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ABSTRACT 
In this paper, we provide a comprehensive investigation for modes optical characteristics versus layers’ 
thicknesses in straight hybrid plasmonic waveguides. Furthermore, we demonstrate how to exploit these 
characteristics to introduce a new simple scheme for sensing variations in surrounding refractive index by 
measuring phase difference between the TM and TE modes. The results show sensing sensitivity of 280° per 
refractive index unit (RIU) for a gas refractive index sensor, with a very compact device length of 5 μm.  
Keywords: hybrid plasmonic waveguides, optical sensing. 

1. INTRODUCTION
Recently, on-chip optical sensing has been one of the most relevant applications of hybrid plasmonic waveguides 
(HPWGs). This is because of the simultaneously achievable high confinement of optical power in sensing 
region, besides the relatively low propagation loss, compared with plasmonic-based sensors. However, most of 
the recently proposed structures for sensing surrounding refractive index variations are based on monitoring a 
resonance wavelength at which two propagating modes are being coupled, either through a grating structure [1], 
or by coupling between a photonic waveguide and a hybrid plasmonic ring resonator [2]. Accordingly, this 
increases sensor design complexity, as well as its footprint. 

In this paper, we present a detailed investigation, supported with physical explanations, for the impacts of 
changing HPWG layers thicknesses on modal properties of the fundamental TM and TE modes. Furthermore, 
based on the obtained properties, we propose an alternative simple approach to detect surrounding refractive 
index changes using two straight HPWGs and a differential phase detector. 

2. CHARACTERIZATION
Figure 1 illustrates a schematic diagram of the device to be investigated. It consists of two identical slab HPWGs 
injected with the fundamental TM and TE modes. The two modes propagate along the waveguides for a length 
L, before reaching a differential phase detector to measure the relative phase difference between them.  

Figure 1. Schematic diagram of investigated device. 

The general idea is to design the two waveguides with suitable dimensions, so as to achieve phase matching 
between the two modes when the surrounding medium is unperturbed. Accordingly, the phase difference in this 
case is zero, as the two modes would have the same propagation constant. Otherwise, if the surrounding 
refractive index, ns, changed, the TM mode would be highly affected, and its effective index, neff, changes. 
Indeed, it can be employed as a sensing mode. In contrast, the TE mode has a negligible change in its neff, and 
subsequently it can be used as a reference mode. Hence, by relating the measured phase difference between the 
two modes to the changes in surrounding refractive index, the function of the new sensor is met.  

Aside from its simple structure, another unique property of this kind of sensors is that its sensitivity can be 
tuned by adjusting waveguides length, L, which is linearly proportional to the phase shift, , through the 
relation: 
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where  is the operating wavelength, /eff sn n∂ ∂ represents mode effective index sensitivity, and m denotes TM or 
TE. 

Although increasing L achieves higher sensitivity, it comes at the expense of more propagation loss. Hence, 
a high-power laser source is needed to guarantee sufficient signal power at the differential phase detector input.  

In this context, it is worth noticing the important role of the differential phase detector in determining the 
minimal level of detection and the dynamic range of the proposed sensor. Differential phase detectors utilizing 
photonic crystals have been reported in [3,4]. However, introducing such a new type of sensors may motivate 
further research to achieve better accuracy and sensitivity for on-chip optical phase difference detection.   

We employed the transfer matrix method (TMM) and MATLAB software to construct the modal dispersion 
relations of TM and TE modes, and subsequently to obtain the complex propagation constants, propagation 
lengths, as well as optical power distributions of the two modes in the proposed multilayer structure. In all our 
calculations, the total propagating power, along the x-direction, of each mode is normalized to 1 W. 

3. RESULTS AND DISCUSSIONS 

Considering the two waveguides shown in Fig. 1, and assuming an operating wavelength of 1550 nm, the 
refractive indices of silicon layer, spacer, and the upper copper film are obtained using Drude model to be 3.48, 
1.444, and 0.19+j10.95 respectively. Here, we study device characteristics assuming surrounding air with unity 
refractive index. 

Generally, there are three parameters to be investigated; namely, silicon thickness, t1, spacer thickness, t2, and 
copper film thickness, t3. The effects of changing values of these parameters on the fundamental TM/TE modes 
are investigated and explained physically in detail. The optimization of the introduced sensor is performed by 
controlling these thicknesses to achieve the best performance. 

3.1 Effect of Silicon Thickness on Evanescent Power 
In Fig. 2, the evanescent power of the TM and the TE modes are obtained, and plotted versus silicon thickness, 
t1. For the sake of simulation, t2 and t3 are set at 80 nm and 5 nm, respectively.  

Figure 2. Percentage evanescent power of both TM 
and TE modes versus silicon thickness. 

Figure 3. Percentage propagating power of both TM 
and TE modes in: (a) silicon; (b) silica spacer. 

It is evident that increasing t1 is associated with a decrease in the evanescent power leaking into ambient, for 
the two modes. That is because both modes have more guided optical power in thicker silicon layers, as revealed 
in Fig. 3(a) that illustrates the percentage propagating power guided in silicon for each mode. 

In addition, an insight onto Fig. 2 reveals that, by increasing t1, the evanescent power of the TE mode drops to 
low levels, while the TM mode still maintains higher power levels (nearly sixfold). This is attributed to the 
higher concentration of the TE mode power inside the silicon layer, compared with the TM mode which is 
mainly confined in the lower-index spacer, as revealed in Figs. 3(a) and 3(b) showing the percentage propagating 
power of each mode in silicon and silica spacer, respectively. 

Now, the previously illustrated polarization spatial diversity of the fundamental TM and TE modes in HPWGs 
is exploited to optimize the performance of the proposed sensor by minimizing the sensitivity of the TE mode to 
refractive index changes in the surrounding medium. That is, by making silicon layer as thick as possible to 
suppress its evanescent power from leaking into ambient. Here, we choose t1 = 220 nm, which is the maximal 
thickness of silicon layer typically provided by SOI standard. 

3.2 Effect of Copper Film Thickness on Evanescent Power 
In this subsection, the influence of the copper film thickness, t3, on the modal characteristics of the fundamental 
TM and TE modes is investigated. Accordingly, these characteristics can be exploited to achieve further design 
optimization of the proposed sensor. 

First, the evanescent power of each mode under test is calculated, for different values of t3, and is plotted in 
Fig. 4, where t1 and t3 are adjusted at 220 nm and 80 nm, respectively. It is worth noticing that we start our 
simulation at t3 = 5 nm because it has been found experimentally that this is the minimal thickness at which a 
copper film can be grown continuously [5]. 
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It is found that, when thicker films are used, less optical power would leak into the surrounding ambient. 
Physically, this is due to the rising electromagnetic power dissipation in the copper film, as being an imperfect 
conducting medium. Obviously, the thicker the copper film is, the more is the decay of optical power inside it, 
and subsequently less optical power penetrates the surrounding ambient. Moreover, it is evident that, for very 
thin copper films, the evanescent power of the TM mode is noticeably much higher than that of the TE mode, 
which remains below 0.5% of the total mode power. This high observed dissimilarity of the evanescent power 
levels of the two modes is arising from the polarization spatial diversity property that is clarified above.  
Accordingly, with very thin copper films in the proposed sensor, one can expect promising performance because 
the TM will be highly sensitive to small changes in ambient refractive index, whereas the TE mode can be used 
as a reference mode that is almost not affected by those changes. Here, we choose the minimal copper film 
thickness (5 nm) for continuous growth, as mentioned above. 

Figure 4. Percentage evanescent power of both TM and TE modes versus copper film thickness. 

3.3 Effect of Spacer Thickness on Mode Effective Index and Propagation Loss 
Now, the effect of changing spacer thickness, t2, on both mode effective index, neff, and propagation loss, , is 
explored. By the end of this subsection, the design of our proposed sensor is accomplished after choosing an 
appropriate value for t2. 

First, neff and  are obtained for the TM and TE modes, respectively, and plotted, in Fig. 6, versus t2. Here, t1 
and t3 are set to 220 nm and 5 nm, as obtained above. 

Figure 5(a) reveals that the TM mode suffers from gradual drop in its effective index, as well as the associative 
propagation loss, with increasing t2. This behaviour can be explained as follows. As being a hybrid mode, the 
TM mode alters from being plasmonic-like to be photonic-like, with increasing t2, and the most of optical power 
of that mode is spread mainly within the low-index spacer, instead of being strongly confined just at the copper 
film. Accordingly, this process normally contributes to reducing the TM mode effective index and its 
propagation loss, as being less bound to the copper film. 

On the other hand, for the TE mode, the electromagnetic boundary conditions imply that its optical power is 
pushed away from the copper film towards silicon. Accordingly, increasing spacer thickness boosts the refractive 
index above silicon layer, causing the effective index of the TE mode to be higher, as evident from Fig. 5(b). 
Meanwhile, the existence of a thicker spacer provides more separation between optical power of the TE mode 
and the copper film. As a result, the propagation loss of the TE mode declines with increasing t2, as Fig. 5(b) 
reveals, because it is being less affected by the copper film. 

Figure 5. Effective index and propagation loss of: (a) 
TM mode; (b) TE mode versus spacer thickness. 

Figure 6. Phase matching of TM and TE modes. 

At this point, we are to employ the illustrated behaviour dissimilarity of TM and TE modes to choose spacer 
thickness for the proposed sensor according to the following criterion. With no perturbation in the surrounding 
refractive index, zero phase difference should be observed between the TM and TE modes at the phase detector. 
The above rigorous condition implies that the two modes should be matched in phase if the surrounding medium 
is air (ns = 1). In Fig. 6, we plot neff of the two modes, on the same vertical axis, versus t2. 

It is evident that the intersection point occurs at t2 = 54 nm, which leads to perfect phase matching between the 
two modes. Turning to Fig. 5(a), we obtain the corresponding propagation loss of the TM mode as 0.82dB/μm, 
from which we can directly calculate the propagation length to be around 5 μm. 
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3.4 Evaluating Sensor Performance 
Having determined the proper values for t1, t2, and t3, the sensitivity of the TM and the TE modes is examined 
now by introducing a small perturbation to the surrounding refractive index, ns, and calculating the first 
derivative of neff with respect to ns, for each mode. To do that, the TM and TE modal dispersion relations are 
constructed, using TMM, and then solved analytically, using MATLAB, for a small range of ns. Next, the 
quantity neff/ ns is obtained numerically, for the two modes, and is plotted in Fig. 7. 

It is strikingly obvious, from Fig. 7, that, whereas the TE mode exhibits nearly zero sensitivity to surrounding 
refractive index variations, the TM mode, on the other hand, is significantly affected by even small variations of 
ns. Accordingly, the principal design condition introduced in Sec. 2 is met, where the TE mode can be used as a 
reference mode, while the shift in the effective index value of the TM mode reflects the changes in surrounding 
refractive index. 

Now, the sensitivity of the proposed sensor can be estimated by employing modes sensitivities obtained from 
Fig. 7 in Eq. (1) to directly link the incremental changes in surrounding refractive index, ns, with the net phase 
difference, net, between the two device arms. Figure 8 illustrates the calculated phase angles of TM and TE 
modes at the output, besides to their difference, assuming that the device length equals the propagation length of 
the TM mode, which is calculated above to be 5 μm.   

Interestingly, Fig. 8 reveals that the net phase difference almost equals the phase variations of the TM mode 
that increases linearly with ns, whereas the reference TE mode shows a negligible phase variation for various 

ns values. One can estimate the sensitivity of the proposed phase-difference-based sensor to be about 280°/RIU. 

Figure 7. Sensitivity of TM and TE modes versus 
surrounding refractive index. 

Figure 8. Phase variations and net phase difference 
versus changes in surrounding refractive index. 

4. CONCLUSIONS 
We demonstrated a new scheme of surrounding refractive index sensors based on detecting phase difference 
between the fundamental TM and TE modes in two identical straight hybrid plasmonic waveguides. A rigorous 
analysis was performed to determine an appropriate thickness for each layer of the waveguides that leads to 
optimized performance of the proposed phase-difference-based sensor. Silicon layer was set to be as thick as 
220 nm to minimize the reference TE mode sensitivity to surrounding refractive index variations, while copper 
film thickness was minimized at 5 nm to increase sensitivity of the TM mode. On the other hand, spacer 
thickness was determined to be 54 μm to achieve phase matching between the two modes when the surrounding 
is unperturbed. Our results showed sensor sensitivity of 280°/RIU, when the surrounding is air, with a compact 
length of 5 μm. 

ACKNOWLEDGEMENTS 
This work is nancially supported by the Ministry of Higher Education, Egypt (MoHE). 

REFERENCES 
[1] P. Kaur and M. R. Shenoy: Highly sensitive refractive index sensor based on silicon nitride strip 

waveguide directional coupler, Sensors Letters, vol. 2, pp. 1-4, Jan. 2018. 
[2] M. A. Butt, S. N. Khonina, and N. L. Kazanskiy: Highly sensitive refractive index sensor based on hybrid 

plasmonic waveguide microring resonator, Waves in Random and Complex Media, pp. 1-8, Aug. 2018. 
[3] V. S. Amaratunga et al.: Photonic crystal phase detector, J. Opt. Soc. Am. B, vol. 25, pp. 1532-1536, 

Sep. 2008. 
[4] M. Danaie, and H. Kaatuzian: Design of a photonic crystal differential phase comparator for a Mach-

Zehnder switch, J. Opt., vol. 13, pp. 1-6, Dec. 2010. 
[5] A. A. Solovyev et al.: Properties of ultra-thin Cu lms grown by high power pulsed magnetron sputtering, 

Thin Solid Films, vol. 631, pp. 72-79, Jun. 2017. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /POL <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


