copolymer. Typically, the polarization can retain over
10h at room temperature. To understand the kinetics of polar
chromophores under local PAP, further investigation with SPM
is necessary.

4. Conclusions

We demonstrate the feasibility of achieving local PAP on a
DR1-PMMA copolymer film by AFM and the polar anisotropy
of DR1 chromophores is observed by EFM. This approach
opens a new access to both producing polar anisotropy in the
photoreactive polymer films, and to investigating the kinetics
of the polar molecules reacting to PAP at the submicrometre
scale, which is hardly achieved by other optical means. A 2D
depoled grid on an anisotropic film is employed to verify
the capability of EFM in analysis of the polarization on
the film. Both PAP and CE effects are performed with
SPM. The dissimilarity between these effects is addressed,
and these effects can be distinguished by the relationship
between the signs of the induced charges and the writing
bias. The local PAP is achieved when the probe is operated
in tapping mode and the induced polarization is erased by
laser illumination. The polarization produced by local PAP
increases as a bi-exponential function of the period of PAP.
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Fabrication of spatial modulated second order
nonlinear structuresand quasi-phase matched
second harmonic generation in a poled azo-
copolymer planar waveguide
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Abstract: This work demonstrates that arbitrary types of spatialy
modulated second-order susceptibility (x®) structures such as 1D and 2D,
periodic and quasi-periodic structures can be obtained by using the
combination of corona poling and direct laser writing (DLW) techniques.
The fabrication technique is based on the photodepoling of azo-dye
molecules caused by one-photon or two-photon absorption during the DLW
process. Polarization and second harmonic generation (SHG) images of the
fabricated structures were measured by electrostatic force microscope and
SHG mapping techniques, respectively. Furthermore, quasi-phase-matched
(QPM) enhanced SHG from a 1D periodically poled azo-copolymer planar
waveguide is demonstrated using an optical parametric oscillator laser by
scanning wavelength from 1500 to 1600 nm. The resonant wavelength of
the QPM enhanced SHG is peaked at 1537 nm with FWHM = 2.5nm.

© 2008 Optical Society of America

OCIS codes: (190.4710) Optical nonlinearities in organic materials; (230.4320) Nonlinear
optical devices; (190.2620) Nonlinear optics second harmonic and wave mixing.

References and links

1. Z. Sekkat and W. Knoll, Photoreactive Organic Thin Films (Academic Press, USA, 2002).

2. P.Prasad and D. J. Williams, Introduction to Nonlinear Optical Effectsin Molecules and Polymers (John
Wiley & Sons, USA, 1991).

3. D. S ChemlaandJ. Zyss, Nonlinear Optical Properties of Organic Molecules and Crystals (Academic
Press, USA, 1987).

4. J. Zyss, Molecular Nonlinear Optics Materials, Physics, and Devices (Academic Press, USA, 1994).

5. J. A. Armstrong, N. Bloembergen, J. Ducuing, and P. S. Pershan, “Interactions between light wavesin a
nonlinear dielectric,” Phys. Rev. 127, 1918-1939 (1962).

6. G.Kanarian, R. A. Norwood, D. Haas, B. Feuer, and D. Karim, “ Phase-matched second-harmonic
generation in a polymer waveguides,” Appl. Phys. Lett. 57, 977-979 (1990).

7. Y. Shuto, T. Watanabe, S. Tomaru, |. Y okohama, M. Hikita, and M. Amano, “ Quasi-phase-matched second-
harmonic generation in diazo-dye-substituted polymer channel waveguides,” |EEE J. Quantum Electron. 33,
349-357 (1997).

8. M. Jager, G. |. Stegeman, W. Brinker, S. Yilmaz, S. Bauer, W. H. G. Horsthuis, and G. R. Mohlmann,
“Comparison of quasi-phase-matching geometries for second-harmonic generation in poled polymer channel
waveguidesat 1.5 um,” Appl. Phys. Lett. 68, 1183-1185 (1996).

9. S Tomaru, T. Watanabe, M. Hikita, M. Amano, Y. Shuto, I. Y okohoma, T. Kaino, and M. Asobe, “ Quasi-
phase-mateched second harmonic generation in a polymer waveguide with a periodic poled structure,” Appl.
Phys. Lett. 68, 1760-1762 (1996).

10. G. Martin, S. Ducci, R. Hierle, D. Josse, and J. Zyss, “ Quasi phase matched second-harmonic generation
from periodic optical randomization of poled polymer channel waveguides,” Appl. Phys. Lett. 83, 1086-
1088 (2003).

(C) 2008 OSA 26 May 2008/ Vol. 16, No. 11/ OPTICS EXPRESS 7832



11.
12.

13.

14.
15.
16.
17.
18.
19.

20.

21.

22.

23.
24.
25.
26.
27.

28.

29.

30.
. N.G. R. Broderick, G. W. Ross, H. L. Offerhaus, D. J. Richardson, and D. C. Hanna, “Hexagonal poled

32.

33.

35.

36.

J.J.Ju, J. Kim, J. Y. Do, M.-S. Kim, S. K. Park, S. Park, and M.-H. Lee, “ Second-harmonic generation in
periodically poled nonlinear polymer waveguides,” Opt. Lett. 29, 89-91 (2004).

G.L.J A.Rikken, C. J. E. Seppen, S. Nijhuis, and E. W. Meijer, “Poled polymers for frequency doubling of
diode lasers,” Appl. Phys. Lett. 58, 435-437 (1991).

O. Sugihara, Y. Che, N. Okamoto, H. Fujimura, C. Egami, and S. Umegaki, “ High-resol ution periodically
poled structure in diazo-dye-substituted polymer film based on direct el ectron-beam writing technique,”
Appl. Phys. Lett. 73, 3028-3030 (1998).

O. Sugihara, M. Nakanishi, Y. Che, C. Egami, Y. Kawata, and N. Okamoto, “ Single-pulse ultraviolet laser
recording of periodically poled structuresin polymer thin films,” Appl. Opt. 39, 5632-5637 (2000).

X. Ni, M. Nakanishi, O. Sugihara, and N. Okamato, “ Fabrication of x® grating in poled polymer waveguide
based on direct laser beam writing,” Opt. Rev. 5, 9-11 (1998).

H. Ishitobi, Z. Sekkat, and S. Kawata, “ Photo-orientation by multiphoton photonselection,” J. Opt. Soc. Am.
B 23, 868-872 (2006).

H. Ishitobi, Z. Sekkat, and S. Kawata, “ Ordering of azobenzens by two-photon isomerization,” J. Chem.
Phys. 125, 164718-164718-4 (2006).

D. Gindre, A. Boeglin, A. Fort, L. Marger, and K. D. Dorkenoo, “ Rewritable optical data storagein
azobenzene copolymers,” Opt. Express 14, 9896-9901 (2006).

M. Maeda, H. Ishitobi, Z. Sekkat, and S. Kawata, “ Polarization storage by nonlinear orientational hole
burning in azo dye-containing polymer films,” Appl. Phys. Lett. 85, 351-353 (2004).

X. Li, J.W. M. Chon, R. A. Evans, and M. Gu, “ Two photon energy transfer enhanced three-di mensional
optical memory in quantum-dot and azo-dye doped polymers,” Appl. Phys. Lett. 92, 063309-063309-3
(2008).

Z. Sekkat, J. Wood, E. F. Aust, W. Knall, W. Volksen, and R. D. Miller, “Light induced orientation in a high
glass transition temperature polyimide with polar azo dyesinthe side chain,” J. Opt. Soc. Am. B 13, 1713-
1724 (1996)..

R. Loucif-Saibi, K. Nakatani, J. A. Delaire, M. Dumont, and Z. Sekkat, “ Photoisomerization and second
harmonic generation in disperse one-doped and functionalized poly(methyl methacrylate) films,” Chem.
Mater. 5, 229-236 (1993).

V. M. Churikov and C. C. Hsu, “Optical control of third-harmonic generation in azo-doped

polymethyl methacrylate thin films,” Appl. Phys. Lett. 77, 2095-2097 (2000).

S. Bian, L. Li, J. Kumar, D. Y. Kim, J. Williams, and S. K. Tripathy, “ Single laser beam-induced surface
deformation on azobenzene polymer films,” Appl. Phys. Lett. 73, 1817-1819 (1998).

M. J. Ventura, M. Straub, and M. Gu, “Void channel microstructuresin resin solids as an efficient way to
infrared photonic crystals,” Appl. Phys. Lett. 82, 1649 (2003).

M. M. Fger, G. A. Maged, D. H. Jundt, and R. L. Byer, “Quasi-phase-matched second harmonic generation:
Tuning and Tolerances,” |EEE J. Quantum Electron. 28, 2631-2654 (1992).

N. D. Lai, J. H. Lin, W. P. Liang, and C. C. Hsu, “Precisely introducing defects into periodic structures by
using a double-step laser scanning technique,” Appl. Opt. 45, 5777-5782 (2006).

R. Dianoux, F. Martins, F. Marchi, C. Alandi, F. Comin, and J. Chevrier, “ Detection of electrostatic forces
with an atomic force microscope: Analytical and experimental dynamic force curvesin the nonlinear
regime,” Phys. Rev. B 68, 045403 (2003).

H. Ishitobi, M. Tanabe, Z. Sekkat, and S. Kawata, “ The anisotropi c nanomovement of azo-polymers,” Opt.
Express 15, 652-659 (2007).

V. Berger, “Nonlinear photonic crystals,” Phys. Rev. Lett. 81, 4136-4139 (1998).

lithium niobate: atwo dimensional nonlinear photonic crystal,” Phys. Rev. Lett. 84, 4345-4347 (2000).

S. Sdltiel and Y. Kivshar, “ Phase matching in nonlinear x® photonic crystals,” Opt. Lett. 25, 1204-1206
(2000).

R. Lifshitz, A. Arie, and A. Bahabad, “ Photonic quasicrystals for nonlinear optical frequency conversion,”
Phys. Rev. Lett. 95, 133901-133901-4 (2005).

. R. J. Bratfalean, A. C. Peacock, N. G. R. Broderick, K. G.alon, and R. Lewen, “Harmonic generationina

two-dimensional nonlinear quasi-crystal,” Opt. Lett. 30, 424-426 (2005).

E. Kim, Y .-K. Choi, and M.-H. Lee, “ Photoinduced refractive index change of a photochromic diarylethene
polymer,” Macromolecules, 32, 4855-4860 (1999).

M. W. McCutcheon, G. W. Rieger, I. W. Cheung, J. F. Young, D. Dalacu, S. Frederick, P. J. Poole, G. C.
Aers, and R. L. Williams, “ Resonant scattering and second-harmonic spectroscopy of planar photonic crystal
microcavities,” Appl. Phys. Lett. 87, 221110(1-3) (2005).

1. Introduction

Nonlinear optical (NLO) polymer materials have attracted considerable attention due to their
large NLO responses and ease of processing for devices such as electro-optic modulators, and
frequency converters [1-4]. In particular, quasi-phase-matched (QPM) second harmonic
generation (SHG) in periodically poled materials can result in efficient frequency conversion
[5]. Previous studies have shown NLO polymer materias offer many advantages for realizing
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QPM SHG, for example: low cogt, fast response, large nonlinearity, and flexible processing
options [6-11]. Various techniques have been employed to fabricate periodically poled
structures (i.e., second-order susceptibility (x) grating) in polymer thin films such as serial
grafting [7,9], periodic poling [8], photodepoling with photolithographic masks [10],
ultraviolet (UV) photobleaching [12], direct electron-beam (EB) irradiation [13], two-beam
interference [14], and direct laser writing (DLW) [15].

In the DLW technique, the non-zero x® induced by uniformly corona-poling a polymer thin
film is locally erased by locally irradiating the film with a laser beam to that randomizes the
molecular orientation alignment. By scanning the focused laser across the polymer thin film, a
spatially modulated x® structure can be obtained. Compared with other techniques, the DLW
approach is easier and more flexible for controlling the structural design and period, because
no mask or etching is required. Okamoto et al. used the DLW technique to fabricate %
grating structures in a poled polymer thin film based on an one-photon absorption induced
depoling mechanism [15]. One-photon absorption-based depoling can be done with relatively
low power lasers, but two-photon absorption-based depoling [16, 17] using pulsed lasers can
provide higher lateral (2D) spatial resolution for a fixed laser wavelength, and it also alows
3D control over the depoling structure, if there is a limited depth of focus over which
absorption occurs. Previous work on two-photon absorption-based DLW demonstrated it is
feasible for optical data storage applications[18-20].

In this work we demonstrate that complex 2D x® patterned structures, with no measurable
surface topography, and minor modulation of the linear refractive index (An< 0.01), can be
easily fabricated by DLW techniques using both one-photon and two-photon absorption
induced photodepoling in azo-copolymer thin films. Azo-copolymer thin films have
photoisomerization effect, which can easily induce molecular orientation randomization at
low exposure dosage. In this work, we show they are suitable for generating pure photo
depoling effect by employing DLW technique. Furthermore, as an example of the possible
device applications of this technique, the QPM SHG properties of a periodically poled azo-
copolymer planar waveguide obtained by DLW technique are investigated. To our knowledge
this is the first measurement of QPM enhanced SHG in a x® periodic structure obtained by
the DLW technique.

This paper is organized as follows. Section 2 presents the DLW fabrication techniques
used to produce a variety of periodic and quasi-periodic x® structures. Section 3 shows the
spatial modulation of molecular-orientation in 1D and 2D structures characterized by SHG
and electrostatic force microscopy (EFM) mapping techniques. Section 4 shows the measured
QPM SHG signal obtained from a periodicaly poled azo-copolymer planar waveguide
obtained by the one photon DLW technique. Conclusions are drawn in Section 5.

2. Fabrication of periodic and quasi-periodic nonlinear structures

The polymer thin films were formed from a DR1-PMMA copolymer with 15% molar azo-dye
concentration. The copolymer was dissolved in chloroform, and spin coated on the backside
of an indium-tin-oxide (ITO) glass substrate after the copolymer solution had been filtered
with a 250 nm filter. The copolymer thin films were then baked for 12 hours at 70 °C in an
oven before use. Figure 1(a) shows the absorption spectrum and molecular structure of the
DR1-PMMA copolymer. The film thickness was about 2 um and its absorption band ranged
from 400 to 600 nm, with an absorption peak at 470 nm. A corona poling technique was used
to align the NLO molecules at 4.5 kV and T —100°C for 45 minutes. The distance between the
needlze electrode and the copolymer thin film was about 1cm. The uniform poling area is about
lcm’.

After corona poling, the DLW technique was first applied to fabricate % periodic
structures on poled copolymer thin films based on one-photon absorption induced
photodepoling. Figure 1(b) shows the experimental setup. A CW Argon laser with wavelength
at 514 nm was used as the light source. An objective lens (OL) with numerical aperture (NA)
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= 0.4 mounted on a z-directional translation stage was used to focus the circularly polarized
laser beam on the sample and the focusing spot size obtained was about 6 um. The sample
was mounted onto a 2D motor-controlled stage. The lateral travel range and the resolution of
the motor stage are 2.5 cm and 1 um, respectively. The motor stage and shutter were
controlled by a computer. The exposure dosage can be controlled by changing laser power,
exposure time or the scanning speed of the motor stage. The typical average power used in
this work was about 0.3 mW. A similar DLW setup was also used to fabricate x® periodic
and quasi-periodic structures based on two-photon absorption induced photodepoling effect.
The modifications in the setup are as follows: a Ti: Sapphire laser with central wavelength at
830 nm, 100 fs pulse width, and 80 MHz repetition rate was used as the light source; a high
NA (=0.85) OL was used to focus the incident laser beam and the focusing spot size obtained
was about 1 um; a 3D piezoelectric trandlation (PZT) stage with a resolution of 1 nm was
used to trandate the samples in 3D. The average power used in two-photon DLW experiment
was about 35 mWw.

Argon laser

2.5
> 2.0
<
< 1
2
S
2
S 0.
< Z translational stage

0.0 . . ; .

400 600 800 1000 SR T X, Y scanning stage Compuer

(A) Wavelength(nm) (B)

Fig. 1. (a) Absorption spectrum and molecular structure of the DR1-PMMA copolymer.
(b) Direct laser writing setup for fabricating x® spatial modulated structures. L: lens;
OL: objective lens; M; (j=1,2,3): mirrors, A/2: half-wave plate; A/4: quarter-wave plate;
PBS: polarized beam splitter.

During the DLW process, the second order nonlinearity of the corona-poled azo-
copolymer thin film can be erased by the photodepoling effect [1, 10, 14-15, 21-22]. This
photodepoling effect is initiated by the absorption of laser irradiation (by either one photon or
two photon processes) in the azo-copolymer thin film, which leads azo-dye molecules to
undergo many trans— cis— trans reversible photoisomerization cycles, and thus results in
molecular orientation randomization at laser exposure sites [10, 21-22]. It is important to note
that other photo-induced effects such as: bleaching [12, 23], mass transport [1, 24], and micro
explosions [25] can also be generated during the DLW process, but these occur & much
higher laser exposure dosages. These higher dosage effects result in significant linear-
refractive index and surface morphology modulations that can induce large propagation loss
and are unfavorable for most optical waveguide device applications [26]. Although a pure-
photodepoling effect can also induce refractive index variation, it is shown below that the
associated change of refractive index is much smaller than those induced at higher dosages.

3. Characterization of nonlinear ¥ structures

A SHG mapping technique was applied to map images of the x® structures. Its setup was the
same as that of the two-photon absorption DLW technique except a photomultiplier tube
covered with an interference filter (center wavelength = 415 nm) was added to detect the SHG
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signal. The details of the laser scanning SHG mapping technique can be found in elsewhere
[27]. The transverse resolution of this mapping technique was approximately 1 um
corresponding to the diffraction limit of the OL used (NA=0.85) at 830 nm. This laser
scanning SHG mapping technique provides a direct measure of the @ spatial distribution in
photo-depoled azo-copolymer samples. In Fig. 2(a) a high contrast 1D SHG modulation is
clearly observed; and amost no SHG signal can be found from the exposure regions. In the
one-photon absorption CW DLW experiment, we found when the laser writing average
intensity and scan speed were chosen to be 0.01 mW/um? and 2 mms, respectively, about
80% of the SHG response was removed at the laser exposed region in the corona poled azo
copolymer thin film.
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Fig. 2. (a) 40x40 um? SHG image,and (b)-(c) 30x30 um? AFM image and EFM image (with
line profiles along the horizontal line at each top) of a 1D % grating in a poled azo-copolymer
thin film fabricated by DLW technique. The dashed linesin (&) and (c) indicate the line centers
of the poled regions

The contrast of the electric polarization (P ) between the poled and depoled regions can be
asignificant evidence for the x'® modulation. Therefore, a scanning probe microscope (SPM)
was employed to measure the topography and electric polarization modulation based on
atomic force microscope (AFM) and electrostatic force microscope (EFM) schemes [28]
respectively. During EFM imaging, a metallic-coated probe, oscillating at the resonant
frequency and biased by -8 V, was scanned across the sample surface at a fixed height to
sense the force between the probe and the film. The surface bound charges with the charge
density o, (=P -, where 1 is the surface normal unit vector) exert a Coulomb force (-¢,E )

to the biased probe and results in a phase shift of the oscillating probe. By mapping the phase
shift at different positions, the electric polarization distribution of the sample can be obtained.
An additional attractive/repulsive force causes a minus/plus phase shift, corresponding to a
lower/higher (darker/brighter) EFM signal level, so EFM is sensitive to both the amplitude
and direction of P , while the SHG measurement can determine the former only.
Conseguently, the EFM measurement result is also included in this work.

Figures 2(b) and 2(c) show the AFM and EFM images of the same 1D x® grating imaged
in Fig. 2(@). The AFM image in Fig. 2(b) reveals that the sample after patterning with a 1D
¥ grating still possessed a very smooth surface; there are no signs of a periodic modulation
of the sample texture. The result is different to a previous observation obtained by the same
experimental irradiation scheme, in which a nanoscale surface deformation induced by a
tightly focused laser beam was found [29]. The difference is due to our exposure dosage is
below the threshold of inducing surface deformation. On the other hand, Fig. 2(c) clearly
shows that the EFM image has 1D periodic modulation on electric polarization. In the bright
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regions exposed to laser, the NLO molecules are randomly oriented so that the electric
polarizations in those regions are zero or rather small. On the other hand, in the dark regions
not exposed to laser, the force is attractive, indicating most NLO molecules are still aligned in
the upward direction, which cannot be determined from the SHG image. In addition, EFM is a
more favorable approach to investigate the polarization in NLO copolymers than SHG
mapping, because EFM is based on the electric interaction between probe and polymer film,
hardly disturb the molecular orientation from our experiences. Note that when the sample was
exposed by high dosage of laser, mass transport and micro explosion of polymer material
were induced and large modulations of surface topographic (> 100 nm) and refractive index
(An>0.01) were observed.

The variation of refractive index between poling and depoling regions also possibly
contribute the contrast of EFM image. However, the modulation of refractive index is very
shallow (An<0.01), compared with its background index, so it is difficult to detect by EFM.
In addition, the contrast of EFM image associated with the variation of refractive index is
independent with the polarity of the imaging bias, but that associated with polarization
modulation is reverse as the polarity of the bias changes. We observed such a reverse of
contrast when we changed the polarity of the bias (because the sign of the force changed
accordingly). Therefore, we assure the contrast of EFM is due to the variation of electric
polarization, instead of the modulation of refractive index, inferring 1D x® modulation
generated by DLW.

The % response can be erased not only by one-photon absorption induced photodepoling
effect but also by two-photon absorption induced photodepoling. Fig. 3(a) and (b)
demonstrate SHG mapping images of a 2D hexagonal % structure and a 2D circular %
structure fabricated using the two-photon DLW technique, respectively. The lattice constant in
the 2D hexagonal %' structure and the radial distance between circles in the 2D circular x®
structure are 4 um. Asillustrated in these two SHG mapping images, a high contrast ratio of
2D SHG gpatial modulation and a near-zero SHG response at the laser exposure regions can
be clearly observed in both structures. From additional optical microcopy and AFM
measurements, we confirmed again that refractive index variation and surface modulation are
small in both of these structures. For this two-photon absorption DLW experiment, pure
photodepoling effect occurred when exposing copolymer thin films with 11.15 mW/um?
average intensity of the femtosecond laser pulse train for 50 ms, which corresponds to the
exposure dosage about 490 mJcm?. Under this exposure condition, more than 90% of the
SHG response was erased in the exposed regions. To make sure the samples only experienced
a pure photodepoling effect, we have reapplied corona poling to the previously exposed
samples and performed an SHG mapping experiment again; we found the samples could
generate a uniform SHG response just like that of obtained from a sample without exposing
by laser irradiation.
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Fig. 3. The SHG mapping images in poled azo-copolymer thin films measured by the SHG mapping
technique. (a) 2D hexagonal x® structure and (b) 2D circular x® structure with period = 4 um, both
fabricated by two-photon absorption DLW technique.

By scanning the focused femtosecond pulses beneath the surface of the sample, the two-
photon absorption DLW technique can result in photodepoling throughout a thick film,
whereas in the one-photon absorption DLW technique, strong absorption limits the
penetration depth of the depoling irradiation [10]. Together with the above results, this
suggests that the two-photon absorption DLW technique can be used to fabricate 3D polymer
¥ photonic crystals and photonic quasi-crystals. Those kinds of structures provide the
possibility of multi phase matching and multi color parametric conversion and are potentially
useful for spatial and temporal shaping of input beams through appropriately designed
structures, [30-34].

4. Quasi-phase-matched SHG measur ement

After characterizing the %' responses of structures obtained by the DLW technique, in this
section QPM SHG of a 1D periodically poled azo-copolymer planar waveguide obtained by
the one-photon absorption DLW technique is presented. To design an appropriate QPM SHG
sample, the bulk TM mode refractive indices of a corona poled azo-copolymer thin film at
four different wavelengths was measured using a prism coupler technique. The measured
refractive indices at 632.8 nm, 845 nm, 1300 nm, and 1550 nm were fitted to a Sellmeier
equation [35]
22
n*(1) = A+ (Bx———), €]
A*-C

where n()) is the refractive index at the wavelength A, and A, B and C are the fitting

congtants. The fitting result is shown in Fig. 4(a). The period for 1D QPM x® grating for
collinear TM-in TM-out SHG conversion can be determined from [26]
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where A is the grating period; q is the QPM order; A¢ is the fundamental wavelength; n,, and
Ny, are refractive indices at fundamental and second harmonic wavelengths, respectively.

The period of a +/0 1D x® grating (q = 1) for different fundamental wavelengths were
determined from Eqgs. (1) and (2), and the result is shown in Fig. 4(b). Accordingly, a period
of 12 um was chosen for the y® grating period to observe QPM for a fundamental
wavelength near 1510 nm.
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Fig. 4. (@) The TM mode (p-polarized) bulk refractive index of a corona poled azo-copolymer thin film
as a function of wavelength. The dots are the experimental data measured by prism coupler technique
and the red-solid line is the fit to the Sellmeier equation. A, B, and C in the inset are the fitting
parameters. (b) The calculated QPM period value as a function of the fundamental wavelength for a 1D
+0 %@ grating, assuming a TM-in TM-out geometry, and ignoring waveguide dispersion effects

A 1D x® grating with pitch 12 um and an area of 10 mm x 2 mm was thus formed using
one-photon DLW. The surface morphology, electric polarization and SHG mapping images of
the 1D x® grating are the same as those shown in Fig. 2. Fig. 5(a) shows the experimental set
up for measuring QPM SHG from the 1D periodic poled azo-copolymer planar waveguide.
The signal output from an optical parametric oscillator (OPO), with wavelength tuning range
from 1.3 to 1.6 um, 100 fs pulse width, and 80 MHz repetition rate, was used as the
fundamental beam [36]. The fundamental beam with average power of 20 mW was focused
into the polymer planar waveguide (butt-coupling geometry) by a lens with focus length 1 cm
and the SHG output was collected by alens (f = 3 cm). The SHG output was analyzed using a
grating spectrometer. It was found that both TE mode and TM mode fundamental beams were

able to generate TM polarized QPM SHG. The TM” —»TM* conversion is related to 32 (z is
the electric filed poling direction) and the TE” »TM* conversion is related to 2 . Since

22 is much larger than x2 for an electric poled thin film, the TM mode fundamental

generated much stronger SHG compared to TE mode fundamental [2]. Consequently, only the
TM mode fundamental results are presented here.
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Fig. 5. (8) Experimental set up for measuring QPM SHG output spectra from a 1D periodic poled
azo-copolymer planar waveguide. L1: focusing lens (f = 1cm); L2: collecting lens (f = 3cm); Py
and P,: polarizer; A/2: half-wave plate. (b) SHG output spectra obtained by scanning
fundamental wavelength from 1500 nm to 1565nm. Inset: close-up of the QPM SHG resonance
mode peak at 768.5 nm. The FWHM of the resonant modeis 2.5 nm.

Figure 5(b) shows the normal incidence SHG output spectra of the 1D periodically poled
azo-copolymer planar waveguide obtained by scanning the fundamental wavelength from
1500 nm to 1565 nm. The SHG spectra exhibit two QPM enhanced SHG peaks located at
768.5 nm (fundamental wavelength at 1537 nm) and 759 nm (fundamental wavelength 1518
nm). The former corresponds to converting fundamental waveguide mode TM to second

harmonic waveguide mode TM2® and the latter corresponds to the conversion from TM¢ to
TMZ®. The fundamental wavelengths of these two QPM SHG resonant modes are close to

our theoretically predicted value (1510 nm) shown in Fig. 4(b). When the fundamental
wavelength is out of the resonance regions, for example at 1500nm, the SHG spectra are much
weaker (about 20 times less than resonance case) and wider due to the existence of non-
compensated phase mismatch between fundamental and second harmonic waves. The inset in
Fig. 5 (b) shows a close-up of the QPM SHG resonance mode peak at 768.5 nm. The FWHM
of the QMP SHG resonance modeis 2.5 nm.

5. Conclusions

A simple and efficient way to fabricate ' spatial modulated structures in azo-copolymer thin
films is demonstrated. Various types of x® structures, including 1D gratings and 2D periodic
and quasi-periodic patterns were fabricated by the combination of corona poling and either
one-phaoton or two-photon absorption DLW. SHG, AFM and EFM mapping techniques were
employed to show that SHG modulation depths as large as 90% could be obtained with no
measurable surface topography and minor modulation of the linear refractive index
(An<0.01). This low power DLW technique, applied to DR1-PMMA, thus offers a flexible
means of realizing “pure x?” texture with feature sizes on the order of microns. This kind of
structure has smaller propagation loss and it is more favorable for QPM SHG than those
structures obtained by photobleaching, mass transport, and micro explosion.

To demonstrate a potential device application, QPM enhanced SHG from a 1D periodically
poled azo-copolymer planar waveguide was measured. A QPM SHG resonant mode was
identified at 1537 nm with 2.5 nm FWHM and with more than 20 times enhancement for
TM? to TM2® conversion. Since the DLW technique is versatile for fabricating arbitrary

¥ patterned structures such as periodic and quasi-periodic, 1D, 2D and even 3D (by the two
photon absorption DLW technique), it should be further explored for the fabrication of
polymer based EO devices.
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