
Dynamic Article LinksC<Journal of
Materials Chemistry

Cite this: J. Mater. Chem., 2011, 21, 16049

www.rsc.org/materials PAPER

D
ow

nl
oa

de
d 

by
 C

N
M

. I
ns

tit
ut

oM
ic

ro
el

ec
tr

ón
ic

a 
M

A
D

.  
(I

M
M

-C
N

M
) 

on
 0

7 
O

ct
ob

er
 2

01
1

Pu
bl

is
he

d 
on

 0
8 

Se
pt

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1J

M
11

93
7K

View Online
Enhanced gas sensing performance of TiO2 functionalized magneto-optical
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Porous TiO2 thin films deposited by glancing angle deposition are used as sensing layers to monitor

their sensing capabilities towards Volatile Organic Compounds both in a standard Surface Plasmon

Resonance (SPR) sensor and in Magneto-Optical Surface Plasmon Resonance (MO-SPR)

configuration in order to compare their sensing performances. Here our results on the enhanced sensing

capability of these TiO2 functionalized MO-SPR sensors with Au/Co/Au transducers with respect to

traditional SPR gas sensors are presented.
Introduction

Surface plasmon resonance (SPR) is a surface-sensitive analytical

technique used in a variety of chemical and biological sensors.1–4

Surface plasmon polaritons (SPPs) are essentially collective

charge density oscillations bound to a metal–dielectric interface

that can be excited on thin metal films for example through

gratings or prism couplers. When excited, such collective oscil-

lations of conduction electrons create regions of enhanced elec-

tromagnetic (EM) fields in the direct proximity of the metal

surface that are extremely sensitive to the local changes of

refractive index occurring at the surface of the thin metal film,

which in turn provides a capability for a label-free form of

analytical detection.5 As a result, this technique is widespread

used to monitor the binding of biomolecules to the Au or Ag

surface, as well as to monitor interactions between biomolecules

of different nature in the nanomolar to picomolar range, in real

time. Applications of this technology can be found in biology,

food safety, medical diagnostics and environmental

monitoring.6–10

The main problem of such SPR technology in commercially

available systems is associated with the existence of a lower

physical limit of detection (LOD) with respect to fluorescence

approaches which however need a further labelling step. This

limit is conditioned by the level of noise in measurements.
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Apart from the slight improvements offered by the optimiza-

tion of the optical metrology systems and the use of more effi-

cient data analysis methods, various approaches have been

proposed to enhance the sensitivity of such techniques. These

include, for example, phase-sensitive detection schemes,

azimuthal control of grating coupled SPR, use of metallic

nanostructures such as metal nanoparticles, line gratings, or hole

arrays in metal films, structures that each provide an efficient

coupling mechanism through which to excite plasmons, etc.11–16

In this context, modulation techniques can be used to improve

the signal to noise ratio (SNR) and enhance the limit of detec-

tion. Lock-in amplifiers use a technique known as phase-sensitive

detection to single out the component of the signal at a specific

reference frequency and phase.

Recently research in the plasmonics field is going to move into

active plasmonics, proposing to add active functionalities to

these SP-based devices. The development of active plasmonics

requires the use of novel materials in which the surface plasmon

properties can be controlled by an external agent. Different

control agents have been proposed in the literature: tempera-

ture,17 electric field,18 electromagnetic waves19 or magnetic

fields.20,21 In fact, the latter is what happens in the magneto-

plasmonic system, i.e. structures exhibiting high magneto-optical

(MO) activity and intense plasmonic resonances. The MO

activity consists of the interaction between linearly polarized

light and magnetized matter, and depending on the relative

orientation between the plane of incidence and the magnetiza-

tion, different effects can take place. For instance, in the trans-

verse MO Kerr effect (TMOKE), the magnetization lies in the

sample plane but is perpendicular to the plane of incidence of p-

polarized light, and the intensity of the reflected light depends on

the magnetization.

The application of the idea of the magneto-plasmonic effect

has been shown to bring about an enhancement of their MO

response upon plasmon excitation in surface plasmonic crystals21
J. Mater. Chem., 2011, 21, 16049–16056 | 16049
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and to modify the propagation of surface plasmon waves. This

has been demonstrated in ferromagnetic wires,22,23 where it has

been shown that the excitation of a plasmon running along the

wire gives rise to an enhancement of the magneto-optical

response.

Although the MO activity is very high in ferromagnetic

materials, as for instance Fe, Ni and Co, such materials suffer

from strong plasmon damping. So, the best magnetoplasmonic

performance is obtained in metallic heterostructures made of

noble metals and ferromagnetic materials, since they can sustain

intense surface plasmons and have at the same time high

magneto-optical activity.

Very recently, a MOSPR sensor, based on the combination of

magneto-optic effects and SPR, has been proposed.24 This sensor

is based on a magneto-plasmonic (MP) modulation technique

produced in multilayers of noble and ferromagnetic metals. This

combination has shown a great enhancement of MOKerr effects

of p-polarized light when the surface plasmon resonance condi-

tion is satisfied. Such enhancement strongly depends on the

excitation conditions of the SPP and therefore on the refractive

index of the dielectric in contact with the metal layer, thus

providing the sensing principle for the MO-SPR device. If in the

traditional SPR sensor, the metal layer (usually Au) acts as the

transducing layer, in this case it is represented by the MP

multilayer structure combining noble metal and ferromagnets

with a suitable thickness. In Fig. 1 a sketch of a typical experi-

mental setup with a test chamber for gas sensing is shown.

For the specific gas sensing application of SPR, an ‘‘active

sensing layer’’ is needed onto the Au or Ag transducing substrate.

Its active role consists of the change of its optical constants upon

the interaction with the investigated gas which can be sensitively

detected as a change in the reflectivity SPR curve. Obviously,

a porous sensing layer is highly desirable since it provides a large

surface area to be put in contact with the gaseous ambient to be

monitored. Organic, inorganic or mixed active sensing materials

can be chosen, with various structural and morphological

features for these purposes.25–27 Also, nanostructured semi-

conductor metal oxides, such as SnO2, ZnO, TiO2, and NiO, are

promising sensing materials for a wide range of gases and
Fig. 1 Experimental setup for SPR and MO-SPR gas sensing.

16050 | J. Mater. Chem., 2011, 21, 16049–16056
vapours. The enhanced sensing features are determined by the

high chemical activity and porosity of the active materials, which

are direct consequences of their nanostructure. Because of this,

gas sensing capabilities depend critically on the synthesis method

and parameters that allow for tailoring of selectivity and sensi-

tivity toward the target species.

In this work a novel application of such MO-SPR sensors is

proposed in chemical gas sensing purposes. Thin films of nano-

porous columnar TiO2 deposited by glancing angle deposition

(GLAD) have been chosen as sensing material to detect the

presence of different alcohol vapours of interest in food appli-

cations. GLAD is a physical vapour deposition method capable

of producing thin films with a highly porous nanostructure that

can be tuned to meet the needs of different applications.28,29

During deposition, the zenithal angle a (angle of vapour inci-

dence) and the azimuthal angle f (angle of substrate rotation

around the substrate normal) are adjusted in response to real-

time measurement of vapour deposition rates to yield a specific

film nanostructure. The enhanced surface area observed in

GLAD films has been exploited in a variety of applications

particularly in fabricating sensor devices.30,31 Due to their

inherently porous nature, gaseous species in the ambient envi-

ronment are free to diffuse through the structure producing

detectable changes in the dielectric constant of the system.29

Moreover, the inner surface of the oxide films (such as SiO2,

TiO2, and Al2O3) fabricated using GLAD may promote the

capillary condensation of water vapour within the porous

structure, and thus be used for humidity sensors.32

The aim of this work is to propose a novel combination of

materials based on TiO2 thin films deposited by GLAD onto

Au/Co/Au multilayers with optimized thicknesses to act as the

transducer element inMO-SPR gas sensors. We will demonstrate

its sensing performance by testing it against different alcohol

vapours, finding superior sensitivity values than the traditional

SPR sensors.

The novelty of the presented work comes from the combina-

tion of transducing (a multilayer structure composed of noble

and ferromagnetic metals) and sensing (porous TiO2 materials)

layers; the first endorses active plasmonic functionalities, while

the second takes advantage of their porous nature, to give rise to

a system with great gas sensing performance. Therefore

mastering the deposition process will allow sensing functional-

ities to be further enhanced.
Experimental details

Preparation of magneto-optical transducing layers

A set of 15 nm Au/6 nm Co/25 nm Au/2 nm Cr multilayers were

deposited on Corning glass substrates. The 2 nm thick Cr layer

between the substrate and the 25 nm Au layer improves the

adherence of the magnetoplasmonic structure. All layers were

deposited by dc magnetron sputtering at room temperature in an

ultrahigh-vacuum chamber with a base pressure of 10�9 mbar. In

these conditions all the constituent layers are polycrystalline and

the Co layer has in-plane magnetization.

The choice of these thickness values comes from the need to

prevent Co oxidation while maximizing the magneto-optical DR

signal upon the change in the real part of refractive index n.20
This journal is ª The Royal Society of Chemistry 2011
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TiO2 sensing layers deposition

Once the transducer layers are grown, they were transferred to

a different deposition system where a 10 nm amorphous TiO2

thin film was deposited on top by using the glancing-angle

deposition (GLAD) technique. Reference TiO2 layers were also

grown onto Au/Cr/glass and bare glass substrates. The porous

nanocolumnar layer of TiO2 was grown by electron beam

evaporation from a TiO source under a residual oxygen pressure

of 5 � 10�4 Torr at a zenithal angle of incidence of 70�. No

rotation around the azimuthal angle was intended for the

prepared films which, in this way, presented a tilted columnar

nanostructure.29 The deposition rate and film thickness were

controlled with a calibrated quartz crystal monitor placed at

a normal angle besides the substrates. Further details on the

deposition process and optical features of the realized materials

can be found in ref. 29.
Characterizations

The morphology of the TiO2 thin films deposited both onto the

bare glass substrates and onto the Au/Co/Au multilayers was

investigated by Atomic Force Microscopy (AFM) in dynamic

mode using probes with about 5 N m�1 force constant and 7 nm

tip radius.

Optical characterization of the TiO2 thin films deposited onto

the Au/Co/Au multilayer and onto glass was carried out using

spectral ellipsometry, allowing the effective refractive index of

the investigated TiO2 thin films to be extracted. In both cases,

a refractive index of 1.682 was obtained at 632.8 nm wavelength,

which is significantly smaller than that of bulk TiO2 (2.494). This

value is in agreement with previously reported refractive indexes

of TiO2 thin films prepared by GLAD29 and indicates that these

films are very porous. Details can be found in the ESI†. The

magnetic field needed to saturate the Co layer of the transducer

(30 Oe) was determined by TMOKE hysteresis loops, i.e.

measuring the in-plane magnetization reversal.

For these structures the optical and magneto-optical charac-

terizations consist of measurements of reflectivity and transverse

Kerr signal DR/R versus incident angle in the Kretschmann

configuration at a wavelength of 632 nm.

Traditional SPR and MO-SPR measurements were performed

in a home-made experimental set-up using Kretschmann’s prism

configuration as shown in Fig. 1. The free face of the glass

substrate was brought into optical contact with a prism (with

refractive index n ¼ 1.515, determined by Brewster angle

measurement) using a thin layer of an index-matching fluid

(n¼ 1.517). The prism/sample combination was placed on a q–2q

rotation table driven by a microprocessor-controlled stepping

motor (with a resolution of 0.01�). Surface plasmon excitation

was achieved by focusing a p-polarized light beam of a He–Ne

monochromatic laser source (l ¼ 632.8 nm) onto the

prism/sample interface. The reflected light is detected by a Si

photodiode.

To explore the modulation of the surface plasmon wavevector

by an external magnetic field, an electromagnet was placed in

transversal configuration, i.e. it produces a magnetic field that

lies in the plane of the Co layer and perpendicular to the inci-

dence plane, which changes the magnetization of the Co layer
This journal is ª The Royal Society of Chemistry 2011
between its saturation states with a magnetic field of 30 Oe and

a frequency of 800 Hz. The modulated signal was processed by

a pre-amplifier and then by a lock-in amplifier which will extract

the component of the signal at the specific reference frequency

rejecting noise. This will allow the variation of the reflectance

signal to be obtained upon the modulation of the direction of the

magnetic field in the transversal configuration as:

DR

R
¼ RðþMÞ � Rð�MÞ

2Rð0Þ (1)

whereR(�M) andR(0) are the reflectance of the p-polarized light

with the sample magnetically saturated along the direction of the

applied magnetic field and in the demagnetized state, respec-

tively. The latter is measured before applying the magnetic field.
Sensing characterization

A suitable Teflon SPR test chamber was used in order to analyse

the sensing activity of all the deposited TiO2 nanostructured thin

films. The SPP excitation manifests itself as a reduction on the

reflectivity at a specific angle of incidence above the critical angle

for total internal reflection.

The sensing performances of the prepared TiO2 thin films

deposited onto Au and Au/Co/Au substrates were investigated

towards different concentrations of ethanol, methanol and iso-

propanol vapours mixed in dry-air as carrier gas. The investi-

gated analytes were introduced into a 20 mL vial kept at room

temperature by a thermostatic tank. To evaluate the optical

sensor response towards the investigated alcohol vapours present

in the head space of the vial, a dry air flow (total flow of 50 sccm)

was deviated in the vial for collecting the analysed saturated

vapour. The obtained concentration of the saturated vapours

depends on their saturated vapour pressure and the temperature

at which the sample is kept. The maximum vapour concentration

Cmax formed in a closed test chamber can be calculated by

dividing the vapour pressure at a given temperature by the

atmospheric pressure. For example, at 25 �C the methanol

vapour pressure is p25 ¼ 16.9 kPa and the maximum vapour

concentration is:

cmax ¼ p25

patm
� 100 ¼ 16:6� 104 ppm

To obtain different concentrations of the analyte vapours sent

in the test chamber, the air flow carrying the saturated vapours

was diluted to the reference flow of dry air in different suitable

ratios for each alcohol vapour. The gas mixing station consists of

a mass flow controller (MKS Instruments model 647B) equipped

with two mass flow/meters/controller (MFCs) and a system of

stainless steel pipelines and switching valves. The experimental

procedure started by flowing dry air through the sample chamber

until a steady absorbance reading was obtained. Next, fixed

concentrations of vapours were transferred into the sensor test

cell realized in the meander pipe as described above.
Results and discussions

In Fig. 2 we show AFM images and representative topographical

profiles of the 10 nm TiO2 thin films deposited onto a glass
J. Mater. Chem., 2011, 21, 16049–16056 | 16051
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Fig. 2 AFM images of the TiO2 film onto the substrate (left) and onto

the metallic trilayer (right) with representative profiles (lower panel).
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substrate and onto the transducing trilayer. Although convolu-

tion effects with the AFM tip prevent quantitative information

from being obtained, the porous nature of the TiO2 layer can be

observed. As the roughness of the metallic trilayer is higher than

that of the glass substrates, the top TiO2 layer is rougher when it

is deposited onto the trilayer, since the autoshadowing mecha-

nism is more efficient.

From TMOKE loops it was checked that the samples exhibi-

ted low saturation field (around 30 Oe), as expected for a Co thin

layer of a few nm thick.

In Fig. 3 we show the angular dependence of the reflectivity

and the magnetic field induced variation of the reflectivity related
Fig. 3 Reflectivity curve (R vs. angle) and TMOKE curve (DR/R vs.

angle) of Au/Co/Au multilayers deposited on Corning glass substrates.

16052 | J. Mater. Chem., 2011, 21, 16049–16056
to total reflectivity (DR/R) defined in eqn (1) or the investigated

TiO2/Au/Co/Au sample.

As demonstrated in the literature,20,24 a magnetic field applied

in the plane of a gold–cobalt–gold multilayer film with a cobalt

thickness of a few nanometres and perpendicular to the SPP

propagation direction induces a modification of the SPP wave-

vector while keeping its transverse magnetic (TM) character, this

modification being the physical origin of the magnetic field

induced variation of the reflectivity.

In such a configuration, the dielectric tensor of cobalt (a

ferromagnetic metal) is governed by the magnetization M in the

plane of the cobalt layer, and so are the properties of surface

plasmons at the trilayer–dielectric interface.

The wavevector of such surface plasmon ksp propagating in the

y-direction (Fig. 1) depends linearly on the component of the

magnetization Mx of the cobalt layer (being maximum at satu-

ration, Mx ¼ �1) and exponentially decays as a function of the

Co layer thickness below the gold/air interface.33,34

In terms of reflectivity, a variation of the plasmon wavevector

implies a variation of the angle at which the light–plasmon

coupling takes place, so magnetic modulation turns into angular

modulation. In other words the Kerr signal in Fig. 3 can directly

be related to the angular derivative of the reflectivity signal:20

DR/R ¼ (vR/vq)(Dq/R) where Dq is the angular shift of the

reflectivity minimum when the magnetization is reversed.

As shown in Fig. 3, the angular variation of the reflectivity

shows firstly the total internal reflection at 42� and then the SPP

excitation with the clearly observed minimum around 44.2�. Also

the transverse Kerr effect defined as DR/R is characterized by

a sharp resonance like angular behaviour at around such a value,

i.e. when the SPP is excited. When the SPP is not excited, both R

and DR/R are basically constant in the same angular range (data

not shown).

For the angular positions corresponding to total reflection

where the plasmon is not yet excited, the corresponding EM field

distribution decreases exponentially from the glass incident light

side. However, for angular positions where the SPP has been

excited, the EM field gradually increases as the light gets deeper

into the structure, reaching as expected a maximum value at the

air–Au interface, where the SPP is located. This implies that the

EM field is drastically enhanced at the MO-active layer region,

being responsible for the enhancement of the magneto-optical

signal. Maximal changes in the magneto-optical signal will occur

in the dip of the SPR curve where the probing electric field is

maximal, whereas maximal reflectivity changes are observed on

the resonance slopes.

Under optimal thickness of the MO-supporting structure, the

magneto-optical signal can thus provide a better sensitivity to

refractive index variations than reflectivity measurements. This

expectation is based on the existence of a sharp jump in the

angular dependence of the magneto-optical signal under SPR

condition, besides the reduced signal noise dictated by the

detection scheme which in turn results in a much better signal-to

noise ratio.

In Fig. 4 the SPR reflectivity curves for the Au/glass

and TiO2/Au/glass (a) as well as Au/Co/Au/glass and

TiO2/Au/Co/Au/glass (b) are reported. In both cases, when the

TiO2 layer is on top, the incident angle qspr in which the reflec-

tivity minimum takes place exhibits a shift to higher angles with
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 R vs. angle of Au(50 nm)/glass and TiO2(10 nm)/Au/glass (a), R

vs. angle of Au/Co/Au/glass TiO2 (10 nm)/Au/Co/Au/glass (b) and DR vs.

angle of the same samples (c).
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respect to the bare metal/glass samples. This difference can be

ascribed to a change in the actual refractive index above the gold

layer when the metal surface is covered by the TiO2 film. The

shift magnitude in the SPR angle typically depends on both the

thickness and the refractive index n of the titania deposited layer.

It is also worth noticing the broadening of the curve around the

minimum in the case of Au/Co/Au, since the presence of a Co

layer increases the absorption losses compared to pure Au.

If a magnetic field is applied, DR curves will record a change in

the angular position when a thin TiO2 layer is deposited onto the

Au/Co/Au multilayers substrate (Fig. 4(c)). Also in this case, this

change can be ascribed to the change of refractive index due to

the presence of a thin film at the Au/air interface.

Two different sensing approaches can be used to test the ability

of the TiO2 layers to detect the presence of different alcohol

vapour molecules such as ethanol, methanol and isopropanol.

The realized Au/Co/Au multilayer has been using as transducing

layers both in a traditional SPR sensing configuration and in the

proposedMO-SPR gas sensor configuration. In the first case, the
This journal is ª The Royal Society of Chemistry 2011
reflectance of the active sensing layers, recorded in the Kretsch-

mann configuration, is monitored during time, at a fixed angle,

corresponding to the maximum slope of the SPR curve reported

in Fig. 4(b). In the second case, the DR magneto-optical signal,

recorded in the presence of the oscillating magnetic field in

transversal configuration, is monitored during time, at a fixed

angle, corresponding to the maximum slope of the DR curve

reported in Fig. 4(c). Increasing concentrations of alcohol

vapours mixed in dry air were sent into the test chamber, spaced

out by a flux of whole dry air with the aim to evaluate the

reversibility of the sensors after interaction with the investigated

analytes. The interaction of the sensing layer with the alcohol

vapours produced a change in the optical properties of the

sensing TiO2 films, namely a change in the refractive index26 or

a swelling mechanism if the alcohol vapours are allowed to

penetrate into the porous structure of the sensing layers, which

can be responsible for a change in its thickness values. This effect

produces a change in the plasmon wavevector, which, in turn,

translates into a change in the SPR curve and MO-SPR curve.

Thus, the two recorded signals have the role to monitor the

optical changes of the TiO2 active layer upon the interaction with

the investigated alcohol vapours.

In Fig. 5 the calibration curves relative to SPR and MO-SPR

sensors are reported. The curves put in evidence the obtained

sensor responses corresponding to the different alcohol vapours.

These curves represent the signal variation in the presence of the

analyte and in dry-air with respect to the value of the signal in

dry-air. Here the signal is intended as the reflectance signal or

magneto-optical DR signal for the two different SPR and MO-

SPR configurations, respectively. The gas sensing measurements

were done in the same experimental setup, with the same sample,

and flowing the same alcohol vapour analytes obtained under the

same experimental conditions.

Due to the different nature of reflectance measurements in the

SPR sensor and of the MO measurements in the MO-SPR

sensor, the comparison of their sensing performances, namely of

their calibration curves, must be done taking into account the

signal-to-noise ratio (SNR) of the experimental measurements.

In this sense noise is anything which contributes to the signal but

which is not due to the parameter being measured. It is generated

in all parts of the electrical circuitry but in light measurement

systems it is dominated by noise from the detector or from the

optical signal. As in a first approximation the SNR depends on

the square root of the frequency, the modulation of the MO

signal at 800 Hz improves the MO measurements filtering the

noise. The system noise here is defined as the RMS deviation of

the experimental signal (during 1000 s) when dry air flows in the

test chamber. The limit of detection would be five times the

system noise (Rose criterion).

Sensitivity information can be obtained by the slope of the

calibration curves.35 The experimental results yield a significant

enhancement of the MO-SPR sensor sensitivity towards the

investigated alcohol vapours with respect to the intensity-inter-

rogated SPR sensor, using the same Au/Co/Au layer as sensing

transducer, as can be noticed in Table 1.

For the sake of completeness, the sensing performances of the

TiO2 active layers were investigated in a ‘‘traditional’’ SPR

configuration using as transducing layer the traditional Au/glass

substrates (in the optimal configuration 48 nm Au/2 nm
J. Mater. Chem., 2011, 21, 16049–16056 | 16053
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Fig. 5 Calibration curves relative to ethanol vapours (a), methanol

vapours (b) and isopropanol vapours (c).

Table 1 Sensitivity comparison (ppm�1)

Analyte

Transducing layer

Au/Co/Au Au

MO-SPR
sensor (�10�4)

SPR
sensor (�10�4)

Traditional SPR
sensor (�10�4)

Ethanol 7.2 3.6 6.0
Methanol 7.8 2.8 4.2
Isopropanol 21.9 6.3 16.0
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Cr/glass). Both Au/glass and Au/Co/Au/glass structures were

deposited on the same kind of Corning glass substrates, using the

same growth conditions, as well as the same TiO2 sensing layer

deposited on them. The obtained sensitivity results are reported

in Table 1 with the name ‘‘traditional SPR’’.
16054 | J. Mater. Chem., 2011, 21, 16049–16056
Under the same conditions of the sensing technique, the

highest sensitivity is obtained for isopropanol vapours. This

result agrees with the higher refractive index of isopropanol (i.e.,

1.380) with respect to that of methanol (i.e., 1.329) and ethanol

(i.e., 1.361) and by the steric hindrance of its molecules with

respect to other vapours: this allows a fast and complete coverage

of the surface, thus leading to reach quickly a saturation level in

the sensor signal as well as to penetrate and diffuse into the TiO2

matrix leading to a change in the density and thus in the

refractive index of the active layer.

But if we compare the sensitivity recorded by the different

sensing techniques, methanol vapour is the analyte which gives

a higher enhancement in the performance of MO-SPR sensing

compared to a traditional SPR sensor device. In order to justify

this result, we have to take into account that the values reported

in the table represent the sensitivity that is the speed at which the

sensor signal changes upon a variation of the analyte concen-

tration. As known from SPR theory, a variation in the dielectric

constant 3d of the medium in contact with the Au/air interface

upon the change in the refractive index causes a variation in the

plasmon wavevector ksp due to its direct dependence on 3d. The

electromagnetic field exponentially decaying at the Au/air inter-

face became therefore a sensing probe for changes of the

refractive index at this interface, translating into a variation of

the SPR signal. The rapidity of this variation depends on the

capacity of the wavevector to follow the changes at the trans-

ducer interface, which in turn depends on the ability of the

decaying field to penetrate into the dielectric and to follow the

changes of its optical parameters.

In the MOSPR signal the plasmon wavevector ksp direction is

modulated at a certain frequency by the modulation of the

magnetization in the plane of the Co layer. The modulated

wavevector Dk is now responsible for the detection of refractive

index changes at the Au/air interface. The capacity of the

modulated wavevector to follow such optical variations dictates

the sensitivity with respect to the different analytes. A small gas

molecule such as methanol will allow the electromagnetic field to

follow better the changes in gas concentration resulting in

a faster change in Dk with respect to bulky analyte molecules

such as isopropanol. In addition, small analyte molecules will

interact with the sensing layer in proximity of the MO active

layer region where the electromagnetic field, responsible for the

enhancement of the magneto-optical signal, is drastically

enhanced allowing a fast probing of analyte changes.

These considerations come from the comparison of traditional

SPR and MOSPR configurations using Au film and Au/Co/Au

multilayer films as transducing layers respectively. In the two
This journal is ª The Royal Society of Chemistry 2011
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cases the probing electromagnetic field at the metal/air interface

is the best for each experimental sensing configuration. As shown

in the table, a reduction of sensitivity towards methanol vapours

of the SPR sensor using Au/Co/Au as transducing layer with

respect to the traditional SPR sensor is obtained. This can be

ascribed to the reduced probing ability of the decaying electro-

magnetic field at the Au/air interface, due to a damped plasmon

excitation in the Au/Co/Au structure with respect to the classical

Au/air interface. This is why considering the SPR and MOSPR

detection in the same support (Au/Co/Au), the above consider-

ations about methanol vapours are not valid since in this case

isopropanol vapour reports the highest sensitivity.

The comparison of sensitivity values obtained for the investi-

gated transducing sensor platforms highlights the significant and

important enhancement obtained with the MO-SPR sensor over

the traditional SPR approach, confirming the hypothesis out-

lined by the authors at the beginning of the work.

Dynamic curves relative to the analyte reporting the best

sensing performance, namely isopropanol vapours, are reported

in Fig. 6 as representative of the behaviour of all tested alcohol

vapours. The stability of the signal and reversibility in the

absorption and desorption processes are observed in all the

concentration range and for all investigated analytes for the two

SPR and MO-SPR configurations. A large increase in the signal

is observed in the sensorgram corresponding to MO-SPR

measurements, thus confirming the achieved objective of this

work. However, this configuration presents a slight reduction in

the recovery times as can be noticed in the figure. Reproducibility

of the measurements is ensured by repeating the measurements

for more cycles.

The assumed interaction of the investigated alcohol vapours

with the TiO2 sensing layers is likely due to the physical

adsorption into the sensing layer. Indeed, the calibration curves

follow an analytical behaviour typical of a sigmoid isotherm

(often named Type II isotherm).36,37 This isotherm is character-

istic of weak gas–solid interactions and it usually corresponds to

multilayer formation. Once the target analyte approaches the

film, a specific equilibrium should set in, involving the reversible

condensation of the alcohol vapour molecules into the porous

structure of the TiO2 film. Once the first monolayer of the vapour

molecules has become adsorbed in the inner surface of the layer,

it will form multilayers up to completely filling the pores and the

resulting isotherms will become convex to the concentration, or
Fig. 6 Dynamic curves (R and DR vs. time) of isopropanol vapours at

different concentrations (both R and DR).

This journal is ª The Royal Society of Chemistry 2011
better to the pressure axis. This effect is less evident in iso-

propanol vapours; we stress that this behaviour is due to the

lower polarity of their molecules.

The layer with their pores completely filled with the vapour

molecules will undergo a sharp change in the overall refractive

index of the film and, in turn, to the corresponding modification

in the SPR response. By assuming a similar degree of filling of the

pores for the three investigated vapours, it is likely that the

magnitude of the change depends on the refraction index of the

three analytes (i.e., 1.380, 1.361 and 1.329 for isopropanol,

ethanol and methanol).

These considerations are not in contrast with the above

observations about sensitivity comparison, because sensitivity is

determined taking into account the linear part of the calibration

curves corresponding to lower concentrations. The multilayer

behaviour is noticed taking into account the higher concentra-

tions of vapours analytes.

The physisorption character of the interaction of the analytes

with the TiO2 pore surfaces ensures the reversibility of the

sensing mechanism. Measurements of the TiO2 thin films active

layer (deposited by the GLAD technique) with higher thickness

will be performed. We expect that this deposition technique

would likely produce higher porosity in a thicker sensing film

whose expected sensing performance would be consequently

higher.

By comparing the obtained results with other studies on SPR

gas sensing using TiO2 prepared by different routes,38,39 we can

conclude that the discussed work represents a step forward in

SPR technology as concerns gas sensing, building a bridge

between the sensor and magnetic community and paving the way

for the study of other active plasmonic functionalities for gas or

biosensing applications.
Conclusions

We have presented a novel combination of materials, namely

a magnetoplasmonic Au/Co/Au trilayer with a TiO2 layer

deposited on top by GLAD, and demonstrated their surpassing

capabilities as gas sensors by magneto-optical surface plasmon

resonance measurements. This has been carried out by evaluating

the sensing performance of a thin TiO2 layer deposited onto both

Au and Au/Co/Au substrates to the exposure of different alcohol

vapours. A significant enhancement in sensitivity has been found

in the MO-SPR sensor with respect to the classical SPR

measurements carried out in the intensity-based configuration.
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