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Abstract: In this paper we describe the principles of operation as well as the fabrication and 

testing steps of an all-organic waveguide modulator. The modulator comprises an SU-8 core 

and an electro-optic host-guest polymer cladding. The polymer properties are tuned in order 

to achieve single mode operation. We used direct-write laser lithography in two steps for the 

preparation of the devices. The electro-optic coefficient of the polymer is estimated from 

observing the modulation of the device operated in push-pull mode. 
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1. Introduction 

For the last couple of decades, the development of new materials and waveguide structures 

for short-haul optical interconnects has been one of the hottest research topics in photonics 

research and industry. The central problem in this field is the realization of a high bandwidth 
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electro-optic (EO) modulator operating in the fJ/bit regime [1]. In this regard the use of 

organic EO materials has enabled the demonstration of unprecedented 0.7 fJ/bit EO efficiency 

in a silicon-organic device [2], over 170 GHz bandwidth in a plasmonic-organic devices [3,4] 

and sub-volt operation in an all-organic device [5], all operating in the infrared spectral range. 

The key to success of organic EO materials has been their multiple advantageous properties 

such as high EO coefficients reachable waveguide in devices [6–8], low optical absorption in 

the visible and infrared spectral range and compatibility with other commonly used inorganic 

and organic materials [9]. 

In this contribution we demonstrate an all-organic Mach-Zehnder interferometric (MZI) 

EO waveguide modulator comprising an SU-8 and a nonlinear optical (NLO) polymer 

operating in the visible spectral range near the first telecommunication window. The proposed 

all-organic waveguide EO modulator has been realized for the first time to author’s 

knowledge. The employed SU-8 is an epoxy-based negative photoresist with low absorption 

coefficients in the visible and infrared spectral range, a high glass-transition temperature and 

good chemical durability. Also, low propagation loss <1.565 dB/cm in SU-8 waveguides can 

be achieved [10]. In our design SU-8 is used as the waveguide core and EO polymer is 

applied as a cladding. The proposed EO material is a glass forming polymer and used as a 

dopant in a low refractive index host. With such approach we were able to tune the optical 

and chemical properties of the cladding and avoid formation of crystallites. Possibility to tune 

the optical properties of the EO material is shown to be essential during device engineering 

step. The concept that SU-8 could be used as the host material for building all-organic 

integrated circuits follows from the observation that many effects such as EO switching [11–

14], sensing [15] and lasing [16] have already been demonstrated in SU-8 based optical 

waveguide devices. Additional advantageous properties of SU-8 based optical waveguide 

photonics include wide spectral bandwidth and possibility to prepare devices on a 

mechanically flexible substrate which allows device shaping for specific purposes [17,18]. 

2. Modulator fabrication 

2.1 Design and principles of operation 

The all-organic MZI waveguide modulator design top-view and cross-section is illustrated in 

Fig. 1(A) and Fig. 1(B), respectively. 

L=5mm

R=0.5mm

Quartz glass

Cr
SU-8

EO polymer

V2

H=0.7 m
h=0.1 m

V1

Iin

w=20 m

A. B.
Iout

Io

Io
W=1.5 m

nsu8=1.589

np=1.5684

ns=1.45

 

Fig. 1. A. The top-view and the dimensions of elements of the waveguide MZI, where Iin and 

Iout are the light input and output intensities, respectively; Io – the light intensity in the MZI 

arm, R is the bend radius of the waveguide, w is the electrode separation length and L is the 

central electrode length. In the design the light input and output waveguides are purposely 

made to be far apart in order to avoid the scattered and uncoupled light reaching the detector at 
the output. B. The cross-section with dimensions of elements as well as refractive indexes at 

633 nm of the waveguide MZI. The waveguide core is made of SU-8 and has the width W and 
the height H. The electrodes are made of Chromium (Cr) and have a height of h. Voltages V1 

and V2 can be applied during poling and modulation. 

The design has been profoundly described elsewhere [19]. It comprises an SU-8 

waveguide core, electrodes in the plane with the waveguide core and an EO polymer coating. 
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A similar concept of having a thin passive waveguide core and an EO active cladding has 

been realized on Silicon-on-Insulator (SOI) platform as well as in a TiO2 waveguide device 

only very recently [20–22]. 

The light output intensity Iout of the illustrated waveguide MZI depends on the phase 

difference of the beams in MZI arms. The Iout can be written as: 

   1 cosout o oI I       (1) 

where Io is the light intensity in each arm of the MZI, φo is the phase bias caused by the 

optical path length difference between the MZI arms, and Δφ is the phase difference due to 

EO effect [23]. The last can be approximated by the equation: 

 

3

,
2

gk r n V L

w


    
  


 (2) 

where k is the wavenumber, r is the effective EO coefficient, ng is the group index in the 

waveguide, L is the interaction length, V is the applied voltage and Γ is the overlap integral 

between the applied electric field and the optical mode [24]. It is relevant to note the 

importance of using the group index ng in Eq. (2). The ng accounts for dispersion in the 

waveguide and should be calculated according to the equation [25]: 

 ,
eff

g eff

dn
n n

d



   (3) 

where neff is the effective refractive index. The group index and effective refractive index can 

differ significantly in waveguides where strong light confinement is present. Not accounting 

for group slowdown factor may lead to overestimation of EO coefficient [26]. Our 

calculations showed that in the proposed waveguide design the ngneff. This is because the 

waveguides are weakly confining the light and the material has low dispersion at the 

employed laser wavelength. 

One of the most important parameters of an EO modulator is the drive voltage – voltage 

necessary to induce the phase variation Δφ = π. As evident from Eq. (2) the drive voltage can 

be reduced by increase of the modulator length L and by reduction of the inter-electrode 

distance w. Both result in an increased light propagation loss [8]. 

It is also important to have a high overlap integral Γ. For this in the design shown above it 

is favorable to have waveguides with modes less confined in the core. This results in the light 

to be more sensitive to the refractive index changes in the cladding. Higher Γ can be achieved 

by reducing either the size of the waveguide core or the contrast of the core and cladding 

refractive indices. Another favorable aspect of reducing the waveguide core dimensions and 

the core and cladding refractive index contrast is the possibility to have a single mode 

operation of the waveguide device [27,28]. However, mode penetration in the cladding may 

induce additional light propagation loss due to high interaction of light with the scattering 

boundary of the waveguide core [29] as well as due to radiation loss in the waveguide bends 

[30]. 

Despite the latter we aimed to make as small a waveguide core as possible for the sake of 

the highest EO efficiency. Our preliminary experiments showed that the smallest achievable 

SU-8 waveguides we can prepare with the available direct-write laser lithography have width 

W = 1.5 µm and height H = 0.7 µm. The waveguide core dimensions were fixed at the 

mentioned values. In the optimization step we concentrated on reaching the single transverse 

electric (TE) mode operation at 633 nm as well as increasing the overlap integral Γ by 

variation of the refractive index of the EO polymer. 
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2.2 EO polymer 

We used a low molecular weight compound 2-(4-(bis(5,5,5-

triphenylpentyl)amino)benzylidene)-1H-indene-1,3(2H)-dione (DMABI-Ph6) as an NLO 

chromophore for doping a PMMA matrix. DMABI-Ph6 is an organic glass forming 

compound with an absorption peak at 500 nm [31]. The absorbance spectrum and the 

molecular structure of DMABI-Ph6 is shown in Fig. 2(A). DMABI-Ph6 was selected mainly 

due to two reasons. Firstly, DMABI-Ph6 is amorphous and therefore would not crystallize 

during poling, unlike most of other DMABI derivatives [32]. Such effect is gained through 

attaching triphenylpentyl groups to the DMABI molecule. These groups limit the mobility of 

molecules which in turn reduces the probability of crystallization to occur. Crystallization of 

EO chromophores can cause lower EO efficiency, higher probability of dielectric breakdown 

and larger propagation loss. Secondly, the Maker fringe measurements performed at 1064 nm 

with a setup described elsewhere [33] done after corona poling [34] showed that DMABI-Ph6 

possesses a high NLO coefficient – d33(532) = 69.2 pm/V. For this material the NLO 

coefficient values are resonantly enhanced due to the fact that the second harmonic of 1064 

nm is in the absorption band. Therefore, to represent the optical nonlinearity of DMABI-Ph6 

off optical resonance, we used the frequency corrected value according to [35] and got that 

d33(0) = 6.29 pm/V. By using EO and NLO coefficient relation from [36] we estimated that 

the EO coefficient r33 of DMABI-Ph6 at 633 nm should be around 3 pm/V. The EO material 

properties such as refractive index, glass transition temperature as well as EO efficiency are 

strongly dependent on the concentration C of DMABI-Ph6 in the PMMA matrix expressed as 

 6

6

,DMABI Ph

DMABI Ph PMMA

m
C

m m








 (4) 

where mDMABI-Ph6 is the mass of the chromophore and mPMMA is the mass of PMMA. Below in 

Fig. 2(B) the measured glass transition temperatures as well as the NLO coefficients at zero 

frequency are shown as functions of DMABI-6Ph mass concentration C. The glass transition 

temperature Tg was estimated from the second harmonic generation intensity decay 

measurements as described elsewhere [37]. As evident the Tg drops and saturates to around 77 

°C at as little as 10% mass concentration (wt) of DMABI-Ph6 in PMMA matrix. On the 

secondary axis of Fig. 2(B), we plotted the measured NLO coefficient d33(0) which increased 

in the second order with the increase of chromophore concentration. This was surprising 

because a drop in the optical nonlinearity was being expected at higher chromophore number 

density due to dipole-dipole interaction [38]. 
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Fig. 2. A. An absorbance spectrum as well as the molecular structure of nonlinear optical 

chromophore 2-(4-(bis(5,5,5-triphenylpentyl)amino)benzylidene)-1H-indene-1,3(2H)-dione 

(DMABI-Ph6). Absorbance was measured for a 300 nm thick DMABI-Ph6 film on a quartz 
glass substrate. B. The glass transition temperature (black line plotted against the primary y 

axis) and the NLO coefficient at zero frequency (grey line plotted against the secondary y axis) 

as a function of DMABI-Ph6 concentration in PMMA. 
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Below in Fig. 3 the effective refractive indexes neff of the first two modes and the 

corresponding overlap integral Γ of the first mode at 633 nm in the waveguide as a function 

of DMABI-Ph6 chromophore concentration has been depicted. There the secondary x axis 

also indicates the refractive index of EO polymer measured using a commercial prism-coupler 

Model 2010 (Metricon). The neff and Γ were calculated using finite element mode solver in 

Comsol Multiphysics 5.2a Wave Optics module. 
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Fig. 3. The blue lines plotted on primary y axis indicate the effective refractive index neff of 
first and second TE modes as a function of DMABI-Ph6 concentration in PMMA matrix, 

while the red line plotted on secondary y axis indicates the overlap integral Γ of the 1st mode. 

The first dotted vertical line indicates concentration threshold above which the waveguide 
operates in single mode regime. The second dotted vertical line indicates the concentration at 

which the EO polymer becomes the waveguide core. The secondary x axis shows the 

corresponding refractive index np of EO material. 

As evident from Fig. 3 the effective refractive indices of 1st and 2nd TE modes increase 

with DMABI-Ph6 concentration. At around 27% wt threshold indicated by the dotted line 1 in 

Fig. 3, the second mode is almost entirely in the cladding and single mode operation of the 

waveguide is achieved. Further increase of concentration will result in EO polymer refractive 

index above that of SU-8. The refractive index nSU8 of SU-8 after hard-bake was measured to 

be 1.589. This threshold is indicated by the vertical dotted line 2 located at 38% wt. The line 

indicates the concentration C above which the EO polymer would become the waveguide 

core and guiding through the waveguide MZI would be impossible. The waveguide device 

should be prepared with the DMABI-Ph6 concentration between 27 and 38% wt which results 

in overlap integral Γ to be in the range from around 30 to 90%. It is again important to 

emphasize that the bend loss of guided mode increases dramatically with the reduction of the 

refractive index contrast between the waveguide core and cladding [30]. In order to reduce 

the light propagation loss, it was decided to employ EO polymer with the DMABI-Ph6 

concentration in PMMA matrix of 30% wt resulting in overlap integral Γ of around 50% and 

the estimated EO coefficient r33 of around 0.65 pm/V. 

2.3 Fabrication steps 

The device was fabricated on a 1 mm thick quartz glass substrate with refractive index ns of 

1.45 (Quartz Scientific). The quartz glass was preferred to soda lime due to its higher 

resistivity. Preliminary investigations of polymer poling with lateral electrodes were also 

performed on soda lime glass. After poling morphology changes in electrodes were found to 

have taken place. X-ray photoelectron spectroscopy (XPS) measurements showed that 

morphology changes were due to Sodium (Na) diffusing out of the glass while Cr diffusing 
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inward. Such occurrence caused severe increase of light propagation loss due to scattering on 

the electrode boundary. The effect was not observed when poling was done on quartz glass 

substrates. 

The quartz glass substrate was cleaned in a piranha solution H2SO4 + H2O2 1:10 for 10 

min followed by a DI water and isopropanol rinse. After substrate cleaning a positive resist 

MEGAPOSIT SPR 700 was spin-coated on the substrate followed by an electrode mask 

exposure using a 365 nm laser writer µPG 101 (Heidelberg Instruments). Then AUTO 306 

thermal evaporator (Edwards) was used to sputter 100 nm thick Cr electrodes. The electrode 

separation w was 20 µm while the central electrode length L was 5 mm. The SU-8 resist was 

prepared from GM-1075 (Gerseltec) by diluting it in gamma-Butyrolactone in mass 

proportion 1:1. After removal of positive resist, a 0.7 µm thick SU-8 layer was spin-coated on 

the sample at 4000 rpm/s. Then the MZI waveguide structure was exposed using µPG 101, 

developed in mr-Dev 600 (Micro Resist Technology) and rinsed in isopropanol. The MZI was 

made with waveguide bends of R = 500 µm and one of the MZI arms longer so that the phase 

bias would be φo = π/2. The resist was hard-baked on a hot-plate at 160 °C for one hour. On 

top of the structure, a 1 µm thick EO polymer DMABI-Ph6 + PMMA 30% wt film was spin-

coated from a chloroform solution. The electrical wires were connected to Cr electrodes by 

Silver (Ag) paste. Poling was done on a temperature stabilized hot-plate by setting the poling 

voltage with a 6517B electrometer (Keithley). The poling setup was computer controlled and 

allowed monitoring of poling temperature as well as currents in time. Preliminary 

experiments showed that dielectric breakdown occurs during the poling if poling temperature 

is above 101 °C and poling voltage is above 900 V. Therefore the EO polymer in the device 

was poled slightly below this threshold – at 96 °C and the poling voltage of V1 = V2 = 800 V 

for 15 minutes. The poling temperature was thus around 20 °C above Tg. The lower side of 

the substrate was then slightly cut using a diamond saw thus allowing fine breaking of the 

substrate and the waveguides. The light could be coupled into the waveguide through the 

facet without any additional polishing or preparation steps with low insertion loss as also 

demonstrated elsewhere [39]. 

3. Experimental setup and measurements 

Below in Fig. 4 the optical images (A and C) as well as the setup used for electro-optic 

characterization of the device (B) has been illustrated. In the setup we used a 2 mW He-Ne 

laser operating at 633 nm as light source which was positioned such that TE mode in the 

waveguide would be excited. The laser beam was coupled to the MZI and collected via 20x 

microscope objectives. We used a function generator, phase inverter and a dual-channel 

amplifier PZD350 (Trek) to apply the modulating voltage in a push-pull regime. The central 

electrode was kept to ground while square signals with opposite phases were applied to the 

side electrodes. The light intensity modulations were recorded using a silicon (Si) 

photodetector connected to an oscilloscope. In Fig. 4(C) a top-view optical image of 

waveguide MZI with excited guiding mode is shown. As mentioned above the waveguide 

MZI is purposely made asymmetric with a phase bias of φo = π/2. This results in part of the 

energy to be scattered in the form of radiation modes at the second waveguide splitter due to 

destructive interference. Unfortunately, this scattering is weakly pronounced in the Fig. 4(C) 

due to poor dynamic range of the camera. 
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Fig. 4. A. An optical image of SU-8 waveguide splitter. B. The setup for electro-optic 

characterization of the device: He-Ne 633 – laser, M – mirrors, D – detector DET36A 
(Thorlabs), OSC – oscilloscope, FG – function generator, PI – phase inverter, and AMP – 

amplifier. C. An optical image of the waveguide MZI with excited guiding mode. 

The output light intensity Iout as well as the applied modulating field intensity E in time is 

displayed in Fig. 5. As evident from the graph the modulation bandwidth is very low – at 

around 4 kHz. The main reason for this is the poor electrical connection between the 

modulator electrodes and wires. The measured contact resistance of the Ag paste connected 

wires was around 1 kOhm, while the capacitance of wires in the electrical circuit including 

those of testing equipment was measured to be around 0.2 nF. The combination of both give 

the theoretical modulation bandwidth limit of around couple of kHz due to the RC time 

constant which has good agreement with the observations. In theory the capacitance of the 

modulator should be very low due to a small overlap area of the electrodes and a low 

dielectric constant of the EO polymer. 
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Fig. 5. The applied modulating field intensity V/w (the grey line plotted against the primary y 

axis) and the output light intensity Iout (the red line plotted against the secondary y axis) as a 

function of time. 

For estimating EO coefficient from the obtained modulation data displayed in Fig. 5 we 

first use an approximation: 
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By setting the bias point φo = π/2, from (5) we get that the modulated phase amplitude Δφ is 

the ratio of modulated signal amplitude Im and the MZI output intensity Iout = Io at φo = π/2. 

After combining Eq. (2) and Eq. (5), we get 
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 (6) 

By using (6) we find the EO coefficient r = 0.20 pm/V. This is approximately 30% of the 

value estimated from the NLO measurement in thin films which is close to typically achieved 

values demonstrated in literature [8]. 

Obviously the efficiency of the device is very poor mainly due to low optical nonlinearity 

of used EO polymer. The main reason for this is clearly the fact that the device is probed with 

wavelength that is far from the optical resonance. By the cost of increased light absorption 

one could probe the device with a wavelength near resonance which would result in truly 

enhanced observable EO efficiency in the same material. It is recognized that the EO 

modulator should have the drive voltage of no more than the TTL level of 5 V for it to have a 

widespread commercial utilization [9]. By using Eq. (2) we estimate that this threshold for the 

demonstrated device could be achieved if the EO coefficient of polymer cladding would 

exceed 130 pm/V which can be gained in the current state-of-the-art organic EO materials [7]. 

4. Summary 

We have demonstrated a novel all-organic EO modulator operating in the visible wavelength 

range. The preparation employs two optical lithography steps where the first step is used for 

defining the electrode pattern and the second – for defining the waveguide core in SU-8 

photoresist. Optical nonlinearity is achieved by introducing a novel host-guest EO polymer as 

waveguide cladding. The employed glass forming EO material allows broad tuning of 

refractive index. The EO chromophore concentration at which the waveguide operates in 

single-mode regime was found during by numerical optimization of device. The waveguides 

were prepared on a quartz glass substrate. Quartz glass were preferred over to soda lime 

because of higher resistivity which prohibited ion diffusion and electrode destruction during 

in-plane polymer poling. From the experimental EO modulation data we find that the poled 

polymer has the EO coefficient of 0.2 pm/V which is around 30% of the value estimated from 

the NLO measurement in thin films. 
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