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Optical fields enhanced by surface plasmon polaritons (SPPs) on metal-dielectric interfaces are useful for
increasing several light-matter interactions, and application to nonlinear optics (NLO) is one of the most
important uses of this type of structure. Most previous studies on this subject took advantage of the nonlinear
susceptibilities of metal surfaces. However, the limited NLO light-matter interaction lengths prevented the
transfer of the technologies to practical use. In the present paper, we tried to overcome this problem by
growing NLO polymer thin films on metal surfaces. The NLO responses of the system were characterized
by second-harmonic generation (SHG) spectroscopy. Our experimental results suggested that SPP-enhanced
optical fields induced not only surface nonlinearities in Ag but also bulk nonlinearities in NLO polymer. There
was an optimal polymer thickness for the SHG conversions, and a greater thickness did not always result in
higher conversion. The maximum conversion efficiency was approximately 40 times higher than that of the
nonpolymer-coated bare Ag surface. The growth and propagation of the SHG waves were addressed with a
numerical approach combining the transfer matrix method and Green’s function analysis. The SHG conversion
efficiencies were determined by three factors, the SPP-field enhancement factor, the nonlinear light-matter
interaction length, and the degree of interference between the forward- and backward-propagating SHG waves.
The latter two factors predominantly determined the optimal SHG conversion efficiencies. The proposed strategy

of hybridizing NLO polymers brings us closer to practical uses for nonlinear plasmonics.
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I. INTRODUCTION

A surface plasmon polariton (SPP) is an electromagnetic
wave that propagates along a dielectric-metal interface [1-3].
The generation of SPPs results in significant enhancement of
the electromagnetic fields in the immediate vicinity of the
metal surfaces. Furthermore, the intensity of the enhanced
field sharply decreases with increasing distance from the sur-
face, and the SPPs are confined within nanometric spaces. The
intense and confined optical fields due to SPPs are suitable
for densely exciting materials in the vicinity of the metal
surfaces and efficiently promote the light-matter interactions.
The enhancements of Raman scattering cross sections [4-7],
fluorescence quantum yield [8—10], and infrared absorptions
[11,12] are some of the most important applications of optical
fields enhanced by SPPs. These structures are also attractive as
excitation light sources for nonlinear optics (NLO), in which
multiple optical waves are mixed and converted to waves with
sum or difference frequencies on the surfaces of the metals
[13,14].
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The NLO of SPPs were reported by H. J. Simon et al.
as early as 1974 [15,16]. These researchers found intense
second-harmonic generations (SHGs) from silver (Ag) films
coupled with SPPs that were generated using prisms in
Kretschamann configurations. These researchers also reported
enhanced SHG through SPPs coupled with diffraction grat-
ings [17,18]. There are a wide variety of NLO effects, depend-
ing on the number of photons and the frequencies and polar-
ization states of the photons. The intense optical fields from
SPPs are suitable for inducing the other NLO phenomena,
such as sum-frequency generation [19,20], third-harmonic
generation [21,22], and four-wave mixing [23,24]. There have
been great advancements in nanofabrication technologies,
and numerous unique plasmonic metal nanostructures have
been proposed. Taking advantage of advanced plasmonic
platforms, great efforts have been made toward not only
converting the optical frequencies but also controlling the
wave fronts of the frequency converted optical waves [25].

In the research and technology of NLO, it is important to
determine the appropriate media in which NLO light-matter
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interactions occur. Most previous research has been conducted
using the surface nonlinearities of metals on which SPPs
were created. Growing NLO active media on these metal
surfaces was useful for further enhancing the efficiencies of
the NLO wave mixing effects. LINbO; [26], graphene [27,28],
and organic dyes [29,30] are NLO media that have excellent
track records for boosting NLO operations at SPP resonances.
These materials are only a few of the NLO media reported
[31]. It is crucial to explore the media that are of vital use in
nonlinear plasmonics.

The present study was performed to explore the potential
of NLO polymers as the media for boosting the nonlinear
susceptibilities of the metal surfaces. The materials consist
of guest chromophores and host polymeric materials [32-34].
The former play roles in nonlinear light-matter interactions,
while the latter fold and fix the positions and orientations of
the guests. Taking advantage of the flexible structural features
of this material, nanometric thin films of NLO polymers
can be easily fabricated on the surfaces of several types of
materials, including metals. In addition, there have been many
reports regarding the development of a wide variety of guest
chromophores that have different resonant frequencies from
the visible to near IR [35-37]. We can choose appropriate
chromophores exhibiting the best NLO performances at ar-
bitrarily targeted wavelengths.

In this study, N-ethyl-N-(2-hydroxyethyl)-4-(4-
nitrophenylazo) aniline (DR 1) and poly (methyl methacrylate)
were chosen as the guest and the host, respectively.
Combinations of DR1 and PMMA were among the
most popular NLO polymers ever reported [38,39].
The applications of these polymers in optical frequency
converters and electro-optic devices have been studied
extensively. These polymers also exhibit a unique optical
poling phenomenon, that is, the spontaneous polar ordering of
the guest chromophores under simultaneous irradiation
from fundamental and double-frequency light waves
[40,41].

The research was performed by using a three-layer system
consisting of an NLO polymer thin film, an Ag thin film, and
a BK7 glass prism. Subsequently, the sample is referred to as
the NLO polymer/Ag/BK7 structure. The SPPs were excited
with an attenuated total reflection method in the Kretchmann
geometry. The NLO properties of the model system were
examined by the SHG method. We examined a reference
system consisting of the bare PMMA /Ag/BK7 structure, in
which the nonlinear susceptibility was attributed only to the
Ag surface. We addressed the role of the bulk nonlinearities
due to the NLO polymers in the vicinity of the dielectric-
metal interfaces in comparison with the SHG behaviors of the
reference system.

In addition, systems with different NLO polymer thick-
nesses were examined to explore the optimal polymer thick-
ness for the highest SHG conversion efficiency. Furthermore,
the growth and propagation of SHG waves in the vicinity of
the Ag surface and inside the NLO polymer were numerically
studied with a method that combined transfer matrix and
Green’s function analyses. We attempted to comprehensively
understand the NLO light-matter interactions in the NLO
polymer/Ag/BK7 structures by comparing the experimental
and numerical results.
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FIG. 1. Schematics of NLO polymer/Ag/BK7 structure and op-
tical geometries for reflection and SHG spectroscopies.

II. EXPERIMENTAL

Figure 1 shows the schematics of the optical geometry for
the reflectivity and SHG spectroscopies, along with the sam-
ple structure. The excitation light entered the samples through
a Porro prism, or right-angle prism. The light retroreflected
from the prism was detected for the reflectivity measurements
and SHG signals. The angle of incidence of the excitation
light was tuned by rotating the samples. The definition of the
coordinates is shown in the same figure. Here, the plane of
incidence is the xz plane, and the direction normal to the xy
substrate surface is the z axis. The angle of incidence Gy is
defined with respect to the z axis.

The samples were prepared as follows. First, Ag films
were grown on BK7 glass substrates by a vacuum deposi-
tion method. Shots of Ag were evaporated with a resistive
heater. The Ag film thickness was d; = 43 & 2 nm. Next, thin
films of NLO polymer were grown on the Ag surfaces by a
spin coating method. The guest DR1 and the host PMMA
(M, = 1.2 x 10°) were purchased from Sigma-Aldrich Co.
The concentration of the guest in the NLO polymer was 10
wt %. The mixture of the guest and the host was dissolved
in propionitrile. A drop of the solution was spanned on the
Ag surface, and the solvent was dried. The thickness of the
NLO polymer film was d, =0-80 nm and it was controlled
by changing the densities of the solvents in the solution. The
thicknesses of the Ag and NLO polymer films were character-
ized with a surface profiler (Alpha-step D-500, KL A-tencor).

In general, NLO polymers do not exhibit second-order
nonlinear susceptibilities in as-prepared conditions because
the chromophores are randomly oriented to the host polymers
and the structures of the materials are centrosymmetric. So-
called poling procedures, procedures applying a DC electric
field in these polymers, are conducted to align the chro-
mophores to break the centrosymmetry and obtain second-
order nonlinearities [38,39]. In a previous study, we found
that the guest chromophores were aligned and spontaneously
formed polar order after annealing [42,43]. Here, the polar
ordering the guest chromophores was induced by nonelectri-
cal poling techniques. Finally, the substrates were attached to
the prisms. An index matching oil was implanted between
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FIG. 2. (a) Reflectivity and (b) SHG signal intensities from
PMMA /Ag/BKT7 structure with the angle of incidence. The black,
red, blue, green, and purple curves correspond to the data for the
polymer thicknesses d, = 0, 20, 40, 60, and 80 nm, respectively.

the prism and the substrate. An Al mirror was attached to
the other surface of the prism to prevent transmission loss.
The PMMA/Ag/BK7 structure, the reference system, was
prepared using the same procedure.

The excitation light sources for the reflection and SHG
spectroscopy were optical pulses (center wavelength: 780 nm,
pulse width: 100 fs, and pulse energy: 2.6 nJ] @75 MHz) from
a mode-locked Ti: sapphire laser (Tsunami, Spectra-Physics,
Inc.). The polarization direction of the excitation light was
rotated with 1/2 wave plate. The angle of incidence 6.x was
controlled by rotating the samples by using a rotational stage
equipped with a stepping motor. The reflection light was split
into two by using a dichroic mirror that was designed to reflect
fundamental light and transmit SHG light. The fundamental
light was detected with an Si-photodiode (2032, Newport Co.)
for the reflectivity measurements. The SHG light was detected
with a photomultiplier tube (H9306-05, Hamamatsu Photon-
ics K.K.) after removing the residual portion of the fundamen-
tal light with colored glass filters (390B, Shigma Koki Co.).

Both the reflection and SHG light were detected as a func-
tion of 6. The retroreflected beam was displaced within the
plane of incidence upon rotating the stage. The reflected and
SHG light were collected with plano-convex lenses in front of
the photodetectors. As d, was large, the retroreflected beam
moved farther from the incident beam. The light signals were
measurable in the regions 6.x < 55° in the present spectral
apparatus.

Results

Figures 2(a) and 2(b) show the reflectivity and the SHG
signal intensity as a function of 6. for the PMMA /Ag/BK7
structure for d, = 0, 20, 40, 60, and 80 nm. The excitation
light was p-polarized. The data at d, = 0 nm correspond to
one for the nonpolymer-coated Ag/BK?7 glass structure. The
reflectivity spectrum exhibited a dip due to SPP resonance,
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FIG. 3. (a) Reflectivity and (b) SHG signal intensities from NLO
polymer/Ag/BK7 structure with angle of incidence. The black, red,
blue, green, and purple curves correspond to the data for the polymer
thicknesses d, = 0, 20, 40, 60, and 80 nm, respectively.

independent of d,. The dip appeared at larger 6. for the
structure with larger d. Each structure had a peak in the
SHG spectrum at the position of the dip. This observation
indicates that the nonlinear light-matter interaction of the Ag
surface was enhanced at the SPP resonance. The intensity of
the SPP-enhanced SHG signals was lower as d; increased.

In a strict sense, the nonlinear wave mixing in the vicinity
of the metal surfaces were caused not only by the surface
responses but also by the bulk ones, which was expressed
as I" - @(E E ) [44]. The term was related to the gradient of
the electric field, and it gave significant contribution due to
the variation of the field at the dielectric/metal interface. In
practice, the bulk nonlinear susceptibility was dealt with as
the additional term of the surface nonlinear susceptibility. In
the later discussion, the nonlinear responses of the Ag will
be addressed as the surfacelike responses and its nonlinear
susceptibility will be referred to as the surfacelike nonlinear
susceptibility.

The same measurements were conducted for the NLO
polymer/Ag/BK7 structure. The reflectivity and SHG signals
were plotted with ¢ in Figs. 3(a) and 3(b), respectively.
As in the case of the PMMA /Ag/BK7 structure, the reflec-
tivity spectrum exhibited a dip due to the SPP resonance,
independent of d,. The dip for the NLO polymer/Ag/BK7
structure occurred a slightly larger 6 compared with that of
the PMMA /Ag/BK7 structure. The difference between the
positions of the dips of the two systems increased as d,
increased because the refractive index of the NLO polymer
was slightly higher than that of the bare PMMA and the
SPP resonance condition was satisfied at a larger angle of
incidence. A previous work reported that doping DR1 at 10
wt % resulted in an increase of approximately 2% in the
refractive index of PMMA [45].

Intense SHG signals were obtained at the position of the
dip in the NLO polymer/Ag/BK7 structure. The SPP reso-
nance effect was helpful for increasing the NLO light-matter
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FIG. 4. (a) SHG intensity with polymer thickness for NLO
polymer/Ag/BK?7 (filled circles) and PMMA/Ag/BK7 structures
(open circles). (b) Enlarged data for the PMMA /Ag/BK?7 structure.

interactions in the structure. The SHG conversion efficiency
was much higher than that of the PMMA /Ag/BK?7 structure
with the same d,. The SHG conversion process was attributed
not only to the surface nonlinear susceptibility of Ag but also
to the bulk of the NLO polymer.

The d, dependence of the SHG intensity for the NLO
polymer/Ag/BK7 structure was essentially different from
that for the PMMA/Ag/BK7 structure. Figure 4(a) shows
the SHG intensity with d, for the two structures. The en-
larged data for the PMMA/Ag/BK7 structure are shown
in Fig. 4(b). In the PMMA/Ag/BK7 structure, the SHG
signals monotonously decreased with d, increased. On the
other hand, the SHG increased in the region d, < 20 nm,
above which the SHG decreased for increasing d, in the NLO
polymer/Ag/BK?7 structure. The maximum SHG intensity at
d, ~ 20 nm was approximately 35 times higher than that of
d, = 0 nm, corresponding to the nonpolymer-coated Ag/BK7
structure. These results indicated that the SPP-enhanced op-
tical fields induced nonlinear polarization inside the NLO
polymer layer. The NLO polymer was useful for enhancing
the NLO light-matter interactions at the SPP resonance. In
addition, there was an optimal NLO polymer thickness for
optimal SHG conversions.

The polarization behaviors of the SHG signals were stud-
ied to understand the NLO light-matter interactions from a
geometric perspective. Figures 5(a) and 5(b) present the SHG
intensities with the polarization angle of the excitation light
for the NLO polymer/Ag/BK7 structures with d, = 0 and
40 nm. Here, the polarization angle y.x was defined with
respect to the plane of incidence. The angle of incidence
O.x was set to the position of the dip in Fig. 3(a) and the
SHG signals were detected without resolving the polarization
directions.

In both cases, the SHG intensities were the highest at
Yex = 0 and 180°, while the intensities reached a minimum
value of 0 at yex = 90 and 270°. The data were reproduced
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FIG. 5. (a) Excitation light polarization dependence of SHG
signals for NLO polymer/Ag/BK7 structures with (a) d, = 0 and
(b) 40 nm. Polarization states of SHG signals for the same sample
with (¢) d, = 0 and (d) 40 nm.

well with the cos* y., -function, or the fourth power of the
p-polarized field component E - cos yex. In general, SPP
waves are coupled only with p-polarized light waves [46].
The y.x dependencies observed for the SHG intensities were
consistent with expectations derived from the general rules.

Figures 5(c) and 5(d) present the polarization states of the
SHG signals for the NLO polymer/Ag/BK7 structures with
d, = 0 and 40 nm, respectively. Here, the polarization angle
of the SHG waves y.x was defined with respect to the plane of
the incidence. The angle of incidence of the excitation lights
with yex = 0° was set at the peak of the dip for each sample.
In both of the samples, the SHG intensities were the highest at
ysug = 0 and 180°, and the minimum was 0 at ysyg = 90 and
270°. The data were reproduced with the cos? ysug function,
and the SHG waves were p polarized.

The same measurements were performed for the systems
with different d,. The y.x dependence of the SHG intensities
and the ysyg-resolved SHG intensities were reproduced with
the functions cos* ye, and cos” ysug, respectively, indepen-
dent of d,. The nonlinear light-matter interactions at the SPP
resonances were produced most efficiently by the p-polarized
excitation lights, and the SHG waves were p polarized, inde-
pendent of the thickness of the NLO polymer layer.

The second-order nonlinear susceptibilities were sensitive
to the structure of the materials, and the forms of the tensor
components were specific to the point symmetry of the ma-
terial structures. The nonlinear light-matter interactions were
attributed only to the surfacelike nonlinearities of Ag for the
PMMA/Ag/BK7 structure. The geometry of the metal sur-
face was regarded as Co,, point (sz};mmetr?;,) and there are three

2
NONZETO (ensor COMPONENts, Xyt Xourf.oce = Xs(uﬁ-ﬂy and
) @ )

Xsurtxox = Xsurfyzy [44:47]. In the theoretical and experimental
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results of previous studies, the Xsurf ... component was much
larger than the other components [30]

On the other hand, the SPP-enhanced fields oscillated
within the plane of incidence and had x and z components.
Hence, the z-polarized component of the SPP fields excited
the nonlinear polarizations related to the xsurf ... component,
which resulted in conversions into z-polarized SHG waves.
The observations of p-polarized SHG waves in Fig. 5(c)
were consistent with the expectations derived from the point
symmetry of the system.

The nonlinear light-matter interactions were attributed to
not only the surfacelike nonlinearities of Ag but also the
bulk nonlinearities due to the NLO polymer in the NLO
polymer/Ag/BK?7 structure. The nonlinear susceptibilities of
the NLO polymers were attributed to the polar ordering of the
guest chromophores in the host polymers. In general, guest
chromophores are oriented in a polar order along the direc-
tion normal to the substrate while randomly oriented within
the plane of the surfaces. The polar ordering of the guest
chromophores is regarded as C, point symmetry, and there
are three independent nonzero tensor components, xéﬁfkvzzz,

2) 2) (2) )
Xoulk.zex = Xbulk.zyy A9 Xouti vz = Xpulkyzy [42:43].

The SPP-enhanced fields, which had x- and z-polarized
components, were able to induce the nonlinear polariza-

; (2) (2) (2)
tions related to Xy m, Xoulk.zoe: A Xpun o The polar-

izations due to the Xbulk ., and Xbulk e COmponents were
converted into z- polarlzed SHG waves, while the polariza-
tions due to the Xbulk -x COmponent were converted into x-
polarized SHG waves. Thus, the p-polarized SHG waves in
Fig. 5(d) resulted from combining the x- and z-polarized SHG
waves.

III. NUMERICAL

The SHG conversion procedures were numerically ana-
lyzed for the NLO polymer/Ag/BK7 and PMMA/Ag/BK7
structures with methods combining transfer matrix formalism
and Green’s function analyses. The details of the analysis are
presented in Refs. [48—50]. First, the distributions of the elec-
tric field were calculated inside the systems with the transfer
matrix formalism at the fundamental frequency w. Second,
the nonlinear frequency conversions were examined in the
vicinity of the Ag surface and inside the NLO polymer layer.
The rise of the SHG waves inside the NLO polymer layer
was simulated with the Green’s function method. Finally, the
propagations of SHG waves were tracked inside the system
with transfer matrix formalism.

Figure 6 shows the definitions of the coordinates of the
four-layer model system. The schematics of the propagations
of the optical fields are also shown in the same figure.
Here, the layers i =0, 1, 2, and 3 correspond to the BK7
substrate, Ag layer, polymer layer, and atmosphere, respec-
tively. The polymer layer consists of the NLO polymer in the
NLO polymer/Ag/BK?7 structure and the bare PMMA in the
PMMA /Ag/BK7 structure. n;(2) is the refractive index of
the layer i at the frequency Q(=w or 2w). The thicknesses of
the Ag and the polymer layers are d; and d,, respectively.
The z axis is normal to the layer, and the xz plane is the
plane of incidence. The planes at zo = 0, z; = d,, and z; =

z=z,=d,

FIG. 6. Definitions of coordinates in four layer systems and
propagation directions of forward- and backward-propagating light
waves.

dy + d, correspond to the BK7/Ag, the Ag/polymer, and the
polymer/air interfaces, respectively.

There are forward-propagating electric fields toward the
+z direction and backward-propagating fields toward the —z
direction in each layer. The wave vector of the optical field is
defined as

k(@)= @) 1 £r(Q) £, (1)
where the plus and minus subscripts correspond to the
forward- and backward-propagating waves, respectively. The
absolute value of the wave vector is k;(2) = |Efi) Q) =R
n;(2)/c. B(L2) is the component of the wave vector parallel to
the xy plane. Since the tangential component of the electric
field is continuous across the surface, 8(£2) is common in
all the layers. «;(€2) is the z component of the wave vector
in layer i and is given by x;(2) = /k;(2)? — B2. Here, the
optical responses to the p-polarized light were examined. The
polarization direction of the optical fields is expressed as

A(£)
P Q)= k(Q)( B(2) - 2 F ki(2)) - £. 2

Alternatively, 55 )(€) can be described as Eq. (3) by using
the angle of refraction 6;(€2) as

P(Q) = —sing,(Q) - 2 F cos 6(RQ) - & 3)
or

B = (7 (), p) (@), p ()
= (—sin6;(2), 0, F cos 6;(2)). “4)

The forward- and backward-propagating electric fields in
layer i can be written as

EP(Q,F) = Ef - expli(B - x £ - 2)]. )
Here, a two-component vector is defined as

E(+) exp(ikiz) i|

E( ) - exp(—ik;z) ©

E(Q,2) = [
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At the i-i + 1 interface, the electric fields E;H(Q, z;) and
E; (€2, z;) are connected by Eq. (7):
Eit1(2, 20) = M1 Ei(R, 20). (N

The definition of the transfer matrix M;;; ;(€2) is given by
Eq' (8),

M1 (Q) = ! ”'*‘*"(9)], @®)

1
tH—l,i(Q) |:ri+l,i(Q) 1

where r;41,;(€2) and #4,;(€2) are the Fresnel reflection and
transmission coefficients, respectively [51]. The phase and
amplitude changes for the region z; < z, < zp < zi41 in layer

i are described by Eq. (9),
Ei(Q, 2) = (2, 2 — 2)Ei(R, 20), )

with

_ | exp(ixiz) 0
‘D"(Z)—[ 0 exp(—i/c,»z):|'

We define the total 0-3 transfer matrix U(2) for later
discussion:

| Un(Q)  Un()
U(Q)—[Uzi(m Uzz(Q)]

= M3 (2)D2(2, 22 — 21) M2 (2)P 1 (w, 21 — 20)
X Mlo(a)). (10)

From here, the field distribution of the fundamental light
frequency, w, is mentioned. The optical field Eo(a), Z0) at the
BK7/Ag interface is associated with the field Eg (w, z») at the
polymer/air interface as

E3 (0, 22) = Ma (@) P2 (0, 22 — 21)Ma; (@)@ (@, 21 — 20)
x Eo(w, 20)
= U(0)Eo(@, 20). (11)

There are no backward-propagating optical fields in

satisfied. Substituting the conditions into Eq. (11), the ra-
tio B\ (w)/E{M (0) = —Uy (w)/Uxp(w) is obtained. Subse-
quently, the reflectivity and the electric field of the BK7
substrates are determined by Eqs. (12) and (13), respectively:

R(w) Eé_)(w) 2 i (12)
w) = [ [ ——
Eé+)(w) Un(w)
= _ D 1
Eo(z,0) = Ej* [_Um /Uzj. (13)

The SPP-enhanced electric field in the polymer layer is
given by

\/E exp(ipss)) - EST) - explikaz]
\/E ) eXp(i¢sp)) ~E(()+) - exp[—ixz]
= ®y(w, z — d)My(0)P1 (@, d})

-+ 1
xEy |:—U21(60)/U22(60):|’ 14)

where v ’7(si§) . exp(iqbg;)) and v né;) . exp(i¢>§;)) are the com-
plex SPP enhancement factors for the forward- and backward-
propagating waves, respectively. Here, the electric field was
taken on the polymer side of the interface.

Next, the nonlinear wave conversions in the vicinity of
the Ag surface and in the polymer layer are discussed. The
nonlinear optical responses are attributed to the surfacelike
nonlinear susceptibilities of Ag and the bulk nonlinearities of
the NLO polymer for the NLO polymer/Ag/BK?7 structure.
As mentioned above, the surfacelike- nonhnear susceptibility
of the Ag was predominantly determined by me ...» While the
bulk nonhnearities of the NLO polymer were expressed by the
components xbu]k oo Xbﬁl)k o and xbu]k - On the other hand,
the nonlinearity of the PMMA/Ag/BK7 structure was only
due to Xs(fr)f,zzz'

The forward- and backward-propagating fields create sur-
facelike nonlinear polarizations in the direction of the z axis

Esx(w,2) =

an atmosphere of air, and the condition E~§_)(w) =0 is at z = 71, or on the Ag surface, as
|
PRQw, 2z =d) = x5 (@) - (0, 21) - explina(@)z ). (15)

Both of the nonlinear polarizations have the dependency on the term exp[2i8 - x] because of the propagation along the x axis.
The term did not give any essential influence on the calculations of the SHG conversion. Hence, the contribution of the term is
not expressed explicitly in Eq. (15).

It is conventional to choose the fundamental field just inside and place the polarization sheet just outside the metal layer
[44]. Here, both of the fundamental fields and the polarization sheets were chosen just outside the Ag from the convenience
for comparing the surfacelike nonlinear response of the Ag with that inside the NLO polymer layer. The surfacelike nonlinear
susceptibility defined for the external field was smaller than that for the internal field by a factor of exgz with &,,, the dielectric
constant of Ag.

The surfacelike polarizations radiate SHG electric fields §Surf(2a), Z1) as

o (+) 2w, 7 2w)? +) P(+) 2w, 2
SartCw, z1) = ?”_rf( v — Z(ZL p2z) s(urf)z( 1) . 16
Ssurf(2w Zl) 280C K2(2a)) pzz Psurfz(zwizl)
The forward- and backward-propagating SHG electric fields are expressed more explicitly as
2
! _ (2 @ () (V12 .
Sourt (20 21) = lm Xsurter - (B2 (@)]7 - exp[2iky(w)z1]
2
) _ . Qo) O o
St (20, 21) = lm Kottt - [E3 " (@)]” - exp[—2ikz(w)z1]. a17)
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Here, Xsurf off = Xsurf - -sin® 3 (w) - sin §,(2w) is the effective surfacelike nonlinear susceptibility of the Ag. The angle of
refraction 6,(2w) for the SHG waves is determined by the conservation of the wave vector along the x axis, that is, 8(2w) =
2B(w).

The cross term E2(+) . Ez(_) also contributed to the SHG conversions. The SHG waves due to the term was bounded at the
polymer/Ag interface and they could not be extracted outside of the structure [50]. The SHG conversion might also occurred
at the Ag/SiO; interfaces. However, the electric fields did not gain the enhancements due to the SPP resonance at the interface,
and they did not give any significant contributions to the SHG conversions. In the analysis, the SHG conversions at the Ag/SiO,
interface was not taken into account.

The forward- and backward-propagating fundamental optical fields create nonlinear polarizations in the a(=x, y, or z) axis
direction at the position z inside the NLO polymer layer as

Pt a0, = D Xikeane - Po (@) - ES7 (@, 2) - explia(@)z]phy) (@) - By (@, 2) - expltraz]. (18)
b,c=x,y,2

The polarization at each point radiates the SHG electric fields. The SHG intensities increased with increasing propagation
length. The superposed SHG electric field at position z is expressed as

. S(+) 2 ;
Suik 20, 2) = | k222 (19)
Spuik (20, 2)
with

S(+) Qw i (20))2 (+) 2 P(+) 2 Y. 1Ko (2, — d7

Wik 200 = i35 s Z p JQw) - P 2, 2) - explik,Qw)(z — 2)ldz
a=x,y,z

) @ )’ ) / ~ N

Soun (20, 2) = 280c2/<2(2w) Z / pza(z“)) Ptk o(20, 2) - explikz(2w)(z — 2)1dz. (20)
a=x,y,z

Integration was done from 7’ = zl, or the polymer/Ag interface, to the point 7’ = z for the forward- propagatmg wave, while
integration was done from 7' = z to 7/ = z,, or the air/polymer interface, for the backward-propagating wave. Sbu]k(2a) z) and

Sl()ulf((Zw, z) are recast more explicitly as

2 . .
+) . Qo) @) ~(+), 12 €XpliAKaz] — expliAkazi]
Spui 20, 2) = 12806‘2/(2(261)) Xoulkefr - [y (@)] Akr

- expl2iky(w)z]

w)? @)

7 i () ,exp[—iAkrz2] — exp[—iAkr7]
2eoc?iy () | Nbulkeft [E; (w)] .

—AK2

Sa (20, 2) = i expl—2iks (@)z]. 1)

Here, Ak, = 2k3(w) — k2 (2w) is the wave-number mismatch between the fundamental and SHG waves in layer 2. xéﬁfk!eff is
the effective nonlinear susceptibility and is given by

2 2 .
Koot = Xoatcsze * SIN? 02(@) - 81 02200) + Xfap oux * €O 02(@) - 8in 2(20)

+ Xinexex * €08 02(@) - 8in 63() - c0s 6>(2w). (22)

Finally, we discuss the propagations of the SHG waves inside the system. The solution of the wave equation with the nonlinear
polarization term consists of the two fields, that is, the SHG fields driven by the nonlinear polarization and those free from them
[50]. The driven SHG field existed only in the NLO polymer layer. The waves driven in the vicinity of the Ag surface and inside
the NLO polymer correspond to Eqgs. (16) and (19), respectively. On the other hand, the free fields E;(2w, z) exist in all of the
layers. The SHG fields inside the NLO polymer are expressed by the summation of the two SHG fields inside the NLO polymer
layer.

The transfer of the SHG fields at the air/polymer interface is expressed as

E3 (20, 22) = M Q0)[E2(20, 22) + Ssur(22) + Swuk(22)]. (23)
Similarly, the transfer of the SHG field at the polymer/Ag interface is expressed as
E2(20, 21) + Spu(21) + Squnr(z1) = M2y 20)E (20, 21). 24)

The growth and propagation of Sbui (2w, 7) inside the polymer layer is expressed by Eq. (19). The propagations of the
E; (2w, z2) and Sqt(2w, 75) are expressed by using ®,(2w, z, — z1) as

E2 20, 22) = Q0,22 — 21)E2Qw, 21),
SarfCw, 22) = ®,Qw, 25 — 21)S: Qw, 21). (25)
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Combining Egs. (23) and (24) with Egs. (25), the SHG fields in the air atmosphere, E(Za), Z2), are connected to those in the
BK7 substrate, Eg(2w, z0), as

E2 2w, 23) = M3 20) P20, 22 — 21)Ma1 2w)®1 2w, 21 — 20)M10(20)Eo 2w, 20) + M3 (2w)SQw). (26)

Here, the vector S(2w) expresses the total superposition of the SHG waves radiated in the vicinity of the Ag surface and
inside the NLO polymer layer. The vector is described using Eqgs. (16) and (19) as

o (+) N N N
500) = [ 500y | = #2205 = 20820, 20) + S0, 2) - 9200, 2~ Bz, QD)

The vector is decomposed into two terms due to the Ag surface and NLO polymer as
S2w) = S'ut(2w) + Sbur2w) (28)
with
S'sut2w) = 220, 22 — 21)8urt (20, 21),

S'buk (20) = Seu 2w, 22) — P22, 22 — 21)Spuk 2w, 21). (29)
The components S ’E;}Qw) for the forward- and S ’Eur}(2a)) for the backward-propagating waves are expressed as
/() Qw)’ e (+)
S (o) = W Xsurfeff ° [EST (o)1 explina(20)(z2 — 21)] - expl2ika (0)z1],
(260)2 )

S Qw) = (ES (@) - expl—ikaQw)(z2 — z1)] - exp[—2ika(w)z1]. (30)

80C2K (2(()) surf,eff

The components S/l(;rﬁ((Za)) for the forward- and S/b lk(2a)) for the backward-propagating waves are expressed as
+ . Qo) @) ~4), 2 SXplidka(za —z1)] — 1 : .
Sk (20) = e Kt [E5 ()] - A explika(2w)(z2 — 21)] - exp2ika (@)z1],
- . Qo) (- exp[—iAkay(zo —z1)] — 1 : .
S hui(20) = i = K« LBy (@) T ewl-ieCe)@ - wl-epl-2ic@al. (D

When the polymer layer thickness d» = z — z; is smaller than the phase-matching coherence length 1/Ak», that is, zp —
21 << 1/Ax,, the phase-mismatching factor is approximated as exp[iAks(z2 — z1)]/Aky ~ exp[—iAxy(z2 — 21)]/(—Aky) ~
i(zo — z1) = id,. Equations (31) are approximated to

. Qwy - . ,

S Qo) = e Xeokerr - [EST (@)1 (22 — 21) explira (20)(z2 — 21)] - expl2ika(@)z1 ],
Qw)? 4@
80C2K2 (26()) surf,eff
There are no forward-propagating waves in the BK7 substrate and no backward-propagating waves in air, that is, the condition

Eé+)(2w) = 11:3(_)(2a)) = 0 is satisfied. The backward-propagating SHG wave is determined by substituting the condition into
Eq. (26):

S Qo) =i JET (@) - (22 — 21) expl—iia Qo) (z2 — 21)] - expl—2ika (@)z1]. (32)

. o(+) (=)
E(()_)(Zw) _ rpQCw) - STRw)+ S (2a)). (33)
Uz1Cw) - 132(2w)

The SHG signal intensity exiting into the BK7 layer is obtained by Eq. (34):

Isi = 2 - now)egc - |ES7 2w)|*. (34)

The numerical calculation showed that ngf),(a)) was essentially equal to nSPP(a)) Hence, the relationship ng;;(w)

nSPP(a)) = nspp(w) is assumed. The condition of total reflection is satisfied at the polymer/air interface at the SHG frequency.
The Fresnel reflectivity is rewritten as r3(2w) = exp(iA¢arr ). Equation (34) is rewritten by using these notations as

i (+)
Isug = 2 - np(2w)epc - e |Bg” (X2t + 12 ide) | expliAdspr + 22 2w)ds + Apar)] + 112 (35)
Uz Qw)tz(2w)

(

Agspp = ‘1’;;}1 ¢SPP + 2k (w)d, is the phase differ- SPP-enhanced fields at z = zj, or the polymer/Ag interface.

ence between the forward- and backward-propagating 21 — Zo and zp — z; are replaced by d; and dy, respectively.
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FIG. 7. (a) Reflectivity, (b) field enhancement, and (c¢) SHG
signal numerically calculated with the transfer matrix method for
PMMA /Ag/BK7 structure. The black, red, blue, green, and purple
curves correspond to the data for polymer thicknesses d, = 0, 20, 40,
60, and 80 nm, respectively.

Equation (35) consists of the products of the three terms.
The first term, népp» is attributed to the field enhancements

due to the SPP resonance. The second term, (Xs(fﬁf o T

Xt(,il)k,effd2)2’ is related to the NLO light-matter interaction
length inside the polymer layer. Since the polymer layer
thickness was much smaller than the phase-matching coher-
ence length, this term increases as a quadratic function of
d,. The third term, |exp[i(2A¢spp + 2k2(2w)ds + Adarr) +
1|2, is related to the interference between the forward- and
backward-propagating SHG waves. The degree of the inter-
ference depends on the three phase terms, that is, Agspp,
2k, (2w)dy and Agarr. Apspp is the phase difference between
the forward- and backward-propagating SPP-enhanced fields.
217(2w)d, is caused by the propagation of the SHG waves
inside the polymer layer. A¢arr is the phase change of the
forward-propagating SHG waves upon total reflection at the
air/polymer interface.

IV. DISCUSSION

Figures 7(a) and 8(a) present the reflectivity with 6,
which were calculated numerically with Eq. (12), for the
PMMA /Ag/BK7 and NLO polymer/Ag/BK7 structures, re-
spectively. The calculations were performed for the systems
for d,=0, 20, 40, 60, and 80 nm, and the polarization direction
of the excitation light was p polarized. The refractive indexes
of PMMA, BK7 glass and Ag were taken from references
[52-54] in the calculation for the PMMA /Ag/BK?7 structure.

Reflectivity
o —_
[$;] o

o
o

)]

o
—_~
O
-

2

N P
o o
T T
1 1

o

(c)

w
o
T
1

N
o
T
1

-
o
T
1

SHG Intensity (arb. units) "sPP

e .

45 50 55
Incidence Angle (deg)

o

N
o

FIG. 8. (a) Reflectivity, (b) field enhancement, and (¢) SHG
signal numerically calculated with the transfer matrix method for
NLO polymer/Ag/BK7 structure. The black, red, blue, green, and
purple curves correspond to the data for polymer thicknesses d, = 0,
20, 40, 60, and 80 nm, respectively.

The refractive index for the NLO polymer was assumed to be
2% above that of the bare PMMA in the calcuation for the
NLO polymer/Ag/BK?7 structure. The dip structure was re-
produced in the reflectivity spectrum calculated. Furthermore,
the calculated position of the dip agreed with the experimental
position.

The degree of the field enhancement n3p, was cal-
culated with Eq. (14) and is presented in Fig. 7(b)
for the PMMA/Ag/BK7 and Fig. 8(b) for the NLO
polymer/Ag/BK7 structures. The present experiment was
performed by using femtosecond optical pulses with a spectral
width of AX ~ 9 nm. The calculated band width of n3,, was
larger than AX. The calculations under the monochromatic
conditions were available for analysis of the present experi-
mental results. n3p, was weakly dependent on d, and slightly
decreased at larger d,. néPP at d, = 80 nm was 82% of the
value at dy = 0 nm.

The SHG intensities were calculated with 6., for the
PMMA/Ag/BK7 and NLO polymer/Ag/BK7 structures
by using Eq. (35) and are shown in Figs. 7(c) and 8(c),
respectively. In the calculation of the NLO ?olymer/ Ag/BK7
structure, the parameters Xbulk e/ Xsurf e =45 [nm],

(2) / X(Z)

(2) (2)
Xoulk zxe/ Xoulk 2z = 0-26and Xpuy oo/ Xpuiy oo = 029 were
used. The surfacelike nonlinear susceptibility of Ag and the
bulk of the NLO polymers are represented with different
units. The former and the latter are [mz/V] and [m/V]

2) )
respectively. The ratios Xbulk zee/ Xoulk,zzz A0 Xoune o/ Xbulk 22z

were cited from the data of nonelectrically poled NLO
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polymers on SiO, substrates from our previous study [42].
In the calculation of the PMMA /Ag/BK?7 structure, the bulk
nonlinear susceptibilities Xlgﬁl)k,zzz’ Xt(,lzﬂ)k.m and Xlgﬁl)k,xzx were

(2)

set to zero, and only the surface susceptibility xg ...

considered.

In a precious sense, the nonlinear susceptibilities of the
NLO polymer and Ag were complex. The wavelength dis-
persion of the phase in the susceptibilities had to be taken
into account in the calculation for the NLO polymer/Ag/Bk7
structure. In the present case, however, the absolute values
of the susceptibilities were used for the calculations. It was
because the SHG conversions were predominantly determined
by the nonlinear polarizations due to the NLO polymers for
the NLO polymer/Ag/BK7 structure, as will be seen later.
The dispersion exerted the limited influences on them.

Equation (35) was derived under the condition that the
polymer thickness was much smaller than the phase-matching
coherence length, or d, << 1/Ak,. 1/ Ak, was calculated by
using ny(w) = 1.4847 and ny (2w) = 1.5021, or the refractive
index of the polymer layer at the w and 2w-frequencies. This
value was 1/Axp ~ 2.2 um at d, = 80 nm, the largest poly-
mer thickness in the present study. Therefore, the condition
d, << 1/Ak, was satisfied and the use of Eq. (35) was valid.

The SHG spectra calculated reproduced several features
of the experimental data of both structures. The monotonous
decrease of the SHG intensity with d, was reproduced for the
PMMA /Ag/BK7 structure. In the calculation for the NLO
polymer/Ag/BK7 structure, the SHG intensities at d, = 20
and 40 nm were much higher than that at d, = 0 nm, or
the bare Ag surface, and decreased rather than increased at
larger d>.

The calculation was performed for the structures with
different d, to address the formation and propagation be-
haviors of the SHG waves in more detail. The SHG in-
tensities at the SPP resonances were presented for the
NLO polymer/Ag/BK7 and PMMA /Ag/BK7 structures in
Figs. 9(a) and 9(b), respectively, along with the experimental
data in Fig. 4. The SHG signals of the NLO polymer/Ag/BK7
structure were mostly converted by the bulk nonlinear sus-
ceptibility of the NLO polymer. The experimental data were
reproduced well even without considering the surfacelike
nonlinear susceptibility of Ag.

According to Eq. (35), the SHG conversion efficiencies are
expressed as the product of three terms. The contributions of
these terms are presented in Fig. 9(a). The first term, T)épp, is
related to the degree of SPP-field enhancement. As mentioned
above, this term slightly declined at larger d,. This factor
does not play a predominant role in the d, dependence of
the SHG conversion efficiencies. The second term, ( Xs(jx)f,eff +

Xéil)k,efde)z’ is related to the NLO light-matter interaction
length. This term obeys the quadratic function of d, and
monotonously increases as d; increases.

The third term, | exp[i(2A¢spp + 262 2w)d, + Aparr)] +
112, is given by the degree of interference between the
forward- and backward-propagating SHG waves. The phase
terms in the third were further decomposed into the three com-
ponents 2A¢spp, 2k2(2w)d,, and Agarr. The term 2Adgspp
relates to the phase shift imposed on the fundamental waves
upon SPP resonance. The term 2«,(2w)d; is caused by the

was
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FIG. 9. (a) SHG intensity versus polymer film thickness for
the NLO polymer/Ag/BK7 structure (red filled circles) along with
the numerical data calculated with Eq. (33) (red solid curve).
The constituent terms of néPP (black dashed curve), ( Xs(fr)f i T
Xoaerrd2)? (blue dotted curve), and expli(2Adspp + 2k2(2w)ds +
A¢arr] + 1)* (green dash-dotted curve) are shown. (b) The same
for the PMMA /Ag/BKT7 structures. (c) The phase terms in Eq. (33).
Ao (black curve) is the summation of A¢ggpp (red dashed curve),
2k, (2w)d, (blue dotted curve), and A@arr (green dash-dotted curve).

propagation of the SHG waves inside the polymer layer and
increased almost linearly with d,. The term A¢arr is related
to the change in the phase of the SHG waves due to attenuated
total reflection (ATR) at the air/polymer interface. A pair of
SHG waves interfered the most constructively at Ago = 0°
and the most destructively at Ay = £180°.

The d, dependence of the total phase shift Ao iS sShown
in Fig. 9(c), along with the constituent components 2A¢spp,
2k2(2w)d,, and A¢arr. The term 2A¢pspp was almost inde-
pendent of d,. The term 2k, (2w)d, monotonously increased
with d,, while A¢arr decreased monotonously. The total
phase difference Aoy Was virtually determined by the terms
2k,(2w)d, and Agarr. The phase difference monotonously
decreased with d, and crossed A@m = —180° at dp ~
60 nm. Therefore, the forward- and backward-propagating
SHG waves interfered more destructively as the polymer
thickness d, increased in the region d, = 0 — 60 nm and
interfered more constructively in the region d, > 60 nm at
larger d>.

In the calculation of the PMMA /Ag/BK7 structure, only
the surfacelike nonlinear susceptibility was taken into ac-
count, and the nonlinear response was independent of d,. In
addition, the term due to n3pp exhibited weak dependence
on dy. The SHG conversion efficiency was predominantly
determined by the term related to the interference between the
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forward- and backward-propagating SHG waves. The good
agreement between the experimental and numerical data met
expectations. Equation (35) indicted that the SHG conversion
efficiencies switched from decreasing to increasing at d, =
60 nm. However, Agi Was close to —180° in the region
60 < d, < 80 nm, and the expected SHG intensities were
much lower than that at d, = 0 nm. It is plausible that the
SHG conversion efficiencies did not exhibit any significant
increases in that region.

The SHG conversion efficiencies of the NLO
polymer/Ag/BK7 structure were determined by not only
the term related to the interference but also the term related to
the NLO light-matter interaction length. As d, increased, the
former monotonously decreased and the latter monotonously
increased in the region 0 < d, < 60 nm [Fig. 9(a)]. In the
region dp < 25 nm, the former dominated the latter and
vice versa at larger d,. The optimal condition of the SHG
conversion efficiency was determined by the balance between
the two factors. Both the forward- and backward-propagating
SHG waves progressively increased inside the structures as
d, increased, because of the longer light-matter interaction
length in the NLO polymer layer. However, pairs of the SHG
waves were superposed more destructively and were extracted
less efficiently outside of prism at larger d,.

Ao crossed —180° at dy = 60 nm. The forward- and
backward-propagating SHG waves are expected to interfere
more constructively and higher SHG signals are obtained at
larger d5. In practice, the numerical data exhibited a buildup
of the SHG signals in these regions. However, a buildup
of the SHG signals was not clearly observed in the present
experimental results.

The discrepancy between the experimental and numerical
data was probably due to artifacts caused by the configu-
rational restrictions of the present spectroscopic apparatus.
Because of the angular dispersion in the prism, the rays of
the SHG beams propagated off the axis of the retroreflected
fundamental excitation light. The SHG beams were distanced
from the beams of the excitation lights, and it is possible that
the beams protruded from the effective areas of the reflection
mirrors in the optical path or the focusing lens in front of
the photodetector at larger 6. The SHG waves were easier
to measure in smaller ranges of 6. than the fundamental

waves and were not measured correctly in larger ranges
Of Oex.

V. CONCLUSIONS

The present paper reported the SHG behaviors of NLO
polymer/Ag/BK?7 structures at SPP resonances. Our exper-
imental results proved that the growth of an NLO poly-
mer on an Ag surface was suitable for enhancing the SHG
conversion efficiencies of the system. The SHG conversion
efficiencies were dependent on the NLO polymer thickness.
The maximum SHG conversion efficiency was approximately
40 times higher than that of the nonpolymer-coated Ag/BK7
structure. The experiments were performed on a reference
system consisting of the bare PMMA /Ag/BK7 structure. The
SHG conversion efficiencies of the reference monotonously
decreased as the polymer thickness increased.

The NLO light conversion procedures were numerically
examined by using an approach combining the transfer matrix
method with Green’s function analysis. The experimental data
were reproduced well by the numerical data. The SHG con-
version efficiencies for the NLO polymer/Ag/BK?7 structure
were determined by the balance between the NLO light-
matter interaction length inside the NLO polymer and the
degree of the interference between the forward-propagating
and backward-propagating SHG waves inside the NLO poly-
mer layer. On the other hand, the conversion efficiencies of
the reference system were predominantly determined by the
latter factor. The present paper demonstrated that hybridizing
plasmonic metal surfaces with NLO polymers was suitable
for overcoming inadequate light-matter interaction lengths in
existing nonlinear plasmonic systems.
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