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ABSTRACT 

The polarisation response of graphene oxide (GO) coated planar silica optical waveguides has been studied. 

GO films with different thicknesses have been coated onto a planar optical waveguide with its top cladding 

removed via plasma etching. The solution drop-casting technique was used for GO coating. GO film thicknesses 

between 0.1 m and 1.0 m were used. GO-coated waveguides exhibit large polarisation dependent losses - and 

the polarisation response depends strongly on the GO coating thickness. The response was used, together with 

finite element analysis, to determine the complex refractive index of the GO film. The complex refractive 

indices of the GO film, with TE- and TM-polarised light at a wavelength of 1550 nm, were found to be 

1.65+0.07i and 1.63+0.001i, respectively. The uncertainty values for the real parts of the refractive index were 

0.02 and 0.01 for TM- and TE-polarised light, respectively - whereas the uncertainty values for the imaginary 

part of the refractive index were found to be 0.0001 and 0.01 for TM- and TE-polarised light, respectively.  The 

estimated uncertainty values are smaller by an order of magnitude when compared with values measured using 

the conventional method of spectroscopic ellipsometry.  

Keywords: graphene oxide, planar optical waveguide, complex refractive index, finite element analysis. 

1. INTRODUCTION 

Graphene oxide (GO) has been an important focus for research groups around the world because of its 

unique electronic and optical properties [1, 2]. Unlike graphene, which exists and retains its fundamental 

properties only in single- or few-layer situations, GO films are formed as stacks of graphene layers with oxygen 

functional groups sandwiched in between these layers, allowing GO to exist and retain its fundamental 

properties in a quasi-bulk form, as well as in the more widely recognised two-dimensional form. Another 

distinction between GO and graphene is its excellent solubility – as a result of the presence of oxygen functional 

groups - in water and most polar solvents - with little or no agglomeration, thereby allowing easier handling than 

pristine graphene. GO flakes, which have asymmetrical dimensions ranging from a few hundred nanometres to 

several micrometres, allow GO films to be formed in an orderly-stacked manner, using a simple drop-and-dry 

coating method[3].  

The ready formation of GO film with orderly-stacked layers - together with the possibility of controlling its 

oxygen reduction level by applying heating, electrical potential, or even polarized light - forms the basis of 

many applications that have been demonstrated and reported in the research community. In photonics research, 

the orderly-layered structure of GO film allows light with orthogonal polarization states to ‘see’ the GO film 

differently – as a dielectric when the light is polarized perpendicularly to the GO layers; and as a semi-metal 

when the light is polarized parallel to the GO layers – thereby inducing higher propagation losses for light with 

the latter polarization state. This behaviour has been used to construct a waveguide polariser with a very high 

polarization extinction ratio that can operate over a broad wavelength range [4]. In addition, by applying an 

external electric field or an external light source, the optical transmittance of the GO film can be changed, 

thereby opening up the potential of using GO-functionalised waveguides as optical switches or modulators[5]. 

While the contribution of the above-mentioned work to possible applications is significant, the observed 

properties of GO have also led to questions about the underlying principles demonstrated, some of which have 

still to be verified experimentally. From the optical point of view, observations from the work mentioned above 

can be attributed to changes in the two fundamental parameters of the complex refractive index, i.e. the 

refractive index, n, and the extinction coefficient, k, of GO. The former determines the phase velocity of light 

traversing a GO film, while the latter determines the propagation loss for light passing through a GO film.  

Much recent research effort has gone into the determination of the complex refractive index for single or few 

layer graphene. Although a variety of methods has been proposed, the reliability of the findings is still 

debatable. Both spectroscopic methods (ellipsometry and reflection spectroscopy) and non-spectroscopic 
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methods (picometrology, polarization-dependent attenuated total internal reflection and surface plasmon 

resonance) have been used to determine these values at optical frequencies, but the results reported are 

inconsistent – with n values in the range from 2.0 to 3.0 - and k values in the range from 0.8 to 2.03. The 

discrepancies observed are attributable to the different fitting approaches used in the individual methods 

mentioned above [6-8].   

More limited work has been conducted to determine the complex refractive index of GO films [all using 

spectroscopic ellipsometry (SE)], with values for n and k reported to range from 1.55 to 1.90 and 0.05 to 0.48, 

respectively. The SE approach typically produces the large uncertainty value of ± 0.2 for n [9, 10].  

GO-coated planar optical waveguides with large variations in polarisation response are sensitive to changes 

in the complex effective index of functional sections of the waveguides. By making careful experimental 

measurements and cross referencing with finite element analysis for the effective index of the GO-coated 

waveguide, the complex refractive index of graphene oxide coatings can be determined.   

2. METHODS 

2.1 Planar optical waveguide preparation 

The optical waveguides were prepared by first depositing germanium-doped silica layers onto silicon wafers 

with 7 m of thermally grown oxide as undercladding (with a refractive index of 1.444 measured at 1550 nm). 

The doped-silica layer thickness and refractive index were 3 m and 1.486 respectively, measured at 1550 nm 

using a prism coupling technique. Straight waveguides were then fabricated using standard photolithography 

and plasma etching techniques. Index-matched polymer (ChemOptics ZPU-13RI) was then spin-coated on to the 

fabricated waveguides before being etched down to expose the top section of the waveguide, while covering 

most of the sidewalls. This process limits the interaction of the waveguide light with the GO coating to the top 

section of the optical waveguide, thereby facilitating more strongly polarisation dependent light interaction with 

the subsequent GO coating.  

 

2.2 GO coating and optical measurement 

GO solutions were prepared with concentrations ranging from 1.6 mg/mL to 4.0 mg/mL. GO coating was 

achieved by drop casting 0.5 L of GO solution onto section of the straight waveguides. The coating region 

diameter was about 1 mm and the GO coating thickness was controlled between 0.1 – 1.0 m by drop casting 

using different solution concentrations, as well as by multiple drop casting processes.  

The fibre butt coupling technique was used to measure the insertion loss of the GO-coated waveguides at a 

wavelength of 1550 nm. The polarisation state of the laser source was controlled using a fibre polarisation 

controller while the polarisation states were measured using a polarimeter. The loss coefficient of the GO-coated 

waveguides were calculated by dividing the transmission loss caused by the GO coating with the length of the 

coating. The extinction coefficient was then calculated from the loss coefficient. 

 

2.3 Finite element analysis (FEA) 

FEA requires that the dimensions of the GO-coated waveguide cross-section be accurately determined. The 

GO coating was assumed to be a single birefringent slab. The thickness of the GO coating was varied over the 

range from 0.1 to 1.0 m.  Different values for the refractive index of the GO films were used in the simulation, 

in order to obtain the corresponding extinction coefficients of the GO-coated waveguides. The variations of the 

GO-coated waveguide extinction coefficient with GO coating thickness were then plotted and the results 

compared with the experimental results to obtain the best fit between the experimental and simulation results.  

3. RESULTS AND DISCUSSION 

Fig. 1(a) shows the experimentally obtained extinction coefficient of the GO-coated waveguides and 

corresponding simulation results for TE-polarised light propagation obtained using different values for the real 

part of the GO film refractive index. When the GO film refractive index was set at 1.65 + 0.07i, the simulation 

matched with the experimental results. When the real part of the GO film refractive index was varied by more 

than ±0.02, the deviation from the experimentally obtained results becomes obvious. The same can be observed 

in Fig. 1(b) which compares the experimentally obtained extinction coefficients for TM-polarised light. In this 

case, a best fit was obtained when the complex refractive index of GO film was set at 1.63 + 0.001i. Significant 

deviation from the experimentally obtained extinction coefficient curve was observed when the real part of the 

complex refractive index of GO film was varied by more than ±0.01.  



      

(a) (b) 
Figure 1. Extinction coefficient of (a) TE-polarized and (b) TM-polarized light propagating through GO-coated waveguides as a function of 

the GO-coating thickness. 

 

4. CONCLUSIONS 

We have demonstrated that the anisotropic complex refractive index of films of graphene oxide (GO) can be 

obtained accurately using a combination of experimental measurements and numerical simulation of light 

propagation in planar stripe optical waveguides that are based on doped silica and are coated with the GO. The 

precision of the complex refractive index measurement is about one order of magnitude better compared with 

the conventional spectroscopic ellipsometry technique. The approach proposed can be extended for use in 

determining the refractive index of many other dielectric thin films.  
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