Optical Engineering 44(3), 034001 (March 2005)

Fabrication and metrology of an electro-optic
polymer light modulator based on waveguide-
coupled surface plasmon resonance

J.-J. Chyou Abstract. This study presents a novel high-efficiency electro-optic (EO)
C.-S. Chu light modulator whose operation is based on the attenuated total reflec-
Z.-H. Shih tion effect, in which the surface plasmon wave is excited by an incident
C.-Y. Lin waveguide light wave. The EO light modulator is fabricated using a non-
National Central University linear optical polymer material that is a side-chain EO polyimide with
Department of Mechanical Engineering 2-[N-ethyl-4-(tricyanovinyl)anilino]ethanol chromophore. The modulator
Chung-Li 320, Taiwan is characterized, and its performance tested, in terms of the thickness
and dielectric constant of the polymer thin film, the EO coefficient, the
S.-J. Chen, MEMBER SPIE insertion loss, and the modulation index. Additionally, the dynamic re-
National Cheng Kung University sponse of the EO light modulator is fully investigated and discussed.
Department of Engineering Science © 2005 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1868775]

Tainan 701, Taiwan

E-mail: sheanjen@mail.ncku.edu.tw Subject terms: surface plasmon resonance; attenuated total reflection; electro-

optic polymer; waveguide-coupled; nonlinear optical.

C.-F. Shu Paper 040172 received Mar. 29, 2004; revised manuscript received Aug. 18,
National Chiao Tung University 2004; accepted for publication Sep. 2, 2004; published online Mar. 10, 2005.
Department of Applied Chemistry

Hsin-Chu 300, Taiwan

1 Introduction tric medium. When the phase conditions of the two waves
g at the interface match, the majority of the incident light
energy is transferred into the SPW and subsequently gen-
erates the ATR spectrutfl. The high sensitivity of the
propagation constant to the interfacial properties of the
metal film and the dielectric sample medium renders SPR
particularly suitable for biosensdfs and light mod-
ulators®®~°

The SPR light modulator can provide lower optical loss,
easier alignment, and a lower modulation voltage
requirement:® A high-frequency SPR EO light modulator
using a piezoelectric material has been proposed, but re-
quires a high modulation voltageAn EO light modulator
utilizing an EO thin film has also been propogedhis
modulator electrically enhances the efficiency of the colli-
'mating monochromatic beam coupling into a long-range
SPR (LRSPR), thereby reducing the required modulating
voltage. A high-frequency SPR modulat@e22 GH2 us-
ing an inorganic EO materidiGaAs has been fabricated,
but has a low modulation index0.1%.° Although the
modulation index of EO light modulators employing EO
thin films has been improved by electrically varying the
efficiency of the coupling of a collimating monochromatic
beam into the SPW, the modulation voltage at these volt-
ages may be as high as 106 Xn EO polymer light modu-
lator with a waveguide structure, in which the efficiency of
the waveguide-coupled resonan®®CR) is varied electri-
cally, has also been presenfefio enhance the modulation
efficiency of EO light modulators, the present study pro-
poses a novel design that electrically varies the degree of
coupling of the collimating monochromatic beam into the

The increasing demand in the optical communications fiel
for light modulators with broader bandwidths and higher
efficiency has led to the recent development of electro-optic
(EO) light modulators, which provide a fast frequency re-
sponse (>10 GH2 and avoid undesirable wavelength
modulation by applying a direct current modulation of the
laser diodé. EO materials are generally divided into two
types, namely inorganic crystalline materials such as
lithium niobate (LiNbQ), silica, and GaAs, and organic
polymer materials such as polymer and acrylic. Commer-
cial EO modulators using inorganic crystalline materials
are generally found in optical communication applications,
which demand safe operation and extended life cycles.
However, these devices not only are fragile and expensive
but also require a high modulation voltage and yield only a
limited modulated spectrum. In contrast, organic EO mate-
rials such as nonlinear opticlNLO) polymers offer nu-
merous advantages, including a straightforward manufac-
turing process, low cost, a wider frequency spectrum
(>100 GH2, a low modulation voltagé<5 V), lower op-

tical loss, and a high EO coefficiehtSince EO polymer
materials are at least 10 times faster than their inorganic
crystalline counterparts, and are cheaper and generally
more suitable for the emerging high-frequency optical com-
munications applications, many researchers have investi-
gated their use in the design of EO light modulaftr.

Many studies have investigated surface plasmon reso-
nance(SPR EO light modulators that utilize the attenuated
total reflection(ATR) method®®° SPR is an optical phe-
nomenon in which an incident transverse magnetivt) waveguide-coupled surface plasmon resonaii¢€SPR.
light wave excites a surface plasmon wa@&®W) existing It is shown that this device is far more efficient than either
along the interface between a thin metal film and a dielec- o SPR, the LRSPR, or the WCR EO light modulator.

In this paper, we report some of our work on fabricating,
0091-3286/2005/$22.00 © 2005 SPIE characterizing, and testing an EO polymer modulator made
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from a side-chain EO polyimide with P\J-ethyl—4- interface between the gold ground electrode and the air
(tricyanoviny)anilinolethanol chromophor&:®? Initially, layer. As shown in the figure, the waveguide layer results in

we introduce the principles of the WCSPR light modulator, multiple-beam Fabry-Perdf=P) interference. The excita-
and then describes the fabrication of the proposed devicetion of the SPW at the interface between the gold ground
including the EO polymer preparation, the EO thin-film electrode and the air buffer is influenced by the FP effect in
fabrication, and the poling process. The metrology of the the waveguide layer.

modulator’s performance is also discussed in terms of the  For the five-layered ATR coupling scheme shown in Fig.
EO coefficient, modulation index, stability, and radio- 1, the total reflection from the complex interface between
frequency(rf) modulation. Also, the dynamic response of n, andn; can be expressed®s

the EO light modulator is fully investigated and discussed.

Finally, we present some brief conclusions. (Irod |1 125d)? $o1~ (12341 01)
1+ 2 Fo1234Sin” >
2 Waveguide-Coupled Surface Plasmon | = (1+[roil-|razsd) ,
Resonance | Port (Pr2agt 51)}
1—Fo1234Sir?
The reflectivity of ATR light modulators is highly sensitive 2
to the refractive index modulation of the EO thin film and (1)

to the slope at the working point chosen for the proposed } ] ]
modulation, within the dip of the SPR spectrum. To im- Where 6;=(4m/\)n,d; cosé,; is the optical path differ-
prove the efficiency of these modulators, this paper pro- ence induced by a metal layar,( of thicknesgd,, \ is the
poses a five-layered light modulator based on a modified wavelength of the incident lighty;; is the angle of trans-
Kretschmann ATR configuration. As shown in Fig. 1, the mission at the interface between mediagiandn,, bij is
device consists of a control layer comprising a glass slide the phase of the reflectivity; from interfacei to j, ¢y is

and a Teﬁ?l' tplin film, af:j ECI) P0|ydmef f“g‘ Wavggluide |aL)J/er1 the phase of the reflectivity;;,, from interfacei to |, and
a metal thin-film ground electrode, and an air layer. Usu- £ 4¢ 10 1r 114 |rol - |Fiasd)? i the equivalent

ally, Au or Ag is the best candidate for the metal thin films  ghasse coefficient of the FP interference.
in the visible light region. The glass slide is optically con- The minimum value of the total reflectionin Eq. (1)

tacted with a prism via an index-matching oil, which re- .-« \when the following relationship is satisfied:
duces the refractive index jump at the interface. In the an-

gular interrogation mode, the incident TM light beam is
partly reflected and partly transmitted when the incident
angle is less than the critical angle at the interface between ) ) )
metal layer and prism. If the thickness of EO polymer is Where ;= (4m/\)nxd, cosé, is the optical path differ-
larger than half the wavelength of the incident TM light €nce induced by the waveguide layep) of thicknessd,,
beam and satisfies a phase-matching condition for construc-and 6, is the transmission angle at the interface between
tive interference inside the waveguide layer, the transmitted media n; and n,. Equation (2) describes the phase-
light beam will excite a surface plasmon wave along the matching condition of WCSPR, in which the majority of

b1t dozat 6=2mm, m=0,1,2,..., 2
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Fig. 2 Resonance angular positions for five-layered system [A=632.8 nm; SF-59 prism (n=1.964),
thin silver film (e=—17.6+0.67, d=30 nm), EO polymer (n=1.69, d=1000 nm), silver ground elec-
trode (e=—17.6+i0.67, d=25nm)]. WCR: 24.5, 40, 48.2, and 56.7 deg; SPR: 70 deg; WCSPR: 32
deg.

the incident light photon energy transferred in the normal posed WCSPR mode as the optimal design for a light
propagation mode in the waveguide layer is confined within modulator.
the waveguide layer and is coupled with the SPW at the = The modulation relationship between the EO coefficient
interface between the gold ground electrode and the airof the EO polymer and the applied voltage is giverl by
buffer. This coupling is indicated by a dip in the APR spec-
trum. S _ _ AR ras

This reflectivity dip, with a 632.8-nm-wavelength light — = —ng— —_ (3)
source, is observed as SPR, WCR, and WCSPR modes iV A 4ld;
the ATR spectrum shown in Fig. 2, where the various dips
are calculated using the Fresnel equatipxs632.8 nm; whereAR is reflectance change due to the applied voltage
SF-59 prism (=1.964), thin silver fim e=-17.6 AV, n, is the refractive index of the EO polymer material
+i0.67,d=30nm), EO polymerf=1.69,d=1000 nm), before modulation; 55 is the EO coefficient of the EO poly-
silver ground electrode e=—17.6+i0.67, d=25nm)]. mer, d, is the thickness of the EO thin film, is the wave-
Besides the usual SPR dip located at an incident angle oflength of the incident light, and; is the internal damping
70 deg, a dip with a much steeper slope is evident at anof the light modulator. From Eq(3), the EO modulator
incident angle of 32 deg. This dip is associated with the hecomes more efficient as the applied voltage decreases
WCSPR resonance mode. The four remaining dips are alland the resulting reflectance change increases. Therefore, in
WCR mode resonances, for their positions coincide with view of the superior EO coefficients of EO polymer and the
the position matched with the waveguide mode. Moreover, greater sensitivity to reflectance change of the WCSPR than
the WCR dip at 24.5 deg is broader than the other WCR of other modes, we choose the WCSPR dip as the working
dips because its incident angle is less than the critical angleposition for the modulator.
at the interface between prism and metal layer, so that the
FP effect occurring in the waveguide layer is less enhanced.

To delineate the WCSPR phenomenon more clearly, the

magnitude of the electric field distribution along the direc- 1000 T ; ; Ty ; : x

tion perpendicular to the film interfacg,, is calculated 800} «) - f;(IEz) i

theoretically for the WCSPR mode when the angular posi- sooL ) - |

tion of the incident light beam is fixed at 32 deg. The cor- g Prism '\5

responding results, presented in Fig. 3, indicate that they 400r ) ]

multiple beam reflection inside the waveguide layer 8 200} . ) _

couples with the SPW at the interface between the metalé N M

electrode and the air if the thickness and refraction index of g 0 Metablayer 7

the waveguide layer satisfy the phase-matching condition.% -200- ,:') .

Under these conditions, the electric field is significantly & 4l I -

enhanced. In other words, the magnitude of the electricﬁ E-O layer (D

field is much stronger at the interface than within the wave- § %[ 1 il

guide when the incidence angle corresponds to the WCSPRS -8t ‘ <& .

angular position. Figure 2 demonstrates that the reflectivity .00l Metal] o) i

dip in the WCSPR mode is much narrower than the dips Air -

associated with the traditional SPR or WCR spectrums. 120t . . "+ . T A

Consequently, the optimal working angle of the modulator 1 08 06 04 02 0 02 04 06 08 i
normalized E,

is specified to be close to the resonance angle of the
WCSPR mode rather than to the angle of either the SPR orFig. 3 Magnitude of electric field distribution along the direction per-
WCR modes. Subsequently, this study adopted the pro-pendicular to the film interface (E,) at an incident angle of 32 deg.
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Fig. 4 The side-chain EO polyimide with 2-[N-ethyl-4-(tricyanovinyl)anilino]ethanol chromophore.

3 Fabrication EO polymer waveguide layer, made of NLO side-chain
o o E-O polyimide, was spin-coated onto the substrate using a
3.1 EO Polymer Thin-Film Fabrication spinning machingK-359SD-1 by Kyowariken Co. In the

Since the modulation efficiency is closely related to the spinning process, 0.01 ml of the polymer solution was used
properties of the EO thin film, the selection of an appropri- and the machine was operated at 1000 rpm for 30 s. The
ate EO material for the waveguide is crucial. This study thickness of the EO polymer waveguide film was controlled
employs the NLO side-chain EO polyimide with[R- to be approximately Jum. Using an atomic force micro-
ethyl-4{tricyanoviny)anilinolethanol chromophore, shown scope(AFM), the surface roughness of the EO polymer
in Fig. 4, as the EO waveguide matertalt® The properties ~ was observed to be approximately 1.1 nm. The samples
of this EO polymer include(a) a glass transition tempera- were baked in a vacuum oven at 145°C for a minimum of
ture of approximately 183°Qp) a maximum wavelength 12 h and then placed on the top of the hot stage at 160°C
absorption of approximately 520 nr(g) a high solubility, for 30 min in order to remove the solvent. Finally, a gold
which enhances film formation, arid) good thermal sta-  film was sputter-coated onto the samples to form the
bility, which permits 90% EO coefficient retention after ground electrode for the poling and modulation processes.
400 hin a 100°C environmeht.The EO polymer used was  The thickness of the gold electrode was controlled at ap-
prepared by using a solvent such as cyclohexanone or chloproximately 35 nm(area 7.08 mr), and the overlapped
roform to dissolve 15 wt% of NLO polymer solid powder. modulation area was approximately 6.25 fam
The resultin? polymer solution was then sifted through a
0.2-um filter.3

In fabricating the EO polymer modulator, a continuous
deposition systen{fARC-12M, Plasma Science Qowas 3.2 Poling Process
used to sputter-coat a gold film onto the glass s(Bl-7,
ny=1.515) in order to form the control electrode. The
thickness of the gold film was controlled to be 30 fanea
19.634 mm) with an accuracy of 1 nm. Subsequently, the

A contact poling process was applied to the EO polymer
modulator to align the nonlinear molecular structure of the
EO polymer** In this process, an 80-WMm dc electric field
was applied for 20 min in a 150°C environment, and the
polymer was then allowed to cool to room temperature
while the electric field was maintained at the poling volt-
age. The temperature-time chart for this contact poling pro-

i
T, i cess is shown in Fig. 5. The strong dipole moment orients
tmpmmﬁM the NLO polymers, causing the EO polymer to become
i T noncentrosymmetric and the EO property to be enhanced.
l

As shown in Table 1, the poling results, and hence the EO

|
|
|
i
voltage i propert_ies(such as the _E_O coefficigntare dependent on
— : — the_ pollpg process condlpor!s: the temperature, voltage, apd
l i : poling time. The reSl_JIts |nd|c§1te t_hat t_here is no change in
: — : the EO coefficient 53 if the poling time is less than 10 min
and the poling temperature exceeds the glass transition tem-
Fig. 5 Contact poling process for EO polymer. T, : poling tempera- perature. The optimal EO coefficient is 6 pm/V, achieved
ture; T,: room temperature; V,,: poling voltage. with poling conditions of 170°C and 80 M.
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Table 1 EO properties for various poling conditions. angular positions on a single ATR spectrum. This method is
referred to as the two-waveguide-coupled-m¢@eévVCM)
Poling time Poling temp. Poling field EO coeff. method, and is applicable to any ATR structure incorporat-
(min) ©) (V/pum) (pmN) ing an EO waveguide of sufficient thickness to yield the
5 170 90 0.87 WCR mode in its ATR spectrum. This method enables the
5 175 95 0.87 estimation of the EO polymer optical properties either by
10 170 80 6 solvin_g .the ir_]tersectiqn of the possible solution curves in
20 170 80 6 data fitting with two dips from two TE modes, or two TM
modes, or one TE mode and one TM mode when the wave-
20 150 80 6 guide material is isotropic; or with two dips from two TE
20 175 80 6 modes or two TM modes when the waveguide material is
anisotropic(see Fig. 6. A data analysis of the present ATR
spectrum reveals the following optical properties of the
gold ground electroden;=0.266, k;=3.520, andd;
4 Metrology =27.146 nm. Meanwhile, TWCM analysi§ig. 6) of the
4.1 Determination of Polymer Film Dielectric ATR spectrum(Fig. 7) shows that the optical properties of
Constant and Thickness the EO thin film are n,=1.63, k,=0.002, andd,

It is crucial that the optical properties of each layer within — 1313 nm. Similarly, data analysis indicates that the opti-
the modulator system be precisely predicted and monitoredC@l Properties of the control gold electrode arg=0.184,

if the performance of the device is to be optimized. For Ki=3.569, andl;=35.026 nm. The polymer film sample is
instance, the original refractive index and thickness of the then contacted with a prism to form the EO light modulator
EO waveguide must be predicted before the modulating shown in Fig. 1. We use gold rather than silver in our
electric field across the EO thin film can be calculated from proposed modulator for experiment because gold is more
Eq. (3). Therefore, this study employs a home-made me- Stable in the fabrication process. We also employed a BK-7
trology system(see Fig. 1 to characterize the respective prism instead of an SF-59 prism because the BK-7 prism is
refractive indexes and thicknesses of the EO waveguidecheap and easy to acquire. The working point of the EO
and metal layer. Several ATR-related techniques have beerlight modulator is then specified as an incident angle of 36
proposed previously to determine the optical properties deg. By calculating the magnitude of the electric field dis-
(viz., the thicknessl and relative permittivitye) of metal or tribution E, along the direction perpendicular to the film
dielectric thin films. These methods includ@) a data- interface atf=36 deg, it is determined that the incident
fitting technique that adjusts the parameters for optical energy is totally confined within the waveguide EO layer
properties until the theoretical plot obtained from the and the SPW. In other words, the modulator is more effi-
Fresnel equation closely approximates the experimentalcient when the light wave is incident at this angle than at
SPR spectrun® (b) measuring angle-modulated spectra any other angular position.

with two different buffers® with two different

wavelengths/ or with different metal thicknesse&) mea- 4.2 EO Coefficient

suring wavelength-modulated spectra with two different in-
cident angles® and(d) data estimation based on linear sta-

.. . 9'20
t'St_'ﬁ?l model fa{lhalyzét. fitting techniae to determine the MUM reflection light modulation was found to be approxi-
€ use ol the data-fitting technique to determine ine mately 1.1%. The corresponding refractive index change

optical properties usually yields an ambiguous result. To was 0.00045. From Ed3), it was determined that the EO
circumvent this ambiguity, different wavelengths and a coefficient 53 of the EO thin film was about 9.8 pm/\V.

least-squares fit of the reflectance minimum at the resonantWhen the working point was specified as an incident angle
excitation of the SPW can be used to determine a unique )~ ac 5 deg(WCSPR and a 30-V dc voltage was ap-

. 1 .
correct solutiorf! In a previous study, the present authors plied, the insertion loss was measured-a3.4 dB. After

devised an improved numerical analysis method, which oling, the EO film was found to remain stable for at least
combined modified linear data estimation and the multiex- tpwo r%bnths

periment linear data analysis meth3dThe latter method
yields a more accurate solution for the parameters of inter- .
est than conventional analytical methods, reduces variabil-4-3 Dynamic Response
ity, and excludes the colored noise arising from accidental To perform dynamic modulation, a 10-MHz 7-V sine wave
error noise incurred during the metrology process. Al- was applied across the EO polymer light modulator. The
though the optical properties of the metal layer and gold experimental results, presented in Fig. 8, indicate that the
electrode in the present modulator can be estimated usingmodulation index was equal to 0.5%, which is clearly less
the multiexperiment data analysis method, it is difficult to than the 4% value predicted theoretically. This unexpected
predict the optical properties of the EO polymer from a performance might be attributed to the fact that the present
single ATR spectrum, due to the virtual absence of the EO experiment does not involve an optimal design condition,
polymer absorption coefficient. viz., the metal layer is gold rather than silver. Gold was
Since the ATR spectrum of an EO polymer light modu- used for the modulation experiment because of its stability
lator system has many reflection dips, the present studyin the fabrication process. Therefore, the modulation per-
devises an optical properties determination method which formance cannot be expected to be as good as the simula-
uses data fitting around two WCR dips located at different tion result with silver film. By simulation with various

To test the modulation performance of the proposed EO
light modulator, a 30-V dc voltage was applied. The maxi-
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Fig. 6 Solutions for EO polymer by TWCM. (The optical properties of the EO thin film from the
analysis are n,=1.63, k,=0.002, and d,=1313 nm.)

noble metals, it is found that the SPR dip with silver filmin 5 Conclusions

the visible light region is the narrowest and sharpest. There-
fore, silver is a better candidate for metal film in the visible
region if the fabrication and stability can be controlféd.

Furthermore, the modulator is not as fast as the theoretical

bandwidth of 25 MHz, since the electrode afaative area
6.25 mnf) is somewhat larger than the value used in the
theoretical calculatiofil mn). If the fabrication process of
the EO polymer light modulator can be further improved so

that the ground electrode area is reduced, the bandwidth of
the proposed EO polymer light modulator can be broadened

correspondingly.

o

Reflectivity
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0
32
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Fig. 7 ATR spectrum for prism (BK-7), gold film, and EO polymer.
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This study has fabricated, characterized, and tested an EO
polymer light modulator. The modulation index, EO coef-
ficient, and insertion loss in a 632.8-nm-wavelength free-
space laser communication link have all been presented.
The EO polymer fabrication process is straightforward, and
hence the proposed modulator is suitable for mass produc-
tion and for integration with semiconductor processes. The
present study has demonstrated that the modulation effi-
ciency can be improved by specifying an appropriate poling
condition and by using the WCSPR mode as the working
point.
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Fig. 8 Rf modulation on applying 14-V ac across the EO thin film:
(a) output signal, (b) input signal.
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