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A Novel Gold-Coated Multimode Fiber Sensor

Eduardo Fontana

Abstract—A novel optical-fiber sensor is proposed for use in
chemical analysis. The sensor probe is made of a gold-coated mul- cladding
timode optical fiber, configured to exhibit surface plasmon reso-
nance (SPR) when immersed in a wet environment. The proposed
detection strategy comprises measurement of the image pattern ir-
radiated by the fiber under monochromatic illumination. A theo-
retical model is proposed to determine device performance. From !
computer simulations, it is shown that the proposed configuration COr b g
and detection strategy allows reaching a 30-fold enhancement in
sensitivity relative to that obtained in previous SPR-based versions
of the device.

optical ray

aperture

Cr-Au-organic layer image plane

. . Fig. 1. Proposed design for a fiber chemical sensor employing SPR as the
Index Terms—Chemical sensor, fiber sensor, gold, SPR, surface transducing mechanism.

plasmon.

shown that using a monochromatic light source and a suitable
modification of the probe configuration and accompanying
PTICAL sensing of chemical reactions occurring nearbyetection strategy it is possible to obtain a 30-fold enhancement
O a surface is a valuable tool for determination of the coma the device sensitivity.

centration of chemical species within an agueous medium, as

well as for kinetic studies related to the reaction of immobi- II. SPRON A MULTIMODE OPTICAL FIBER

lized molecules and their binding partners in solution, as in op- _. 1illustrates the basi h din thi ¢
tical immunoassays [1]. Amongst several approaches, surfa?:'g' iHustrates the basic approach proposed in this paperto

|I. INTRODUCTION

plasmon resonance (SPR) in the Kretschmann prism coupl! serve SPR from the light irradiated by a multimode fiber. The

configuration [2] is perhaps the first optical technique to ﬁnﬁavee ?Qf?af:l?\(/j:mgeigp;r?ciig tpeisgct:it(i:\ilgb:rrl;:ﬁearisettjjr:ﬁr(]j to

a feasible commercial application in the fieldinfsitu chem- dina th tal fi I luti h
ical analysis, without the use of radioactive or fluorescent igurrounding the metal him, usually an aqueous solution, has
1 refractive indexq. At the fiber output end, a portion of the

li i ional h 4]. M I
beling as in conventional methods [3], [4]. More recently, Opa adding is removed and replaced by a layered structure com-

tical-fiber versions of the technique have been investigated [5]." Cr adhesion | imatelv 3 thick A
The proposed design for chemical sensing in a wet environm ping & ©r adhesion layer approximately 5-nm thick, an Au
m 50-nm thick, and a chemically sensitive organic layer [3],

comprises a multimode fiber of large numerical aperture | A tical ting d the fiber i dt
with a small length of the cladding replaced by a thin film o ]. An optical ray propagating down the fiber is assumed to

gold, covered with a chemically sensitive organic layer. Due (grm an anglé relative to the normal direction to the fiber cylin-

the resonance effect, the optical power transmitted through écal surface. The configuration proposed in this paper uses
fiber is partially absorbed, the degree of which is waveleng

detection strategy the measurement of light distribution on
dependent. Specific reactions on the chemically sensitive la

£ image plane as a route to retrieving information on optical
are translated as changes in the absorption spectrum of the li nges occurring on the gxposed metal surfape, such as those
transmitted through the fiber. _roduqed b_y surface chemical _reactlon_s. The fiber sensor con-
One drawback of the wavelength scan detection scheme pfl!gyratlon differs from that studied previously [5] by_the addi-
posed [5] is that the resonant absorption is totally integratt[-:!anf of a_l:c,hmall arierture atr)ound (;_flle fcgn_tert O; tt)he fiber Ol:jtpUt
upon detection, in turn reducing the potential sensitivity of tha'race. The aperture can be readily fabricatéd by vacuum depo-

device sition techniques and serves the purpose of blocking skew rays,

In this paper, a theoretical model is developed to determiﬁ‘? well as those meridional rays not crossing the fiber axis at

the intensity distribution of light irradiated by a multimodet efoutput Zun‘;lcet._ Trlle an?(ular_tr?r:lge thha:rllllummattes tZe metdal
fiber, designed to exhibit SPR when immersed in a wet en\ﬁyrtﬁce an ed_ec lvedylmatre]s]: ;O:JEI € ap_lTLurg_ epen ds
ronment. From this theoretical model, the potential sensitivi € core radius and fength of metat fim, as will be discusse
of the wavelength scan detection scheme is estimated. It ef. L
A zeroth-order approximation for the resonance arfigle
of a surface plasmon (SP) oscillation excited on the exposed
Manuscript received May 21, 2000; revised November 22, 2000. This wo, ; e i
was supported under the Conselho Nacional de Desenvolvimento (:ientificg%rtlon of the metal surface is given by [2]
Tecnoldgico and under the Financiadora de Estudos e Projetos.
The author is with the Departamento de Eletrdnica e Sistemas, CTG/UFPE, 1 e'n? 1/2
Recife PE, Pernambuco 50.740-530 Brazil (e-mail: fontana@npd.ufpe.br). Osp =sin™ ~ | — < )
Publisher Item Identifier S 0018-9480(02)00756-1.

1)

ni \ & +n?

0018-9480/02$17.00 © 2002 IEEE



FONTANA: NOVEL GOLD-COATED MULTIMODE FIBER SENSOR 83

TABLE | image plane
SPR RARAMETERS FOR A (SLICA—Cr—Au—AQUEOUS SOLUTION) \
MULTILAYER STRUCTURE e
Zwmax aperture
Mom)  m e, g4, Op' O o P
mo _gn, g, () (deg) 2"I
6328 1.457 6.46 10.826 — 83.52
1.391 30.848 0.764
670 1.456 528 13.308 76.75 78.84
1.390 32.368 0.693
760 1.454 2.51 19.671 73.97 73.92
1.388 35.426 0.718

ZCalculated using the zero order approximation given by (1). ) ) ) )
Calculated from [3] for 2 (3 nm Ct/50nm Au) bilayer. Fig. 2. Geometry of the metallized portion of the fiber sensor.

, Ill. LIGHT IRRADIATED FROM AN OPTICAL FIBER UNDER SPR
In (1), ¢ represents the real part of the metal complex permit-

tivity. This parameter is negative when the driving frequency is A theoretical model was developed and computer simulations
smaller than the p|asma frequency [2] For a given Optica| fibdy,ere conducted in order to obtain the Image pattern that would

SPR can be observed if the condition be expected after a guided light beam emerged from the mul-
timode fiber output end illustrated in Fig. 1. The expected ex-
0,.<bsp < il (2) perimental configuration for confirming the simulated results

2 should entail a detection strategy to record the image transmitted

is satisfied, where through the fiber. This could be done, e.g., by use of a photo-

diode array placed on the image plane.

. T2
6. =sin™! [ — 3 : : ,
i <n1> ) A. Design Considerations
is the critical angle for total internal reflection at the In the theoretical model, it is assumed that the Cr—Au bilayer

core-cladding interface. Observation of the oscillation aléaf uncljflormhq coattzd on ak:engthover tge ex.lpl)osed f|(tj>§r '(iqrez
requires the driving electromagnetic field to displayifield ot radiusa, °‘?ate . near the output en ,asyustrate InHg. 2,
component perpendicular to the glass/metal interface. a_md tha_t the fl_b_er is long en_ough S0 that points Iocate_d on d'.s'
The SP resonance angle, calculated within the zeroth-or QICF aX|_aI positions are equivalent and, th_erefore, SUbJ.ECt -
approximation, for the case of a gold film covering a silica gla Umination by the same angular range guu;ied by the f|b(.er.- The
substrate is shown in Table I for three distinct wavelength@UtPutaperture, however, imposes alimitation on the meridional

Silica and metal optical constants were obtained from [6] an@ys that are effectively transmitted to the image plane shown in

[7], respectively. The external medium is assumed to have a d9- 1. The angular range that effectively shines the metal sur-

fractive indexn = 1.333, a value that matches that of pure wate ce can be deftermined_ with the help (_)f Fig. 2. Light reflected
[3], thus simulating the fiber operating conditions as a chemicaP™ the metallized portion located a distance smaller than

sensor device. Notice that, in the zeroth-order approximation,
for the HeNe wavelength of 632.8 nm, (1) does not predict the

existence of an SP resonance. Also listed in Table | are the caLe\not be transmitted through the aperture. On the other hand,
and cladding refractive indexes of the multimode fiber selected shown in Fig. 2, the largest value of the incidence afigle

for the design of the sensor device. This fiber, fabricated By refiects on the metal surface and is transmitted to the image
3M Specialty Optics, West Haven, CT, has a silica core haV”E)@ane is given by

1-mm diameter and a plastic cladding 46t thick, with a nu-

merical aperture of 0.48; the latter translating to a minimum ray 1

propagation anglé, =~ 72.7, thus lower than the resonance Omax = tan <E> ’ ©)
angles predicted by the zeroth-order approximation.

Exact values for the resonance angle of the metal-film re-Another design parameter of importance is the number of re-
flectance function are shown in the rightmost column of Tableflections N, undergone by a guided ray propagating with inci-
These numbers are calculated using the Fresnel reflection fé@nce anglé on the metallized section. This parameter is given
mulation for a Kretschmann prism geometry [3] consisting of &Y
silica—chromium—gold—water multilayer structure for a Cr film
3-nm thick and a gold film 50-nm thick. The chromium under-
layer is employed to improve adhesion of gold to glass as de-
scribed in the literature [3]. It is important to notice that the To avoid broadening the resonance effect and, thus, degrading
exact calculation shows that the SP resonance can be obsesawhitivity, it is important to restrict this number to a maximum
at the HeNe wavelength of 632.8 nm, and the resonance pasilue of one for the ray propagating close to the total internal
tion should occur around 83,5 result not predicted within the reflection condition. This imposes an upper limit on the length
zeroth-order approximation. [ of the metal film covering the fiber core. This upper limit can

Zmax = atan ec (4)

{
Ny = .
' 2qtané

(6)
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Fig. 3. Fiber cross section and corresponding reference system.
pp

be determined from (6) by imposing the conditidh < 2 at
0 = 6., yielding! < lax With

Fig. 4. Intensity patterns of the light irradiated by a fiber sensor under SPR.
lmax = datanf,. @)

From (5), one can conclude that, in order to obtain the mat@11), and (A10), respectively. The subscripts refer to the input
imum angular range reflected from the metal surface and tra@id output polarization states of the beam. Thusiefers to an
mitted to the image plane, one has to chose the largest possiiigolarized beam launched at the input and directly observed
length! satisfying (7). Once this requirement has been met, tR@ the image plane. The subscript refers to an unpolarized

range of incidence angles can be determined from (5) and {fput beam, with the output beam passing through-analyzer
yielding placed between the image plane and the fiber output end. The

subscriptpp refers to the pattern generated by :apolarized
6. < 6 < tan' (4tanf,). (8) beam after passage throughaanalyzer.

Fig. 4 shows the calculated intensity distributions irradiated
X by the fiber as observed on the image plane at three distinct
andf. = 72.7°. From (4), one obtains,ax = 1.6 mm. From o elengths for a metal coated fiber having: 7, anda —

(7), one can choose a maximum length,. = 6.42mm, thus 4 5y and for the Cr and Au parameters listed in Table .
restnctmg_ the angular range reflected from the metal surfaceaq ~an pe noticed from Fig. 4, the: polarization state pro-
and passing through the aperture7®7® < 6 < 85.54°. AS 4 cas an image pattern exhibiting a dark ring indicative of the
can be observed from Table I, this angular range would SWlop effect. One can notice that the ring radius increases with the
enable observing a significant portion of the resonance effggl, ejength, thus indicating a decrease in the resonance angle
at the HeNe wavelength of 632.8 nm. fsp, as expected from Table I. Notice that due to the existence
of p- ands-polarization states in the output beam, a weak con-
trast occurs.

In the theoretical model developed in this Appendix, a ray The resonance effect can be enhanced by placing an analyzer
propagating at an angterelative to the line perpendicular to thegjong any direction in the image plane. This is shown in the
cylindrical surface is decomposed into independent polarizati@Bcond row of images, labelegb in Fig. 4. The SP resonance
components, one with the electric field parallel to the cylindricad clearly observed with the highest contrast occurring along the
surface (referred to as thewvave component) and the other withy, — ¢ azimuth angle, the latter defining the analyzer axis. The
the electric field perpendicular to that surface (referred to as tBflect can be further enhanced in thalirection for anz-po-
p-wave component), as shown in Fig. 3. As mentioned earligsrized input beam, as shown for the row labetedn Fig. 4.

SP oscillations can only be excited by theomponent of the However, for a long fiber section prior to the sensitive region,
E-field and, thus, a number of possible image patterns can @@nding would probably brake this condition and fipepattern

generated depending on the input and output polarization c@gsuld more likely resemble thep pattern shown in Fig. 4.
ditions imposed on the light beam.

Itis assumed that the input beam is focused to the center point IV. SENSITIVITY CONSIDERATIONS

of the fiber input flat surface, with an angular range defined ] ] )
by the fiber numerical aperture. Thus, the input beam intensity T1e detection scheme proposed in the literature[5] employs a
distribution can be described by a normalized Gaussian profifoad-band light source that is focused down to the fiber sensor

as predicted within the paraxial approximation [8], of the forn‘PpUt' with the analysis of either the trz_;msmitted or reflected op-
tical power wavelength spectrum being used to sense optical
tand,\ > changes in the aqueous environment nearby the chemically sen-
tan @ ) : ) sitive surface. In order to compare the potential sensitivities of
this scheme with that proposed in this paper, the spectral depen-
As shown in the Appendix, the intensity distribution of thelence of the total optical power transmitted through the optical
lightirradiated from the fiber output can be described in terms 6ber has been calculated for the state. A Mathcad computer
the functionst,,.(9), F.,(8, ¢), andF,, (8, ¢), given by (A8), code was developed to carry out all calculations. The built-in

For the multimode fiber considered in this pages 0.5 mm

B. Intensity Distribution

Io(8) = exp [_2 <
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Fig.5. Wavelength spectrum of the optical power transmittance, as calculated

from (9). Fig.6. Wavelength spectrum of the sensitivity of the transmitted optical power

to changes in thickness of the organic layer.

cubic spline fitting procedure, available in the Mathcad applica-

tion, was used to generate continuous functions for the opti€dray placed on the image plane illustrated in Fig. 2. The photo-
constants of Au and Cr, tabulated in the literature [7]. The totéliode array axis should be aligned parallel to the analyzer axis
optical power transmitted through the aperture can thus be caitd located on the plang = 0 so as to record the intensity

culated from the expression distribution along that plane. This arrangement would have the
benefit of preserving the spatial nature of the SPR effect as a
Zr/2 Py (6) cos 8 route to deve_loping a highly sensitive chemical sensor.
T\ = - (10) To determine the improvement that can be achieved by use
fgr Io () cos 6dd of this detection strategy, a Mathcad computer simulation was
conducted to determine the changes produced on the intensity
wherel, andF,, are given in (9) and (A8), respectively. pattern caused by a small increment in thickness of the organic

Inorder to calculate the functiafi,, used in (10), the Fresnel jayer covering the metal surface. Assuming that the fiber sensor
reflection formulation was used to derive theands- wave re- s designed with a length of metal film satisfying (7), the spatial
flectivities for a silica/chromium/gold/organic layer/water mulgistribution of light intensity on the plang= 0 can be obtained

tilayer geometry [3]. The organic layer, assumed to have a figom (A11) for N; = 1 and settingp = 0 (or 7), i.e.,
fractive index of 1.5, was set to have an initial thickness of

10 nm. A value of 1.333 was adopted for the refractive index Fup (8,6 =0) = |r, (0)|* E2 (11)
of the external aqueous medium and thickness values of the Cr
and Au metal films were those listed under Table I. The organihere £, andr, are the field amplitude at the fiber input and
layer parameters were chosen so as to represent the figures tym@p-wave reflectivity of the multilayer structure, respectively,
cally found in most immunosensor applications[1], [3]-[5]. Thas described in the Appendix. By use of (11), a numerical pro-
metal film length was assumed to satisfy (7) so #higt was cal- cedure was executed to calculate the spectral dependence of the
culated by settingv; = 1in (A8). angled,...» where maximum intensity variation would occur for
Fig. 5 shows the wavelength spectrum of the optical powargiven increment in the organic layer thickness. This angle cor-
transmitted through the optical fiber. Maximum resonance atesponds approximately to the point of maximum slope of the
sorption occurs in a wavelength range near u6% In Fig. 6, p-wave reflectance function on the right-hand side (RHS) of
the sensitivity of this detection approach is plotted from th@ 1), with the exact value being dependent on the input distribu-
calculated change in transmitted signal for a 1-nm changetian of the E-field. As in the calculations that led to the results
the organic layer thickness. As can be noticed from that platiown in Fig. 6, the organic layer thickness increment was set at
the wavelength scan detection scheme produces a curve thatmsn, with the corresponding maximum intensity change being
sharply peaked near 0.64n with a maximum relative change ofcalculated for each wavelength.
approximately 0.25% per nanometer added to the organic layerThe plot shown in Fig. 7 exhibits the spectral dependence of
The measurement approach proposed in this paper to make sensitivities calculated from (11) for the cag#s= 1 and
mize device sensitivity can be outlined with the help of Figs. B2 = [(6), corresponding to a uniform and Gaussian distri-
and 3. Assuming a monochromatic unpolarized beam launchadion of incidence angles launched through the fiber, respec-
at the fiber input, and considering the coordinate system definiely. As shown in that plot, use of the Gaussian distribution
in Fig. 3, the detection system would comprisezaanalyzer results in a slight decrease in sensitivity, relative to that calcu-
placed after the fiber output surface and a linear photodiotiged for a uniform input distribution. Notwithstanding, a direct
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Sensitivity (%/nm) In the rotated reference system shown in Fig. 3,Zhfeld
10.0 / can be obtained by use of the matrix transformation
8.0
where

6.0 \\ — R(¢) = < cos ¢ Sind)).

—sin¢ cos ¢

(

gaussian

On the nonmetallized portion of the fiber, the guided field
undergoes total internal reflection. Under this condition, ghe
ands reflection coefficients both have a unit amplitude. Thus,
2.0 the relationship between reflected and incident fields ahthe
reflection can be expressed in matrix form as

4.0

0.0 ES = WoES (A2)
0.6 0.65 0.7 0.75 0.8

Wavelength (,,m) where the elements of the column vector in the left-hand side

(LHS) of (A2) are theFE-field components in thes reference
Fig. 7. Wavelength spectra of the fiber device sensitivity as determined fraslystem after theth reflection and

the light distribution on the image plane. )

- el 0

Wo = < 0 e]’%) (A3)
comparison of the curve shown in Fig. 6 with that obtained for
a Gaussian distribution in Fig. 7 shows that the detection apith ~, and~, representing the phase shifts introduced on the
proach proposed in this paper is up to 30 times more sensitjreands-field components, respectively, after reflection. On the
than the conventional wavelength scan detection scheme. Qietallized portion of the fiber, the- and s-field components
second important feature that can be observed from the plpidergo reflections. A transformation relation similar to (A2)
shown in Fig. 7 is that the device could be made to operate #i@ids for the reflected and incident fields on the metallized re-
given preset wavelength within a broad spectral range, a featgien, and can be defined by the matrix
that cannot be adopted in the conventional detection approach. 5
For instance, considering a Gaussian input distribution, the min- W, = <|7‘p| e 0 . ) (A4)
imum sensitivity observed in Fig. 7 is about 5%/nm at Q.@T, 0 |rs|e?®
which is still about 20 times larger than the maximum val
that can be detected from changes in the total transmitted
tical power.

u\5?/herer1,,, 6y, 75, andé, are the amplitudes and phases associated
Ohin thep- ands- field components, respectively.
Assuming that each ray underga®¥g and V; reflections on
the nonmetallized and metallized portions of the fiber, respec-
V. CONCLUSIONS tively, the output field in thes reference system can be written

In this paper, a theoretical model has been developed to def&t-
mine the intensity distribution of light irradiated by a multimode ENo+N1) iy B0
fiber, designed to exhibit SPR when immersed in a wet environ- pe ps
ment. From this model, an improved fiber sensor configuratigih
has been proposed with a novel detection strategy for recording N,
the spatial resonance arising within the light irradiated from the W = o8 <|7‘p| 9 ' ) (A5)
fiber device. It has been shown that these modifications can en- 0 AR
hance device sensitivity up to 30 times relative to that current| here
attainable with the wavelength scan detection scheme. Further
work on this field will comprise construction of the fiber sensor A=A, - A,
here proposed, as well as experimental characterization of de- A, =Ny6, + Nos

vice performance.
Ap INl(SP + No’yp.

APPENDIX If no analyzer is placed after the fiber output, the transmitted

To determine the output intensity of the light transmittefiélds represented in thes reference system can be used to de-
through the fiber, the polarization state for the input field i§rmine the intensity distribution. Hence, use of (AS) yields an
assumed of the form output field

; B, B = o[ Irgl™ B0 (A6)
By = E |- out |7,S|1\‘1 BEN I
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whereE,, and £, are the inputt-field components in thes  wherea, b, ¢, andd are constants. Under this approximation,
system. The output intensity distribution is proportional to the

function 60

sin |:(N1b + Nod) ?}
b — i(N1a+Noe) i (N1b+Nod)bo
F (97 ¢) = ‘Ei-ut‘EO“t (A7) f - )

60
{(Nlb + Nod) ?}
with EN;r . representing the Hermitian conjugate of the column

u

vectorEqy; - In practice Ny > N7, and for a very long fiber the condition,
For an unpolarized inputfieldE 0| = |Eso| = Eo and (A7) (N1b+ Nod) 66 >> 1is satisfied. Thereforef| < 1 and, thus,
with the help of (A6) yields the contribution of the last term within brackets of (A10), is
negligible. A similar development can be used to show that, for
Fuu(0) = [|7>1,,|2N1 + |7’5|2N1} E2. (A8) unpolarized input, the intensity distribution transmitted through

an z-analyzer placed at the fiber output satisfies the property
If the input field isz-polarized so that),.o = Eo, the inten-  F,,, = F},,, with F,, given by (A9) or, equivalently,
sity distribution can be determined by use of the transformations
(A1) and (A6) yielding P (0.6) = [1r*™ (c08 )" + [ru ™ (sin )?] E.
_ [, 2™ 2 12N 2] 2 (A11)
Fpu (0,9) = [|7P| (cos @)™ + [rs|™ (sin @) } Eq. For a Gaussian beam focused to the center of the input fiber
(A9) surface, one can use (9) in placeidf in (A8)—(A11).

If an analyzer is placed after the fiber output, thpolarized
Input ﬂ?ld is first transformed to thﬁs system by use of (Al)’ [1] M. T. Flanagan and R. H. Pantell, “Surface plasmon resonance and im-
transmitted to the output according t0_(A6) _and transformed ™ 1, ;nosensors Electron. Lett, vol. 20, no. 23, pp. 968-970, Nov. 1984.
back to thery system at the output by inverting the transfor- [2] E. Kretschmann, “Determination of optical constants of metals through

mation relation (Al). Using (A7), one obtains an intensity dis- the stimulation for surface plasma oscillations” (in Germah)Phys,
vol. 241, no. 4, pp. 313-324, 1971.
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