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Abstract: We report a novel design wherein high-refractiveindex zinc oxide (ZnO)
intermediarylayersare usedin anti-symmetricallystructuredsurfaceplasmonresonance
(SPR) devicesto enhancesignal quality and improve the full width at half maximum
(FWHM) of the SPR reflectivity curve. The surface plasmon (SRhodesof the ZnO
intermediarylayer were excited by irradiating both sidesof the Au film, thusinducinga
high electricfield at the Au/ZnO interface.We demonstratedhat an improvementin the
ZnO (002) crystal orientationled to a decreasan the FWHM of the SPR reflectivity
curves. We optimized the design of ZnO thin films using different parametersand
performed analytical comparisonsof the ZnO with conventionalchromium (Cr) and
indium tin oxide (ITO) intermediarylayers. The presentstudy is basedon applicationof
the Fresnelequation,which provides an explanationand verification for the observed
narrow SPRreflectivity curve and optical transmittancespectraexhibited by (ZnO/Au),
(Cr/Au), and(ITO/Au) devices.On exposureo ethanol,the antrsymmetricallystructured
showeda hugeelectricfield at the Au/ZnO interfaceanda 2-fold decreasén the FWHM
valueanda 1.3-fold largershift in angleinterrogationanda 4.5-fold high-sensitivity shift
in intensity interrogation.The ant-symmetrically structuredof ZnO intermediatelayers
exhibited a wider linearity range and much higher sensitivity. It also exhibited a good
linearrelationshipbetweertheincidentangleandethanol concentrationn thetestedrange.
Thus, we demonstrateda novel and simple method for fabricating high-sensitivity,
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high-resolution SPR biosensorgshat provide high accuracyand precisionover relevant
rangesf analytemeasurement.

Keywords: intermaliary layer, surface plasmonresonance(SPR) zinc oxide (ZnO);
full width at half maximum(FWHM)

1. Introduction

The surfaceplasmonresonancgSPR) behaviorof free electronsor plasmaat the interfaceof a
metaltdielectric materialhasbeenwidely studied [11 4]. The techniquesof attenuatedotal reflection
(ATR) prism couplerbased SPR betweenKretschmannand Otto configurationshave been used
extensivelyto study the plasmonic material propertiesfor specific frequenciesand measurement
applications,including refractive index (n), extinction coefficient (k), thickness(d), and roughness
(r) [5,6]. Conventionally,SPRbiosensorsare usedin biochemistryand biology to detectmolecular
concentrationthicknessandspecific chemistry analytes B, In biochemistry,analyteconcentration
is determinedfrom the SPRangle shift by a biosensoroperatingin the angularinterrogationmode.
The shift or differencebetweenthe initial andfinal valuesof the SPRanglesprovidesa quantitative
measurementf the analyteconcentrationA prismbasedSPRsensolis usedin the conventionaATR
method; these conventional SPR sensorsgenerally consist of gold (Au) depositedon either
a chromium (Cr) or titanium (Ti) adhesionlayers (2i'5 nm). For light with a wavekengthof 632 or
658 nm, the Cr/Au and Ti/Au films exhibit low-sensitivity with large full width at half maximum
(FWHM) valuesof approximately3° [9i 11]. However,theseconventionalSPR sensorgCr/Au) can
causeproblemsin the adhesionlayer, such as metl interdiffusion, low optical transmission large
FWHM, and a reductionin biosensingsensitivity [12,13]. In addition, severaldifferent SPR device
configurationshave beenshown to exhibit improved plasmonemissionefficiency, such as devices
showing adive plasmonrcoupled emission [14], prismbased couplers with periodic metallic
nanostructure415], and multilayer devices[16]. Recently, high-refractiveindex germanium (Ge)
semiconductofilms [17], indium-tin-oxide (ITO) transparenconductingfiims [18] andtitanium nitride
(TiNy) adhesiorlayers[19] havebeenreportedo showimprovedSPRperformanceharacteristics

In this study, we have developeda methodbasedon the plasmonicstructuresthat can help to
increasehe detectionsensitivity,resdution, responsdime, accuracyandimprovethe performanceof
SPRbiosensorsAs a semiconductomaterial,ZnO thin films exhibit excellent optical and electrical
properties,including a high refractiveindex and high transparency20,21]. The anti-symmetically
structured should be extended concerning possible application dfie studies also for the different
kind photo induced and nonlinear optical effetisthis case besiddake plasmons additional role on
ZnO/Au structures begin to play phonongeracting with the nantrapping levels [22]Many studies
have exploredthe fabricationof ZnO nanostructuresising Au nanoparticled23i 26], becauseZnO
thin films enhancethe optical propertiesof SPRdevices.The frameworkof plasmonicstudieshave
demonstratedhe ability of the asymmetricstructurego providequalitativeor quantitativeinformation,
but the evaluationof their sensitivityas comparedo conventionalSPRmethodshasnot beenbroadly
investigated.
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In our previousstudy, we demonstrate the detectionof carbohydratentigen(CA) 15-3, a tumor
marker for breastcancer,using a Au/ZnO SPR device that offers highly sensitive detection of
biomarkers[27]. In the presentstudy, we fabricatedan intermediaryZnO layer for the theoretical
analsis of antrsymmetricallystructuredSPR devices. It is shownthat an improvementin the ZnO
(002) crystal orientationled to a decreasén the FWHM of the SPRreflectivity curves.As a proof of
the concept, we show the possibility of antrsymmetric strudure characterizationof some
semiconductebasedy | musing the newly introduced ZnO-based technology. Furthermore, we
determinethe optimal thicknessof the ZnO andAu thin-film layersin the antrsymmetricstructuredo
improvethe SPRefficiency,inducea high electricfield andobtaina narrowSPRreflectivity curve.

2. Materials and Methods
2.1.Modelof the Anti-SymmetricallyStructuredSPRBiosensors

A surfaceplasmon(SP) consistsof an evanescentvave field, whose resonancecomponentis
absorbedy free electronscontainedn the thin metalfilm, asshownin Figurel. Figurelaillustrates
theelectromagnetitield configurationexcitedby a planewaveof incidentamplitudeimpingingon the
metallayer from the dielectricat an angleof incidence. We measuredhe SPRreflectivity curvesfor
an arti-symmetricallystructuredSPRdevice,i.e., a glassdielectricmetatdielectric (testfluid medium)
interface.The SP modesof theseantisymmetricallystructuredSPRdevices were excitedby irradiating
both sidesof the Au film, which changedthe incidence angle (d; < d;) and the momentumshift
(ke < k1) atthe Au/ZnO interfaces.Therefore the SPRdeviceswill be changedessthanthe FWHM
of the SPR reflectivity curve leading to a longer propagationlength at the Au/ZnO interface.
In generalthe metalfilms in SPRdevicesaremadeof Au becausef its excellentchemicalresistance
and high extinction coefficient (k). As shownin Figure 1b, Cr is highly reflective and hasa high
extinction coefficient (k) [28,29]. Similar to the intermediarylayersfor long-range surfaceplasmons
(LRSPs)[30i 32], our designof antisymmetricallystructureof low-loss surfaceplasmonresonance
(LLSPR) exhibits symmetricelectric field (Ez) on both sidesof the Au layer and thus leadsto the
reduceddampingloss.In our previousstudies,we haveusedthesedetailsfor obtainingthe dielectric
structureresults[16]. LLSPR andLRSPstechnologes havethe samefeatures suchaslongersurface
propagationlengths, higher electric field strengths,and sharperangular resonancecurves than
conventionalsurfaceplasmons.Similar conclusionshave beenproposedby Warket et al. [33] and
Patskovskyetet al. [34]. In addition, we explained from the basic surface plasmon resonance
characteristicsWe then naturally obtain a complexparallel wavenumbeE E ES . Thereal
partE determineghe SPPwavelengthwhile theimaginarypartE® accountgor the dampingof the
SPPasit propagateslongtheinterface from the SPdispersiorEquatiors (1) and(2) [1,35]:

B E _— B B )
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HereUsp is propagatioriength,which canbe identified by theimaginarypart, k"sp, of the complex
surfaceplasmon wavevector.SPR resonancewidth and propagationlength were influencedby the
imaginarypart (k"sp). Figures 1c,d showthe imaginarypartin surfaceelectricfield resonancevidth
with propagatioriengthrelation. The propagatioriength of the SPPalong the interfaceis determined
by k"sp whichis responsibldor anexponentiadampingof the electricfield intensity. The exponential
decaylength of the electricfield is 1/(2K'sp) for the intensity. The relationshipbetweenthe electric
field intensiy and propagationlength can be expressedas 96 © A ° . This illustrates their
sensitivityto surfaceproperties.

Figure 1. (a) Anti-symmetricstructureof a four-layeredSPRsystemconsistingof anSF10
prism substrate high-refractiveindex ZnO intermediarylayer, gold film, and test fluid

medium. Ksp1 and Kspz denotethe wave propagationnumber along the x axis for the
evanescenwave and the SPRwave, respectively.The incident angle at which the TM

wave of the evanescentield wavevector matchesthe surfaceplasmonwavevector is
called the resonanceangle, dspr (b) UV-vis-NIR spectrato determinethe effective
refractiveindex (n = n + ik), therealpart(n) of therefractiveindex,andtheimaginarypart
of the extinction coefficient (k) of dielectric function of Au with Cr. The FWHM of the
SPRsis dependat on the real and imaginary partsof the complexdielectric constantof

gold. A reductionin the FWHM of the SPRimplies anincreasen the propagatioriength
of the SPPs(c) is SPRresonancevidth and(d) is SPRpropagatioriength.
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2.2. Materials

We determinedthe optimal thicknessfor a ZnO thin film at which its refractive index and the
FWHM of the SPRreflectivity curve decreasedAs comparedto conventionalSPR devices,these
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antirsymmetrically structured SPR devices showeda considerablynarower SPR reflectivity curve
measuredy irradiatinga 830 nm laserlight sourcethroughan SF10prism substratgrefractiveindex
n = 1.72, 3 x 3 cnf, 60° angle, Edmund Optics, Inc. Barrington, NJ USA) with an
indexmatchingoil (n = 1.72+ 0.005,R.P. Cargille Laboratoriesnc. Cedar Grove, NJUSA) at a
wavelengthof 630 nm and a temperatureof 25 €. All depositedmaterials(ZnO, Cr, Au) usedhad
purity >99.99%.The ethanolsolutions( O 9 9 CHsCH,OH, SigmaAldrich, Louis, MO, USA) used
werepreparedyy a seriesdilution of ethanolin deionizedwater(ddH,O), with weightpercentagegnt)
of 0%, and1.25,2.5,5, 10, 20, 30,40, 50, 60, 80, and95% ethanolsolutions.Therefractiveindices(n)
were measuredusing KEM RA-130 (Kyoto Electronics,Kyoto, Japan),a refracton meter. The
obtainedn valuesat room temperaturevhile the concentratiorof contactingethanolincreasedrom
0 to 95 wt%, which correspondedo an increaserom 1.33128 to 1.44. The resultsdemonstratedhat
the bilayered(ZnO/Au) metalfilms producea sharperSPRdip profile thanpure Au films andretain
the high chemicalstability of Au films. However the higherchemicalstability of gold hasresultedn a
wider preferencefor this noblemetalfor biosensingapplications.

2.3.Fabricationof theIntermediaryLayer

In order to find the optimum conditions under which an SPR device shows a narrow SPR
reflectivity curve,we fabricatedeightdifferentthin-film devices:six ZnO/Audevicesa Cr/Au device,
andanITO/Au device.Thefabricationparametes of the eightdevicesarelistedin Tablel.

Table 1.Fabricationparameter$or theeightdevices

Devices Intermediary Layer S.T.(€) ® Power (w)®  Aufilm
(ZnO/Au)1 50 nm 200 200 50 nm
(ZnO/Au)-2 50 nm 150 150 50 nm
(ZnO/Au)-3 50 nm 25 150 50 nm
(ZnO/Au}4 50 nm 200 200 40 nm
(ZnO/Au)5 200 nm 200 200 50 nm
(ZnO/Au)-6 lem 200 200 50 nm

(Cr/Au)-7 2nm 50 nm
(ITO/Au)-8 200 nm 50 nm

2S.T. is the substraternperature (€)™ The RF sputtered power supply unit is watt (W).

To analyzethe growth orientationof the ZnO (002) crystals,we fabricatedfour differentthin films
for (ZnO/Au)-1, (ZnO/Au)-2, (ZnO/Au)-3, and(ZnO/Au)-4 devices at differentsubstrateemperatures
(€) using radiofrequency (RF) power (watt, W). The (ZnO/Au)4 is more about different gold
thicknessratherthan ZnO growth condition, becauset hasthe samecondition as the (ZnO/Au)-1.
Thento optimizethe ZnO film thicknesswe fabricatal threeZnO films with different thicknessest
200€ andRF powerof 200W for (ZnO/Au)-1, (ZnO/Au}-5, and(ZnO/Au)-6 devicesWe usedhigh
temperatureand high RF powerto significantly improve the adsorbabilityof the ZnO within the Au
film. The ZnO films weregrown on SF10prism substratesisinga 13.56MHz RF sputteringsystem.
A metallicZn (99.99%)targetwasusedfor ZnO deposition A working pressureof 3 mTorr wasused
duringthe depositionandthe working gaswasa mixture of Ar andO, at a 4:3 ratio. For comparison,
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we fabricatedconventionalSPR deviceswith (Cr/Au)-7 and (ITO/Au)-8 thin films. The (Cr/Au)-7
device consistedof a 2-nm Cr (99.9%) layer depositedusing an electron beam evaporator.The
(ITO/Au)-8 devicesconsistedof a 0.7 mm glass substrateanda 200 nm ITO thin film with a sheet
resistanceof 46.6 q / gMerck DisplayTech Ltd., Taiwan) Next, 50 nm Au (99.99%)films were
depositedusing an electron beam evaporatorin a vacuumof approximately3 x 10 °Torr at an
evaporatiomrateof approximately0.2 A/s.

3. Resultsand Discussion

3.1. Comparison®f ZnO Thin Films for Optimizingthe Designof Anti-SymmetricallyStructured
SPRDevices

We comparedthe propertiesof the ZnO (002) thin film with c-axis oriented crystalsin the
(ZnO/Au}1, (ZnO/Au)2, (ZnO/Au)3, and (ZnO/Au}4 devicesto determinethe optimal design.
Figures 2&a d show X-ray diffraction (XRD) patterns(Nonius, Kappa CCD Singlecrystal XRD) for
ZnO/Authin films depositecbn SF10prismsubstratesNVe analyzedhe antrsymmetricstructureof the
(ZnO/Au) devicesandevaluatedheir peformancesThe XRD patternsshowthreepeakscorresponding
to the (002) planeof ZnO and(111) and(222) planesof the Au films. Theratio betweerthe maximum
intensitiesof the (002) diffraction peakwas(ZnO/Au)-1:(ZnO/Au)}2:(ZnO/Au}3=5.4:1.2:1.

Figure 2. XRD patterns of ZnO thin films deposited &r10substrates under different
conditions. Diffraction angle (), FWHM, and XRD peak intensity foa) (ZnO/Au}1,

(b) (ZnO/Au)2, () (ZnO/Au}3, and () (ZnO/Au}4; () SPR reflectivity curves of
(ZnO/Au)-1, (ZnO/Au}2, (ZnO/Au}3, (ZnO/Au}4, (Cr/Au)}7 and (ITO/Au)8,

(f) Theoretically calculated (line) and measured (symbols) reflectance SPR spectra of
(ZnO/Au)1, (ZnO/Au}5 and (ZnO/Aw6 devices in water for a light source with a
wavelength of 830m.
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For refractive index measurementhe EP’ imaging ellipsometer(Nanofilm TechnologieGmbH,
Gattingen, Germany)was usedto observethe circularly polarizedlight reflected from a sample.
The wavelengthof theincidentlaserlight sourcewere830,643,and532nm. From Table2, it canbe
seenthattherefractiveindexof the thin-film layersdependedn the wavelengthof the incidentlight.
The (ZnO/Au)-1 deviceshowedhigh refractiveindicesof 1.97,1.97,and 1.98 at wavelengthsof 830,
643, and 532 nm, respectively.The refractiveindicesof (ZnO/Au)1, (ZnO/Au)-2, and (ZnO/Au)-3
devicesat awavelengthof 830nmare1.97,1.95,and1.94, respectively Theseresultsshowa positive
relationshipbetweeranincreasan RF power andsubstratéemperaturewhich candramaticallyaffect
the opticalrefractiveindex of ZnO thin films. The variationin therefractiveindex canbe attributedto
changesn the growthdensityof theZnO thin film [36i 38].

Table 2. Comparison between refractive indices of (ZnO/Au)1, (ZnO/Au)2, and
(ZnO/Au)-3 devicesmeasuredat wavelengthsof 830, 643, and 532 nm, respectively,
measuredtroomtemperature.

Zn0 thin films (n & k)
(ZnO/Au)-1  (ZnO/Au)-2 (ZnO/Au)-3
830nm 1.97&0 1.95&0 1.94&0
643 nm 1.97&0 196 &0 1.94&0
532nm 1.98 &0 1.96 &0 1.95&0
1. n & k are the refractive index and extinction coefficient, respecti2eline error magins in the refractive
index and extinction coefficient of the thin films &1@.02.

Figure 2f shows the reflectance spectra of the (ZnO/Au)1, (ZnO/Au}5 and (ZnO/Aw6
experimentallymeasuredndtheoreticallycalculatedon the sensitivity curve for the thick ZnO layer
usingF r e s taw, lt@rsincidentwavelengthof 830 nm. Our experimentakesultsshowedthat the
largethicknessesf the ZnO film, couldaffectthe FWHM andeffectivecouplingof SPRcurve.

We measuredand comparedthe (002) diffraction peakintensitiesand the FWHM of the SPR
reflectivity curves for four different ZnO/Au devices,a Cr/Au device, and an ITO/Au device.
Figure 2e showsthat the SPRreflectivity curveof (ZnO/Au)-1 is narrower tharthoseof (ZnO/Au)-2,
(ZnO/Au)-3, and(ZnO/Au)-4. The 40-nmthick Au film in the (ZnO/Au)-4 devicehasa slightly larger
FWHM of 2° comparedo that of the othersamplesThe FWHM of the SPRreflectivity curveof the
(ZnO/Au}1, (ZnO/Au)2, (ZnO/Au)3, (Cr/Au)-7 and (ITO/Au)-8 deviceswere 0.551; 0.7795
0.8987 1.3097 and1.191? respectively.The dependencef the dielectric propertiesof the ZnO thin
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film on temperature was studied in the range from 25 to 200 C; the correspoddorgasen the
FWHM valuesof the SPRreflectivity curves at thesetemperaturesvas from 0.898°to 0.551? Our
resultsshowedthat ZnO thin films fabricatedat high RF power and high temperatureéhad a good
singlecrystal, hexagonalstructure.High quality ZnO films can be grown at substratetemperatures
above200 €. Theresultsshowthatthe SPRreflectivity curve of the (ZnO/Au)-1 deviceexhibiteda
smallFWHM value.However the quality of the ZnO (002) crystalwasfoundto be the mostimportant
parametethatrelateshethin-film densityto the FWHM of the SPRreflectivity curve.

3.2. TheoreticalAnalysisand Verification

For theoretical analysis and verification of our results, the fabrication parametersof our
antrsymmetrically structuredSPR deviceswere calculatedusing F r e s equatiénsof multilayer
theory[39]. The SPRreflectancevas measuredat incidentanglesof 46/ 56° usingF r e s agedtian s
for a four-layer (threeinterface) system.The four layers (0, 1, 2, and 3) correspondto the SF10
substratejntermediarylayer, Au film, and testfluid medium respectively.We usedthe refradive
index (n) and extinction coefficient (k) valuesof the Au, ZnO, Cr, and ITO films, measuredat
a wavelengthof 830 nm, to obtainCh, =T 2 9 +2.852, U0 = 3.84+ 0i, (, = 0.87 + 37.84, and
Gho = 2.34+ 0i, respectively.

We analyzedthe relaionship betweenthe FWHM of the SPRreflectivity curve andthe ZnO thin
film thickness To evaluatethe sensitivityof SPRsensorsthe mostimportantparameterare FWHM,
minimum reflectance(Rnin), resolutionand resonantangle shift. Narrow and sharpSPR reflectivity
curvescanbe producedoy makinga smoothsurfaceof the Au film, which canminimize the errorin
determiningthe SPRresonantingle.Figure 3a showsthe reflectancespectraof the intermediaryZnO
layers calculatedusing F r e s taw, latéas incident wavelengthof 830 nm and a fixed Au layer
thicknessof 50 nm. The Ry, valuesof the calculatedonesareapproximately48.4°with thereflectance
of 5%. Resultsshowedthat Ry, canbe very closeto zerowhenmetallayerwith appropriatehickness
is depositedFromtheresults,a ZnO film with thicknessof 50 nm performedthe bestsensitivity, anda
ZnO thin film thicknessof lessthan 30 nm resultedin incompletecoverageof the relatively rough
substratesurfaces.The roughnessffect of the ZnO film on the sensitivity of SPR sensorchips s
analyzedheoreticallyandexperimentdy . It canbe concludedhatthe sensitivityperformanceof SPR
sensorchip canbeimprovedby the surfaceroughnesgonditiors of the ZnO films. Our resultsshowed
that the large thicknesse®f the ZnO film could affectthe FWHM and effective coupling of the SPR
reflectivity curve.The optimalthicknessof ZnO film rangefrom 50to 100nm.

To determinethe optimal Au thicknesswe calculatedhe SPRintensityandFWHM asfunctions of
Au thicknessWe settwo control conditions:a fixed ZnO layer thicknessof 50 nm, and an incident
wavelengthof 830 nm. The calculationsshowedthatthereflectancedip andFWHM werethelowestat
a Au thicknessof 45 nm, asshownin Figure 3b. The FWHM of the SPRreflectivity curvehasanerror
marginof #.2° Fromtheseresults,we infer thatthe optimalthicknessof the Au film in the (ZnO/Au)
deviceswas approximately50 nm. We found that to observean extremelynarrow dip in the SPR
reflectivity curve, which is associatedwith the excitation of the low-lossplasmon in an
antksymmetricstructure,scanningacrossthe anglesof incidenceof the input light hadto be carried
outwith avery high sensitivity.
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Figure 4a showsthe measuredand calculatedSPR anglesobtainedwith their FWHM values.
The calculatedSPRanglesfor the (ZnO/Au)-1, (Cr/Au)-7, and(ITO/Au)-8 deviceswere48.97 49.57
and 49.65 respectively(the measuredSPR anglesunderwater were 48.9147 49.497 and 49.6557
respectively).The calculationresultsshowedthat the SPRreflectivity curveof the (ZnO/Au)-1 device
exhibited an FWHM value of 0.56° This FWHM value is less than those of the (Cr/Au)-7 and

(ITO/Au)-8 devices,which were 1.2° and 1.05; respectively.These SPR resultsare comparedin
Table 3.

Figure 3. (a) TheoreticallycalculatedreflectanceSPR spectraof devices in water for a
light sourcewith a wavelengthof 830 nm. (b) Theoretically calculatedvalues at an
excitationwavelengthof 830 nm showingthe dependencef the SPRreflectivity curve of

thein situ (ZnO/Au) devices asa function of Au thicknessat a fixed ZnO film thicknessof
50nm.
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Table 3.Performacecomparison®f (ZnO/Au)-1, (Cr/Au)-7, and(ITO/Au)-8 devices
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Intensity slope 11.51 10.986 10.73
D .
ynamic Tange 33128134117 1.331281.3512 1.331281.35
intensity mode
@l of yshiftfaaun s i - 0.211 0.946 0.180.95 0.2110.95
Resolution of intensity mode
: 5.25 10.11 9.88
(10" RIU) @
D .
ynamic range ( 1.331281.44 1.331281.483 1.331281.475
mode
od of angl e s 48.914 65 49.49 65 49.655 65
Resolutionof angle mode
o angls 6.76 9.78 9.37
(x10' °RIV)
SPR (FWHM) is the FWHM value of the SPR absorbance¢capve (1) (a. u) is the

shift, @ g)((deg.) is the SPR reflectance angle shiftensity slope is the change in Intensity/angle
(0.2¥ shift ; Dynamic range of angle ranges from 45°o 65Dynamic range of intensity from 0 to
255 pixels for the ®it CCD; * Angular measurement with a resolution of 0.001

However, we found discrepancies between the measured and calculatedofahesSPR dip,

probably because the grain size effeotthe surface, rough boundaries, and other parameters of the

metal layersbeing ignored in the theoretical calculation [40Dptical transmittancespectrawere
recordedcat roomtemperatureisinga U-2900ultravioletvisible-nearinfrared(UV-vis-NIR) doublebeam
spectrophotometgHitachi High-TechrologiesCorporation,Tokyo, Japan)over a wavelengthrangeof
300 800nm andat anincidentangleof 0° (normalangle).Figure4b showsthe measuredndcalculated
transmittancespectraof the (ZnO/Au}1, (Cr/Au)-7, and (ITO/Au)-8 devices.The transmittance
spectraof the (ZnO/Au)}-1, (Cr/Au)-7, and (ITO/Au)-8 devicesshowpeaksat 513,501, and 506 nm,
respectively;all thesepeaksfall within the wavelengthrangeof greenlight. The (ZnO/Au)-1 device
showedhigher transparencyxomparedo the (Cr/Au)-7 and (ITO/Au)-8 devices.The (Cr/Au)-7 and
(ITO/Au)-8 devicesexhibited lower transparencyowing to high reflection and absorptionby the
intermediaryCr [29] and ITO [41i 43] layers.In the visible light region,the averagdransmittancéy
the ITO and ZnO thin films was approximately80% and 90%, respectively.In each case,the
transmissiorcoefficientin F r e s pgedtiadnsndS n e lLdwadsgivenby T=17 R1T A, whereT
representsransmissionA is absorbanceandR is reflection[16,39] Whenthe transmissiorthrough
the ZnO/Au interfacesreachests highestvalue,the intensity of the electromagnetidield reachests
maximumon the surface[44]. For the measurementand calculationswe assumedhat the incident
light is normalto the interface(d; = d; = 0). The resultsshowedthat the calculatedvalues(symbols)
werecloseto thevalues(solid line) measuredrom thetransmittancepectra.

Theoreticalcalculationsof the effectsof the plasmonresonancangleon the interfaceelectricfield
of the (ZnO/Au)-1, (Cr/Au)-7, and (ITO/Au)-8 devicesare shownin Figure 4c. The longitudinal

SPR

r

e



Sensor014, 14 180

electricfield in a thin metalfilm with an ant-symmetricSP modeandthe resultinglow-loss energy
propagatiordependon thedielectricload of the ZnO layer. The objectiveof this effort is to determine,
by calculatingthe planar electric field potential and the attractive potential, the total field energy
propagatior(qi) which canbe obtainedapproximatelyasfollows Equation(4) [45i 47]:

o . QO, o
YO O w5 g 2¢ (4)
whereZy, andv4z) denoe the turning point andthe value of the componenof the velocity normalto the
surface, respectively,which both dependon the SPR angle. The calculation results show that the
(ZnO/Au)-1 device had a maximum electric field and a large propagationlength at the ZnO/Au and
Au/waterinterfacesAn enhanceelectricfield intensityis generate@roundthe ZnO layersdueto the SPR
effect of the metal structure ,andthe maximumelectricfield intensityis increasedrom 107 to 180 V/m

dueto theantisymmetricallystructuredeffect of the SPRdevices We observedhattheratio of the total

field energy propagationintensity (qkx) of the deviceswas (ZnO/Au):(ITO/Au):(Cr/Au) = 1.7:1.5:1

Becauseof its high refractiveindex, an antrsymmetricstructureresultsin a greatersensitivity of the
electricfield in the interfaceregion.It shouldbe notedthatthe longitudinalelectricfield distribution of

the antiksymmetricelectricfield mode,suchasthatin LRSPs[30i 32], on both sidesof the Au layeris

inverselyproportionalto the reduceddampingloss. This electricfield propagations usuallyinterpreted
asa consequencef the spatialcompressiorat the Au film decaysexponentiallyandlimits the sensing
depth to approximatelyl € m as shownin Figure 4c. However, we see a clean example of the
antisymmetricstructurein the Kretschmanrgeometry(Figure 13 in the caseof ideal planeinterfaces,
i.e., it causes narrowerSPRresonancg@eak.ln addition,the illumination field playsanimportantrole
for optimizedtransmissiorthroughanintermediaryZnO layer.

3.3. Evaluationof the DetectionSensitivityfor SPRDevices

SPRreflectivity curveswere measuredn the angularinterrogationmode using an EP2 imaging
system(Nanofilm TechnologieGmbH). A high flow rate (40 lL/min) was usedto minimize mass
transporteffect. The SPswere excitedin the Kretschmanmrism-coupling configurationusing 830 nm
light, and the incident angle was varied from 45° 65; dependingon the type of metal and the
composition of the test fluid medium. When the ethanol concentrationwas increasedfrom
2.5to 10 wt%, the SPR angle shifted from 49.063°to 49.474; from 49.63°to 49.9747 and from
49.815° to 50.206° for (ZnO/Au)1, (Cr/Au)-7, and (ITO/Au)-8, respectively.The corresponding
reflectanceantensitychangeqg tpwere0.473,0.167,and0.218(a.u.)for (ZnO/Au)-1, (Cr/Au)-7, and
(ITO/Au)-8, respectively(Figure 5a). Anotherimportantdifferenceamongthesethreedeviceswasthe
slope (di/d ¥ of the SPR reflectivity curve. A steepslope representshigh sensitivty of the SPR
sensor.The calculatedslopes,shownin Figure5b, were1 1 . b @, 9a8dd ,0 . féar3ZnO/Au)1,
(Cr/Au)-7, and(ITO/Au)-8, respectivelyTheseSPRresultsarecomparedn Table3.

The reattime reflectanceintensity was measuredn the intensity interrogationmode of the SPR
We used an imaging system(GWC Technologiesinc., Madison, WI, USA) with a Kretschmann
prism-coupling configuration.The intensitiesof 790-nm light reflectedat a fixed angle of 49° were
measuredThis methodenablel reattime detectionof ethanol.The changein reflectionintensitywas
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recordedasthe differencein the lowestpointson the SPRreflectivity curve.Ethanolwasdiluted with
deionizedwaterto obtainconcentrationsangingfrom 0 to 20 wt%. A high flow rate (40 [L/min) was
usedto minimize masstransporteffects.

Figure 5¢ showsthe performanceof SPR devicesin ethanolsolutionsat a concentrationof 0
(deionizedwater),1.25,2.5,5, 10,and20 wt%. A comparisorof the reattime ethanolsignalsshowed
that the (ZnO/Au)-1 device (red line) had a shorterreactiontime and higher steadystateresponse
comparedo the conventionalCr/Au)-7 (greenline) and(ITO/Au)-8 (blueline) devices.

A comparison between the measuredreflectance intensity shifts for the (ZnO/Au)}l1l and
(Cr/Au)-7 devicesin 1.25,2.5,5, 10 and 20 wt% ethanolsolutionsrevealedrelative 4.5, 3.7-, 2.7-,
1.9, and 1.7-fold increass in the reflectanceintensity. The narrower SPRdip of the (ZnO/Au)-1
device hasa higher signatto-noiseratio (SNR) of 9:1. The (ZnO/Au)-1 deviceis exhibitedto hold
both a narrowSPRreflectivity curveandalargeresponséo the changesn therefractiveindex, which
improve its sensitivity in both SNR and detectionlimit. The resolutionof the intensity interrogation
modecanbe calculatedusingthefollowing equation48]:

Ures=( &P mjg %)
whereles is the resolutionin termsof RIU, gqg, andq arethe changesn the refractiveindex andthe
correspondingesonancentensity,respectivelyandly is the 8 bits/pixel (= 255 grayscalesylynamic
rangeof the CCD imagingsystemin the GWC-SPRinstrument.The (ZnO/Au)-1 devicecould detect
ethanol concentrationdrom 0 (1.33128RIU) to 20 wt% (1.34117 RIU) [49]. When the ethanol
concentratiorwasover 20 wt%, theintensityresponseeachedsaturationandthe reflectancantensity
changedfrom 0.21 to 0.946 (a.u.). On the basisof the gz and q valuesobtained,resolutionsin
our measuremensystemwere found to be 5.25 10.11, and 9.88 x 10 °RIU for the (ZnO/Au)-1,
(Cr/Au)-7,and(ITO/Au)-8 devicesrespectively.

Figure 5d showsthat the experimentallydeterminedantisymmetric structure (ZnO/Au) device

characteristicsn intensity interrogationmodeexhibiteda good agreementwith the calibrationcurve.
The averagesignalreflectancantensity of (ZnO/Au)-1, (ZnO/Au)-2, and (ZnO/Au)-3 devicesat each
stepwasplottedasa function of the concentrationThe antrsymmetricstructuredevicesgavea linear
plot for therangeof 0 to 20 wt% andthe regressiorequationf the slopeof eachfitting curvewere
the following: 10.74 for the (ZnO/Au)1 device, 9.5 for the (ZnO/Au)-2 device,and 6.99 for the
(ZnO/Au)-3 device.The resolutionsin our measuremensystemwere5.25,6.4, and7.95x 10 *RIU
for the (ZnO/Au)-1, (ZnO/Au)-2, and (ZnO/Au)-3 devices,respectively.The resultsobtainedshow
thatthe optimal deviceof (ZnO/Au)-1 havethe high resolutionandslopeof intensitymode.

Figure 5e shows that the measured SPR chasditie in the intensity interrogation mode are in good
agreement with the calibration curve. The (ZnOfAuylevice showed a linear plot for ethanol
concentrations ranging from 0 to 20 wt%, according to a linear regression equatldh74& i 1.1 and
a orrelation coefficient ) of 0.991, wherey represents the reflectance intensity (a.u.), xaiithe
ethanol concentration. In addition, as seen in Table 3, the linear regression equations of the calibratior
curves for the (Cr/Auy and the (ITO/AupB device werey=4.3&T 1. 85 wi th a corr e
RF=0934ang=66%1 1. 15 with a cROTO968|respecticely. coef fi ci en
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Figure 5. Comparison of SPR reflectivity curves obtained at different ethanol
concentrations(a@) Reflectve intensity and SPR angshift. (b) Analysisof the changein
slope of the SPR reflectivity curves. (c) Realtime monitoring of the responseof
(ZnO/Au}1, (Cr/Au)-7, and (ITO/Au)-8 devicesin water (0 wt%) andin 1.25,2.5,5, 10,

and 20 wt% ethanol sdutions. (d) Intensity interrogation mode measurementesults
obtainedfor the (ZnO/Au)}1, (ZnO/Au)-2 and (ZnO/Au)3 devicesin 0i 20 wt% ethanol
solutions. (e) Intensity interrogation mode measurementresults obtained for linear
regressionof the (ZnO/Au)-1, (Cr/Au)-7 and (ITO/Au)-8 devicesover dynamic sensing
range of 020 wt%. €) Angular interrogation mode measurement results obtained for the
(ZnO/Au)1 device in water and ethanol solutions; the angle shifted from 48.914°%n water to
53.217°in 95 wt% ehanol. Calibration curves for (ZnO/Ad) (Cr/Au)7, and (ITO/Au)8
devices in water and ethanol (1.25, 2.5, 5, 10, 20, 30, 40, 50, 60, 70, 80, and 95 wt%).
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The SPRresponsecharacteristicsn the angularinterrogationmode of the (ZnO/Au)-1 device for
deionizedwater(0 wt%), andfor 1.25,2.5,5, 10, 20, 30, 40, 50, 60, 80, and95 wt% ethanolsolutions;
therefractiveindiceswereobtainedfrom theliterature[49]. Theresolutionin theangularinterrogation
modecanbe calculatedas:

ljres = ( ﬁt) &'ple (6)



