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Abstract

Surfirce plasmon resonance (SPR) of metal-dielectric
composite films formed by noble metal wanopariioles
embedded in a dicleciric s very semsitive jo the
changes in the refractive fndex of the  dielectric
incluced by phveical ghsorption or chemical reqctions
and is therefore exploited for gas sensing applications.
In this atudy, Aw-Wos . nanocomposite thin filmys were
Jabricated by pulsed Jaser deposition and the content
aof Au in the compasite films was varied by altering the
velative laser ablation time on Au and WO taroers.
he SPR response of the Au-Woy, fims in ambien
atmosphers is measured for various gold perceniages.
The experimental results were compured fo the
theorelical calculutions by both Moucwell-Gearnett and
HAruggeman  effective  medium  theories. The SPR
response of Aw-Wl films exposed to NO gas was
measured. The preliminary results indicated that gas
sensing using the SPR responses of metal-dielectric
compozite films is feasible,

L. Introduction

surface  plasmons are  surluce  electromagnetic
waves thal propagate along a metal/diglectric interface
[M21 Ty excite surfice plasmons in a resonant manner,
a visible or infrared light beam is typically used to
illuminate the metal layer from a glass prism in either
Otto ™ or Kretschmann ™ configurations. Since the
surface plasmon waves (SPW) are excited on (he
boundary of the metal layer, they are very sensilive to
any change in the vicinity, such as the adsorplion of
mwlecules to the metal surface which changes the local
mdex of refraction. By measuring the surface plasmon
resonance (SPR) reflectivity, one can therefore detect
mclecular adsorption. When SPR is considered for the
detection of gas maolecules ™/, however, it requires thar
the gas molecules inleract with the metal layer itself
and induce the change in its index i refraction singe
monolayer of physically or chemically adsorbed gas

molecules can not induce detectable changes in the
local index of relraction. The mest common metals
used for SPR such as Au and Ag are not reactive o
many gases; lherefore cannot be directly used for gas
sensing with & typical SPR sct-up. A highly reactive
metal oxide ) or polymer thin film is usually coated
an the gold or Ap metal surface, the reaction befaeen
gas malecules and the sensing metal oxide or polymer
layer induces changes in the local index of refraction of
the metal layer, which forms the basis of SPR gas
sensing.
Nanocomposite ' thin films formed by metal
nanoparticles cmbedded in a diclectric matrix also
show SPR phenomenon due 1o collective excitations of
conduction electrons in metal nanoparlicles when
pholons are coupled (o the metal panicle—diclectric
interface. 1f a highly chemically reactive metal oxide
such 25 S0, '™ and WO, I were used as the dislectric
matrix in the metal-dieleciric nanocomposite, we
expect that the interaction between the metal oxide and
gas molecules through either chemical reaction or
physical adsorption may induce significant change in
optical reflectivity of the composite film therefore
offers the possibility to measure small concentrations
of gas molecules.

In this article, the details on the abrication of Au-
WO, composile thin films by pulsed laser deposition
(PLD} technique are described, The SPR response of
the Au-Wiy, [ilms in ambient atmosphere is reported
for varous gold percentages. The experimental results
are compared to the theorctical SPR reflectivity
stimulation using a goneral characteristic matrices
method im0 which  both  Maxwell-Gamett and
Bruggeman effective medium theories are used for the
caleulation ol the effective dielectric constants of the
composite films.  SPR responses  of  Au-WO,,
composite films exposed to MO gas are measured to
demonstrate the feasibility of using SPR responses of
the composite films for gas sensing applications.



2. Theory

The clfcctive medium  theory (EMT) U1 g3
employed Lo vbtan the effective dielectric constant of
the Au-Ws, nanocomposite, which is the first step o
valculate the SPR response of the composite films, The
most commonly used SPR setup 15 the Kretschimann
configuration "> ™, which consists of a glass prism, a
thin noble metal ﬁlm altached to the prism, and the
ambient dielectric material. The 3PR response is
generally characlerized by the reflectance of the p-
polanized incident beam, ie. R, which can be
obtained from cither direct calecutation ' or Macleod's
general characteristic matnices methad ',

2.1 Effective Medium Theory

Owptical propertics of heterogencous materials can
b analyzed with cither Maxwell Gamett effective
medium  theory for separated-grain structure  or
Bruggeman theory for aggregated structure "™ If a
composite material is composed of two medinms with
dielectric constant £; and &, respectively, and the
volume lilling factor of medium 1 is £, then the
effective permittivity of the composite is
o H 128, +2fi(8 -¢&) (w

2

E 28— 08 =8)
from Maxwell Gamett formulation for separaled-grain
structure and
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[rom  Bruggemun  theory  for more dense

(inferconnected) mixtures of materials.
2.2 Surface Plasmon Resonance

When using a visthle or infrared light beam to
excile surface plasma waves in the Kretschimann
configuration, the light is shone on the wall of 2 prism
and totally reflected. An evanescent wave penetrates
through the metal Ohm that is evaporated onto the
prism to exeile and interact with the plasma waves on
the metal surface. Under certain conditions, Iree
electrons  respond  collectively by oscillating  in
resonance with the incident light wave to generate
surface plasmon resonance (SPR), The SPR response is
genetally characterized by the reflectance of the p-
polarized meident beam. i, R, which can be
calculated as ' U3

P+ raexpl 2k, d i
R, =| i g OXP )| (3)
[l+rpm T XD (2ik, d ) |
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o= . Here & is the wavenumber, &
gk vek

et

is the film thickness, and #=+/—11is the imaginary
symbol. The wavenumbers along x- and z- dircetions

=Jeki—k> .

respectively. The subscripts &, g, and of denole free-
space, prism, metal, and  dielectric  (ambient or
embedding material), respectively, lor the calenlation
of B, for metal-diclectric composite (ilms, the effective
diglectric constant gx determined from either equation
{11 or (2 is used to replace the £, in equation (3),

are a‘i:x = H,.—.-kn 5N E?P and

3. Experimental Details

The Au-WO:, nanocomposite films with different Ay
content were grown on BET glass substrates using the
PLD techmique. A pulsed laser beam gencrated by a
KIF excimer laser al a wavelength of 248 nm and pulse

Laser

WaQ,

Figure 10 The loser beam subsequently ablotes
rotating Wida/Au fargets fo produce the Au-Ws .
compasits fiim

duration of 25 ns was introduced into the deposition
chamber through a guartz window and focused with
optical lens onto the target surfuce. The laser fluence
an the target was ~3 Feom®, while the tepetition rale
was fixed at 50 Hz. A 3-inch circular Tungsten oxide
(W04} target dish was out into pie-shaped picces with
different angles, A WO target piece of selected angle
was then mounted on the top of 3 3-inch circular An
target dish. The laser beam was subsequently ahlated
on the rotating WOS/Au largets at a speed of 18 pm as
shown o figure 1 1o form composite thin films
deposited directly on the |8 mm % 18 mm = 1.0 mm
BK7 glass  subsirates. To  improve the  film
homogeneitics, the substrates were totated along the



verlical axis at 2 speed of 35 rpm. All Glms were
deposited at & room temperiiure of 20°C in high
vacuum (< 2.0 x 107 Tarr). The chemical compositions
of the compesite films were investigated by x-ray
photoelectron  spectroscope (XPS)E The  XPS
measurements were performed using 8 specirometer
squipped with an AlKw source (A = 1486.6 ¢V). The
cryvstallographic properties of the thin [lms were
analyeed by Xeray diffraction (XRD, Philips, X-Pert
MRDY} using monochromatized Cu Kee in the 0,-20
thin film configuration, where f was fixed a1 0.5%. The
diffraction  photens  were  collected by the
diffractometer from 20-70°7 with a 0.02° step size. A
Biosuplar SPR device was used to measwre the
rellectivity as & function of the angle of incidence (SPR
responses) of the Au-Ws, composite films using a
light emitting diode at the wavelengih of ~640nm in
the Krelschmann configuration,

4. Results and Discussion

4.1 Struectural and chemical composition
analysis of Au-WO:, composite film

Figure 2 shows XRD patterns of a pure An filin, and
Au-WOy, composite films deposited by laser ablation
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Figure 2 - XRD spectrg of du and Au-W005 . films depostied
af the substrote temperature of 5000 on BET glass
substrales in high vacunm by leser ablatiof of A/ Wi
target with sariohs angles of WO sectors,

of the overlapped WO, /Au largels with the pie-shaped
WO, pieces at 97 and 15% respectively. The diffraction
patterns consest of g broad band centered at 20 of about
235" and three main diffraction peaks at around 389 45°
and 65" The broad band is attributed o an amorphous-
like structures for the W, in the composite film and
the substrate (as the [ilm s around 30-40 nm, substrate
also contributes o the XRD pattern), while the three
main diffraction peaks represent the (1113, (200} and

{2200 orientations of Au particles as they match to the
KRD reference JCPDS 04-0784 for Au. The results
clearly illustrate that Wi, existed as sn amorphous
structure while Au is crystallized in the Auw-"WO..,
compostte films. All the three Au peaks are broad,
which indicates that the Au parlicle size is very small.
The appearance of dual-peak may be contributed by
owo types of Au particles with differem  Jaltice
constanls co-existing i the composite flms.  Very
likely, the dual pesk originates from the An
nanoparticles in the composite film and micro or sub-
micron sized Au particles embedded in the composite
films. Those micro or sub-micron sized Au particles

wire generated during the pulsed laser ablation process
14

Chemical compositions of the Au-WOs, composite
films with varicus Au conlents were investigated by
XKP3 measurements. The XPS spectra were recorded
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Figuera 3: KPS spectra of Avw-Wok, compnsite films

deposited on BEY glasys substrotes.
without Ar ion ctching. The recorded carbon C(ls)
peak at 28575 &V for the two investigated samples is
presumably due to the atmospheric carbon surface
contamination. The binding energy values of the
different XPS peaks were calibrated wsing the €(1s)
peak, The XPS peaks corresponding to Au(40, Auldd).
Auldpl, Widd), Wi4f), and O(1s) were labeled in the
figure. The W{4f) and Au(4l) peaks were used to
calculate  the AW atomic miio. The atomic
percentages for Au-Wo,, composite Alms deposited
by laser ablation ol the overlapped WO/Au tarsets
with 9% and 157 angles of the pie-shaped WO, picces
are caleulated to be 90.2 % and 788 % of Au in Au-
WO, composite, respectively.

4.2 5PR Response of Au-W0,.., nanocomposite
tilms

SPR responses (reflectance vs. angle of incident) of
PLI deposited pure Au and Au-WO;, composite films



arg shown in figure 4. The reflectance almost
approaches zero at an incident angle of 43.6°
{resonance angle) for the 42 nm Au film. The 5TR
response of the PLD Au film is almost the same as that
of a commercial Ao films provided by MIVITEC
Gmbll which were prepared by dc. sputtering, PR
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Figure 4: 5PR response of a 42nm pgure Au film and
F0nm A=W, Composies films with parous Au
perceniages.

dips for the 30 nm Au-W0., composite films are
much bread than that of the pure Au film. The more
Wils, 15 in the composite Glm, the broad the SPR
tesponsc is. The angles ol incidence corresponding to
the minima of the reflectance also shift 1o higher values
as the percentage of W, increases,

Caleubations of the SPR responses of the Au-WO.,,
composite  films at 632 8nm in the Kretsclimann
configuration were also carried out in order to compars
with the experimental results, Effective dielectric
constants  of  Auw-WO,, composite films  wern
calculated from both equation (1) (Maxwell-Gamett)
and equation {2} {Bruggeman). The index of refraction,
n, and extinction cocfficient, I, vsed in the caleulation
of dieleciric constant of Au were obtained from the
CRC Handbook of Chemistry and Physics ', and
othor lteratures ' " The refractive index n and
exlinction coefficient k for Au are n— 0,16172, k =
321182 at the wavelength of 6328 nm (1.9593 ev)
(t.e: the wavelength of He-Ne laser), The noand k
valnes of WOs, films used n the calculation of
dieleciric constant of WO, {ilms were measured [fom
W, films deposited by the PLD. The WO, [lms
were deposited by ablaling a 90 mm diameter rotating
W (99.99%, purity, from Super Conductor Materialz)
in high vacuum (< 10 torr) at 20°C, The resulting
films are non-stoichiometric with oxvgen deficiency
leg, Wi, where x = (), The optical reflectance
spectra of WO, {ilms were measured with the
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Figure 5: lixperimental SPR regponse of o 45 nm
Q0.2% Au-Wie, films ags comparing to theoretios]
simulation waing both Maoeell-Carmet and
Druggemon thearias for the effeciive diclectric
constan! caloudotion.
fiber-optic-based  spectrophotometer - (SCT Film
TERE3000), Their n and k values were caloulated from
the teflectance spectra by using appropriate material
madel to {it the measurement data and the n and k
values for WO, films determined are 2.637 and
09088, respectively, at the wavelength of 8328 nm,
The n, k vahies of Au and Wi, were then used to
calculate the effective diclectric constants of Au-W,
composites flms. After the dielectric constants were
determingd, the SPR response of Au-WOs, composite
filins  was  caleulated  wsing Maclcod’s general
characternistic matrices method at 632.8nm- in the
Kretsehmann configuration. Hoth the simulated and
experimental results are shown in figures 5 fora 32 nm
and a 45 nm Au-W0, Alms with 90.2% Au. Tois clear
that SPR responses calculated from both Maxwell
Garnett formula and Bruggeman theory do oot agree
well with that ol cxperimental date indicating that both
theories may be too simplify 0 deseribe the complex
metal-dicleetric composites deposited by the PLID. The
PLD composite films can neither be deseribed as a
scparated-grain  structure  (Muacwell-Garnett)  or an
aggregated stucture (Bruggeman). The experimental
data are silting in between the two simulsted resules
indicating that the structure of the PLD composite
films is complicated and may posses both separated-
grain and aggregated structures.  More sophisticated
cifective. medium  theories  should he used or

devaloped,

4.3 SPR gas sensing using Au-W0O. composite
films

It is known that WOs, " is one of the most
interesting materials in the field of gas sensors and
shows good sensitivily towards the detection of a



number of gases such as NO, CO, H.S, and O The
chemical stoichiometry of W, thin film is strongly
influenced by the presence of oxidizimg or reducing
gases particularly at elevated temperatures, Under
oxidizing atmosphere, the Wi, approaches to the
stoichiometric W0, structure (ie. x —» 0} which has a
higher eleclrical resiatance, Under reducing conditions,
the oxywen is removed by the reaction with the
reducing gas specics and the ¥ in WO, increases, as a
result, the elecirieal resistance decreases. Similar 1o the
electrical conductivity, the optical properties (1.e. n and
k) of stoichiometric WO and non-stoichiometric Wi
« (with x = 1) are sipnificantly different. For example,
at 632.8 nm the n and k for WO, flms deposited in
vacuum are 2,64 and (.91 as comparing to 2.33 and
0.05 for WO lilms deposited in oxygen atmosphere.
The sigmiicant difference in n and k of stoichiometric
W and oxypen-deficient WO, films indicates that
the PR responses of the Au-WO., composite films
exposed to various oxidizing or reducing gas specics
will be sigmificant different; therefore can be used for
Zas sensing applications. To demonstrate this concept,
we fixed the angle of incident of the light source in the
SPER device at 43 degree and monitored the reflectance
alsu at 45 degree as the surface of 2 Au-WO4,
composite films {with 90.2% of Au) was alternatively
exposited 1o air and to 1000 ppm NO contained air as
shown in figure 6. The  infemsity of
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Figure &: 3PR reflectivity response at of a 90
atm. % Au-Wos, compaosgite thin film when
exposed to 1000ppm of NO gas.
rellectance decreases immediately when 1000 ppm WO
& introduced into air, and the reflectance increase as
MO 15 removed from air. llowever, the reflectance
baseling is unstable and keeps drifting downward. In
ofder to obtain more precise and actual daka, our
experimental set-up und instrumentation still nead a ot
improvement,  The results in figure & is our
prellninary evaluation of the feasibility of
the Au-W,, composile films for SPR gas sensing..
Moare detailed works in term of its sensitivily,

selectivity, detection limit, temperature dependence as
well 2s the Influence of the percentage of Au and
thickness is currently underzoingz and will be reported
inour fulere conmunications.

A, Conclusions

SPR responses of Auw W04, nanocomposite films
fabiricated by the PLIY technique were measured in the
Kretschmann configuration at the wavelength of 640
i, The width of SPR responses of Au—WO..,
compesite films was much boarder than that of pure
Auw films, and incresscs as the Au  percentage
decreases. The angle of incidence corresponding to the
minimum reflectance also shifts 10 4 larger value as the
Au percentage decreases, The SPR responses were
simulated using Macleod’s  general  charscteristic
matrices method, in which the effective dieleceric
constants of the composites were calculated by bath
Maxwell-Garnett and  Bruggeman  theories.  The
simulated results indicated that the composite films
deposited by PLI) are simply in neither a scparated-
grain structure nor an aggregated structure. The SR
response of the Au-WO,, films exposed o L1000 ppm
MO gas was measured  and  our initial  results
demonstraled that SPR pas seasing using Au-Wo,,
cotmposite films 15 feasible,
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