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Sensing using differential surface plasmon ellipsometry
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In this work a differential ellipsometric method utilizing surface plasm@Bg for monitoring
refractive index changes, which could be used in chemical and biological sensors, is presented. The
method is based upon determining the azimuth of elliptically polarized light reflected from a
Kretschmann SP system, resulting from linearly polarized light containinggpatids components
incident upon it. The sensitivity of this azimuth to the refractive index of a dielectric on the
nonprism side of the metal film is demonstrated both experimentally and theoretically. The smallest
refractive index change which is resolvable is of the order of téfractive index units, although

it is believed that this could be improved upon were it not for experimental constraints due to
atmospheric changes and vibrations. The method requires the Kretschmann configuration to be
oriented at a fixed angle, and the SP to be excited at a fixed wavelength. With no moving parts this
method would be particularly robust from an application point of view2@4 American Institute

of Physics[DOI: 10.1063/1.1778218

I. INTRODUCTION particular values ol (the wavelength of the incident light
and 6 (the incident angle Since a change in the refractive
The use of optically excited surface plasmon resonanceigidex of the bounding dielectric changes the wave vector of
(SPR as chemical and biological sensors was demonstrateghe SP, this matching condition requires there to be a corre-
by Nylander and Liedberg in 1987, and since then there sponding change in the position of the SRiand/oré. It is
has been a considerable amount of work dedicated to thgs sensitivity of the position of the SPR to changing refrac-
development of sensors based on SPR metfidaigeneral, tive index which may be used to detect changes in the chemi-
such sensors work by detecting changes in Fhe refractive insg| environment of the system. The simplest method for
dex (or equivalent thickness of an overlayen the local  mgnitoring this change involves holdingand @ fixed such
environment of the active surface plasm@® medium due 4t the reflected intensity which is measured corresponds to
to changes in the refractive index caused by some chemicgle oqge of the SP resonance. As the refractive index of the
or biological processes, or by the appearance of chemical angleectric on the nonprism side of the metal film is changed
b|olog|cal mattgr. They havg alsp been- used to observg,le measured reflected intensity also changes due to the shift
chemical and biological reactions in real fithe. in SPR position, and a direct relationship between the refrac-

The SP is a longitudinal surface charge density oscnla-tive index change and the intensity change can be

tion at the boundary between a metal and a dielectric couplegbtainedl,z The tvpical resolution for a system based upon
to associated electromagnetieM) fields® Only transverse : yp Y P

. . 5 . . . 3
magnetic (TM) polarized incident EM fields are able to this method is=5x 10™ refractive lnd_ex unitgRIU). .
. - There are two other SPR detection methods which are
couple to the surface charge density oscillation on a flat sur-

face since a component of teefield normal to the surface is prevalent in sensor applications and these involve measuring
: );he reflected intensity as a function »f(Ref. 9 or 6 (Ref.

decaying fields into both bounding media, with the majority10) and Q(_atermining th_e_position of the reflectiv_ity minimum.
The position of the minimum then changes with the refrac-

of the fields being contained within the dielectric. Therefore, '~ :
the SP is extremely sensitive to the refractive index of théVe index of the lower medium, and the two may be corre-
dielectric, particularly near the SP active surface, and it idat€d in order to produce a system which accurately deter-

this sensitivity which makes it attractive for use in chemicalMines the refractive index. Typical resolutions for these
or biological sensing. methods are 1.810° RIU for angle measurements and

The SP cannot be optically excited on a single planart-8% 107 RIU for wavelength measuremerittt.is also pos-
metal/dielectric interface, since the wave vector matchingible to use differential measurement systems which enable
condition requires the incident light wave vector to be this resolution to be improved by an order of magnittd€.
greater than that available to radiation in the dielectric. There ~More recently the possibility of using the change in
are two main methods which enable coupling of EM radia-Phase of the reflected light through the SPR minimum to
tion to the SP to occur: prism coupling and grating coupling.determine the refractive index of the adjacent medium has
In this paper only prism coupling will be considered, and inbeen investigatetf* This phase change is far more rapid as
particular the Kretchmann meth8d’;1lthough SPR sensors a function of either angle or wavelength than the change in
based on gratings have also been investigafed. the reflected intensity, thereby enabling a higher sensitivity

Since coupling to the SP occurs when the in-plane wavéo changes of the refractive index to be obtained. In order to
vector matching condition is satisfied, it will only occur at measure the phase change through the SPR, heterodyne in-
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terference methods are typically used which yield sensitivi- s (TE)
ties of the order of X 1077 RIU to be obtained. However,
these phase methods have the disadvantage of added compli-

cation in terms of their experimental arrangement and use. /

Finally, there have been efforts to use polarization con- o »
trol methods to enable the SPR minimum to be narrdwed &/‘ p (TM)
inverted® By using light polarized such that it consists of Vo

both ans (TE) component, which does not excite the SP, and
a p (TM) component which does, and controlling the phase
between them upon reflection from the m?tal surface, aCCHEIG. 1. A schematic of the ellipse describing the light reflected from a
rate control of the form of the SP reflectivity feature can bekretschmann SP system with incident light consisting of tgmdp com-
obtained. In the case of narrowing of the SPR minimum thigponents ., is the azimuth of the ellipse, with andB being the purelyp
enables a higher resolution to be obtained. The inversio"ds components.
method is of interest as it may be possible to track a reflec-
tivity maximum more easily than a reflectivity minimum, The Kretschmann SP system may be modeled using
enabling more accurate measurement systems, and therefqgesnel’'s equations, and in the modeling presented here a
a higher sensitivity. Both of these methods involve the use o§cattering matrix approach is used in order to obtain the
wavelength or angle determination methods for finding thecomplex amplitude coefficients for reflection from the metal
SP minimum(maximum. film. The polarization changes caused by the incident and
output faces of the prism are also taken into account in the
modeling method, producing two complex amplitude coeffi-
Il. THEORY . . .

cients: r, for the p-polarized component and for the

The use of ellipsometric techniques to investigate SP§-Polarized componentwhich are scaled in order to incor-
has not received much attention compared to the more typorate the different initial intensities of treeand p compo-
cal techniques of angle or wavelength interrogation. The firsfents caused by the input polarizeThese two reflection
work which suggested the use of ellipsometry for SP analysi§oefficients of amplitude can be written in the form

appears to be that of Abelés in 1976A more recent study r,=Aexpis,),
linking ellipsometry and surface plasmons in regard to sens- P .
ing applications is that of Westphal and Bornmann in 2802. ro=B expli o) (1)

The Abeles study shows that the use of ellipsometric tech-

niques enables further information on the SPR to be gainewhereA andB are the magnitudes of the two complex am-

than the more traditional techniques, including informationplitude coefficients, and, and s are their phases relative to

about the phase through the SPR. This phase information t#§€ incident light. The phase difference betweenprends

normally obtained through heterodyne interferometric methcomponents is also defined &s 6, Js.

ods in which the absolute phase of tpepolarized light If a second polarizer is now placed after the prism ar-

through the SPR is obtained. This information can also bé&angement at some angje(with 0° again defining the axis

obtained through ellipsometric techniqu&sbut requires corresponding to purelp-polarized lighy the totalE fields

comparison with a reference beam which has not undergor@f the light transmitted through this polarizer are given by

the phas.e changes which occur through the excitation. of the T=r, COS i+ 1 Sin i, ()

SP. In this present study no separate reference beam is used;

rather, linearly polarized light containing bote- and  which, upon splitting into the real and imaginary compo-

p-polarization components is incident upon the SP systenments, gives

with the s-polarized component effectively acting as the ref-

erence since it does not experience a phase change due to the

excitation of a SP, whereas tipepolarized component does. +B sin & sin ¢) (3

It is only the phase difference between the refletednd with the measured intensity being given by

p-polarized components which is obtained, rather than the

absolute phase as in the methods with a separate reference | =TT =A? cos i+ B? sir?

beam. In fact, for a SPR sensor even this phase difference is .

not required to produce a method with a high sensitivity to + 2AB cossin 4 cos S, @

the refractive index, as will be discussed later. Since, after reflection, the two orthogonal components
Linearly polarized light incident upon a Kretschmann SPare no longer in phase with each other the resuliafields

system through an input polarizer set at an arbitrary aggle define elliptically polarized lightFig. 1) with the intensity

will have ap-component of amplitude proportional to cgs  for any value ofis given by Eq.(4). If the output polarizer is

and ans component proportional to si# (if the angle of the  rotated such that the intensity is measured as a functiah of

polarizer for purep-polarized light is 05. When these two and the intensity values faf=0° and 90°(corresponding to

components are incident upon the SP system only théhe valuesA? andB?, respectively, and the angular position

p-polarized component excites the SP, with tpolarized of the maximum of the functiofiy,,, the azimuth of the

component being relatively unaffected. ellipse), are determined, it is possible to establish the phase

T=Acos g, cosi+B cosd sin ¢+i(A sin g, cosy
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between the ands components resulting from the excita- L
tion of the SP. This determination of the phase differef®e PSD
is simply achieved by taking the differential of E@l) and C D
equating it to zero; the resultant expression can then be writ- P1 P2
ten as
2 2
5= cos‘l< (B~ A)aN2yina) ) (5)
2AB

Since thes component does not change phase upon ex-
citation of the SP, this corresponds to the phase change of the

p component through the SP, although it is not an absolute o
measure of the phase since theomponent also has a non- Liquid )
zero phase change relative to the incident light. There are Reservoir

other methods by which the absolute phase ofgttoempo- _ _

. . . FIG. 2. A schematic of the experimental arrangement. L, HeNe laser
nent throth the SPR can be Obta"@d descrl_bed_ ea_rlmr (632.8 nm; C, beam chopper; P1, fixed angle polarizer; P2, rotating polar-
but as a measure for SPR sensors this complication is unneger; b, photodiode detector; PSD, phase sensitive detector. The isosceles
essary, and in fact in this work all that is measured is theprism angle is 55°, and it has a refractive indexnefl.7305(at 632.8 nm.
value of i, (Or ¥min), the angle characterizing the semima-

jor (semiminoy of the polarization ellipse. The angi@yax is The intensity of the laser without the SP prism arrangement

also known as the azimuth of the ellipse. : . .
The phase of they component, and the magnitude is also measured in order to enable the data to be normalized,
! giving the absolute reflected intensity.

change dramatically through the SPR. If the prism arrange* Initially, an angle scan is performed on the system, with

ment is oriented at a fixed angle such that the measured . . : .
intensity is from the SPR edge on the high angle side of thé € input and output polarizers both oriented at<b that

. . - e only p-polarized light is considered. By fitting these data to
intensity minimum, then as the refractive index of the Iowerthe theorv produced from a multilaver ontics modeling code
medium is raisedmeaning that the SPR moves to higher yp yer op 9

angles and passes through the angle being investg the thickness and permittivities of the metal film are deter-

. : > mined (Fig. 3). The parameters obtained from this fitting
change 'n.‘/’max corresponds to cha_ng_es n the coefficieAts were found to be;,=-18.54+0.01¢;=0.77+0.01, with film
and 4. This produces a large variation ify,,x OF ¥min for

very small changes in the refractive index. It is this change inth|cknessd:45.0t0.1 nm. The angular position of the SPR

Jo o O g as a function of the refractive index which is minimum occurred at 63.56internal anglg and the rotating
max min

. . . . . . . > table was then oriented at a fixed angle of 63.88ternal
investigated in this paper, and which provides a promisin . .

. ngle, for reasons which will be made clear later.
method for SPR sensing.

Next the incident polarizer was oriented at —3@is
angle was chosen since it was found to give the largest
change inymawmin@s a function of the refractive index of the

lll. EXPERIMENTAL RESULTS AND DISCUSSION liquid under investigation, while giving a good contrast be-
A. Nondifferential: Full polarization ellipse method tween the maximum and minimum values of the intensity as
(large refractive index range ); a demonstration a function ofy,,y) and the intensity as a function g, was

of principle obtained. It should be noted here that the form of the angular

S _ position of ¢mawmin Of the polarization ellipse as a function of
The hypotenuse face of a high index=1.7305 ath the refractive indeXgiven by rearranging Eq5)] depends

:63.2'8 nm 70° prism is coated with a thin ﬁ,lm~45 nm . upon many factors including the parameters of the silver
of silver. A polytetrafluoroethylene container in contact with film, the orientation of the output polarizer, the prism angles,
this silver film is then filled with 20 ml of fused silica im-

mersion fluid(from Cargille which is chosen due to its low
degradation effect on the silver film. This arrangement was 101
placed on a computer controlled rotating table arrangement,
with a HeNe laser beaifA =632.8 nm, modulated at 1.7 kHz
using a beam choppgeincident upon the prism arrangement
through a polarizer at a fixed angle. After passing through the

0.8

RI of prism = 1.7305
1| R of liquid = 1.456
a'(sllver) =-18.52

Reflectivity
o
»

prism arrangement the reflected light passes through a com- 0.4 | felven=o.7

puter controlled rotating analyzer, and is detected by a pho-

todiode connected to a lock-in amplifiewith the modula- L3 B ww—r—

tion frequency used as the refereptegive a good signal to Theory

noise ratio. The intensity could, therefore, be measured either 0% 20 -15 -0 5
as a function of the angle of incidence upon the prism, or as Extenal angle (degrees)

a function of the analyze(routput polarlze) angle(now de- FIG. 3. The angle scan performed at the start of the liquid experiment in

ﬁned_as%ut to diﬁ_erentiate_ between the ana_lyzer _and_i”pUtorder to determine the parameters of the siliaset. Both the data and
polarizer—;,). This setup is shown schematically in Fig. 2. theoretical fit are shown.
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has v function of the output polarizer angle
00 . U S————— L 0.00 R0 40 30 O 20 40 60 80 100 for three different liquid mixtures cor-
-100-80 -60 -40 -20 0 20 40 60 80 100 -100-80 -60 - 2 responding to refractive indices ¢d)
Output Polarizer Angle (degrees) Output Polarizer Angle (degrees) 1.4560, (b) 1.4617, and(c) 1.4673.
(C) Both the experimental datécrosses
0.6 and the theoryfull line) are shown.
> The theoretical lines are obtained us-
B 051 ing the same parameters for the system
2 o4 as obtained from the initial angle scan.
B 0.3
[53
L
® 0.2
s}
0.1

0.0 ——Fr T
-100-80 -60 -40 -20 O 20 40 60 80 100
Output Polarizer Angle (degrees)

and the refractive indices of the prism and sample. Thereintensity—zero in the differential—is clearer than if the in-
fore, it is necessary to model the system being investigatetknsity is plottegl Also shown on this plot are the positions
as a whole in order to determine the ideal incident and inpubf the maxima obtained from the experimental data for all
polarizer angles to be usedhere ideal means that there is values of the refractive index investigated. The change in
as large as possible a change in the azimuth of the polarizqﬁmax over the refractive index range investigated=i€0°,

tion ellipse as a function oh). For this experiment these \ith Y Varying approximately linearly with refractive in-
parameters were determined to #e63.83°(internal angl¢ ey over a range of about 0.002 RIU. It is also clear from

andg‘“:;g.oo' I it f d. high fraci Fig. 6 that the maximum range of the method 4sl
y adding smafl quantities of a second, NIgner retractive, 4 - RIU, since beyond this range there is only a small

index matching fluidn=1.52 from Cargillg, the refractive change ofyr.., with a change of RI.

index of the liquid on the nonprism surface of the metal film . ,
is increased in equal steps over a range from 1(@56base The resolution of a SP sensor system can be .de-fmed as
refractive index of the fused silica matching flyidp to  the local slope of the response cutdan/ Ay, multiplied

1.4673. For each of these steps the intensity as a function & the resolution of the measurement. For this simple mea-
the output polarizer angle was obtained. Due to the increasg!rement systemyi, can be measured to an accuracy of
in the refractive index of the liquid the SPR minimum moves=0.2°. Then with the local slope of the response curve being
through the fixed incident angle being investigated, allowinggpproximately 5< 10" RIU/deg, it yields a calculated reso-
the polarization ellipse to be determined for various anglesution of 1x 10° RIU, which is worse than the other angle
through the SPR minimum. These scans of intensity as funand wavelength methods described previously in this paper.
tions of ¢ were all fitted to theory using the same system
parameters as for the initial angle scan, with the only vari-

able changed being the refractive index of the ligirady. 4). ]
Finally, a p-polarized angle scan was again performed and 0]
compared to theory in order to ensure that the parameters of
the system had not changed throughout the experiment Z o] | RV Of prism =1.7305
oD § e
The initial incident angle scan data in Fig. 3 shows very § 0.4 ei’(s"ve,):oyf
good agreement with theory, as do the output polarizer angle d=45nm
scans(Fig. 4), and the final angle scaffFig. 5. It is also 02
clear from Fig. 4 that there is a considerable change in the * Experimental Data
angular position giving the maximum value of the intensity 00 Tr“°°ry ‘ : .
(¥max as the refractive index of the liquid is increased. In .25 20 5 -10 5
Fig. 6 a theory plot of the modulus of the differential of the External angle (degrees)

IntenSIty with respect t(.) the output polarlzer angl_e a_s afunc; IG. 5. The angle scan obtained at the end of the liquid experiment, with a
tion _Of the output pol_an_zer angle e_md the refra_ct|ve indeX Ofiheoretical line obtained using the same system parameters as obtained from
the liquid is shown(this is plotted since the maximum of the the initial angle scan apart from a change of liquid refractive index.
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180+ no effect on the data if a feedback loop locked to the zero is
being used. It is also possible to not use a feedback loop and
simply monitor the signal changes around the zero point of
the differential curve. This gives the benefits of the increased
sensitivity of the differential method, but still suffers from
variations in the laser intensity. It is this method which is
presented in this section with the feedback method discussed
last.
In this experiment the Faraday rotator is a 5 mm diam-
eter, 3.6 cm long rod of terbium gallium garn€tGG)
A TRd | A58 UAE0 1462 A4EH 1,468 (Verdet constant=-134 rad ¥m™) placed within two 500
Refractive index (RIU) turn coils, one outside the other. A 210 Hz sinusoidal ac cur-
rent is passed through one of these coils creating a time

FIG. 6. A theoretical plot of the modulus of the differential of the intensity varying magnetic field at the TGG rod. with the option of
with respect to the polarizer angleising the parameters for the system ’

obtained from the initial angle scarwith the squares corresponding to the USing adc C_urre_nt throth the second coil to give a compen-
positions ofy,., Obtained from the experiment. The white in the grayscale sation(quasistatig magnetic field at the TGG rod providing

plot corresponds to the zero in the differential, which gives the theoreticakaadbhack. The time varying magnetic field gives the required
position of ¢,. @s a function of the refractive index. . . . o .

sinusoidal dither of the plane of polarization needed to obtain
the differential of the cdsy intensity variation withe,,:.

In order to determine the smallest polarization rotation
which could be measured using the differential system with
the TGG Faraday rotator the sample was removed and all
components placed in line with each other. The output polar-

-
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However, more accurate measuring systems@,/min are
described in the following sections which allow this resolu-
tion to be improved dramatically.

B. Differential Methods izer angle was set orthogonal to the input polarizer such that
1. A differential ellipsometric method without the differential signal read as close to zero as was possible.
feedback By rotating the output polarizer by small increments and

A Faraday rotator is a material which rotates the plane ofn€asuring the signal and noise of the signal the smallest
polarization of light passing through it when it is placed rotation measurable could be determined. If the smallest sig-
within a magnetic field. The amount of polarization rotation nificant change in the signal is considered as being given by
for a given magnetic field is a property of the material, and2X the standard deviation of the noi@e other words 95%
varies linearly for small magnetic fields. By applying a sinu-of the points in the data set would occur within this value
soidally varying field a dither in the plane of polarization is unless a rotation has occurjedhen the smallest rotation
obtained. If the chopper in the experimental arrangementeasurable is=2x 10°° deg. As described earlier, the reso-
shown in Fig. 2 is removed, and a Faraday rotator is placetltion of a SP sensor system can be defined as the local slope
either before or after the sample with the frequency of theof the response curveAn/A ;) multiplied by the resolu-
sinusoidally varying magnetic field used as the reference ifion of the measurement. Typically, local slopes of the re-
the phase sensitive detectCPSD, the differential of the sponse curves are of the order ok30° RIU/deg(depend-
intensity as a function ofl,, may be obtained. The mini- ing on the precise system being investigatetithe smallest
mum position of the cdsy curve then appears as a zero in measurable polarization rotation is<2.0° deg this would
the differential curve(sin ), which allows the use of & mny that refractive index changes of the order of 1
feedback loop to change the output polarizer angle in ordet 1 -9 g1y could be measured. In reality this is not possible
to compensate for any rotation of the polarization from thedue to increased noise from the samplébrationg and

SP arrangement due to a change in the refractive index of th&wanges in the atmospheric conditigtemperature and pres-
sample. In addition, as well as applying a sinusoidally time-

varying magnetic field to the Faraday rotator, a quasistatitiulrivlvgsg?ae commonly thought to be a problem at below
field can also be applied in order to give a rotation of the In thi o tasa i fil d ited
plane of polarization to compensate for the change of refrac- n 'f e.xper!men a nm siver |'m was eposn €
tive index. Plots of changes ii,,; (or of the quasistatic onto a_4_5 Si@ prism by thermal evaporatlon.;écpolarlz_ed
magnetic field applied to the Faraday rotatordicate any reflectl\(lty scan was performed on t.he sqmple and fitted to
change in the refractive index of the sample. There are tw1€0rY in order to characterize the silver filiig. 7). From
significant benefits to using this differential technique. Firstthis, modeling was performed in order to determine the ideal
the differential signal varies its magnitude faster as a funcangle setting of the sample and input polarizer to give the
tion of ¢, than does the nondifferential signal allowing SteepestAn/Ay,, curve whilst maintaining a sufficiently
greater sensitivity to any changes in the orientation of thdarge difference between the maximum and minimum of the
plane of polarization, with the change in the measured signadntensity as a function off,,; curve to enable a strong dif-
being approximately linear around the zero point. Secondferential signal to be maintained. For this system the model-
since the zero in the signal is independent of the intensity ofng showed that the SP arrangement should be oriented at an
the laser being used, fluctuations in the laser intensity havimternal angle of 45.045¢0.124° external angjewith the
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Theory

Measured signal (arbitrary units)

P
n= 1.456
02 Metal: ¢, = -17.68, &, = 0.65 d = 54nm
- T T
n, = 1.0003 0 50 100 150 200 250
0.0 T T T T T Time (arbitrary units)
4 2 0 2 4

External Angle (degrees) FIG. 9. The measured signal obtained for the nonfeedback differential ex-

) ) periment as the proportion of argon in the argon-nitrogen mix is changed.
FIG. 7. The measured data and comparison with theory of the surface plas-

mon resonance used for the differential experiment. The silver film param-

eters obtained are shown, and these were subsequently used in comparing.. ° . .
the data obtained from the differential experiments with theory. ﬁ%ldent angle of 0.122° compares better with the data. This

is a result of the difficulty in orienting the sample to this
precision. Also, the majority of the discrepancy between the

output polarizer oriented at an angle of 30° from that whichtheory and the data is due to the inaccuracy in mixing the
allows purep-polarized light to pass. The arrangement usedwo gases. It is clear from Fig. 9 that a refractive index
for the experiment is shown in Fig. 8. change due to the presence ®#% argon is the smallest

The differential signal from the PSD was then measuredneasureable by this experiment, and this corresponds to a
as a function of time as a gas mix adjacent to the SP-activeefractive index change o£5x 1077 RIU. Due to detector
interface was changed from pure nitrogen to pure argon witimitations (the light threshold before overloadinghe RI
the amount of argon in the mix then being changeet0%  range is reduced te=1x 10 RIU, as opposed to the 1
steps while reverting to pure nitrogen between steps. Notex 102 RIU for the experiment in the preceding section.
there was also an approximately linear trend in the data due The resolution obtained from the experiment is approxi-
to long term changes in atmospheric conditions which hasnately three orders of magnitude worse than would be ex-
been removed from the data, which is shown in Fig. 9. pected when compared to the theoretical best obtained by

The signal change arising from a 1° rotation of the po-multiplying the local slope of the response curve by the
larization ellipse was determined by rotating the output posmallest resolvable rotation change without the sample
larizer by 1°, and was found to be 5.6 mV. Since the chang@resent. There are three main sources of noise which limit
in signal is approximately linear in the region of the zero inthe resolution: atmospheric changes, vibrations, and fluctua-
the differential intensity curve this value was used to convertions in the gas mixture. The fluctuations in the gas mixture
the measured signals shown in Fig. 9 to rotations of thexre quite significant, although it is not certain whether they
polarization ellipse, which could then be compared to theoryare due to temperature or flagressurgfluctuations. This is
This is shown in Fig. 10. There are two theory lines shown inclear when the noise in the data when gases are flowing
Fig. 10, one for an incident external angle of 0.124°, and onghrough the cell is compared to that when the flow cell is
for an incident external angle of 0.122°. Even though thesealed. The noise when the cell is sealed is approximately

incident angle used in the experiment was intended to bene half to one quarter of that found when the gases are
0.124°, it is clear that the model theory corresponding to an

0.00 ® Data
—— Theory 1 (incident angle of 0.124°)
iy i | f0'122°
Power Signal § 005 Theory 2 (incident angle of )
Detector  ——p, Amplifier [ Generator g -0.051
:
TGG glass and g -0.10
Coil 5
Polarizers - PSD g -0.15
A S
x Arson/ § .0.20
nitrogen gas Computer R
Vs 5 .A
o a
o -0.25
T L) T T L] T
d 02 00 02 04 06 08 10 12 14 16
Surace plasmon Refractive Index Change (10°RIU)
arrangement with gas
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FIG. 10. A comparison of the data obtained from Figafier conversion to

polarization rotatiopwith the theory obtained using the parameters obtained
FIG. 8. A schematic of the experimental arrangement used in both differenfrom Fig. 7. Two theory lines are shown: one for an incident external angle
tial experiments. Note, the refractive index of the prism is now 1.456, withof 0.124° (the intended incident angleand one for the best comparison
the prism angle being 90°. with the data at an incident external angle of 0.122°.
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flowing, and clearly this could be eradicated with a more 100% Ar

sophisticated gas mixing/supply process. The atmospheric 87.8% Ar
changes tend to be long period variations due to changes in 76.2% Ar
temperature and pressure which for a system such as the one
investigated could only be eradicated through operation in an
atmosphere-controlled room. A more significant contribution
to the short term are any vibrations of the sample. Since the
SPR is narrow in angle, any vibration causing the light to
impinge upon the sample at a slightly altered angle has a
large effect on the measured signal. In this experiment the ' L A
sample is mounted on a rotating table, in order to allow the . r " . " o
incident angle to be set accurately, and, even though the en- 0 5:ime (Arbitrary Units)

tire system is mounted upon a vibration-damped optical table

and the sample is fixed rigidly, some vibration will still oc- FIG. 11. The measured signal obtained for the feedback differential experi-
cur. One possible means of reducing the effect of these viment as_the proportion of argon in the gas mix was changed. The sign of_the
brations for chemical and biological Sensors, where speciiled = SPPeste o 1t 1 71, beceuse i e ofine e nce snal
molecular interactions through specific binding events tOrhe choice of a positive direction is arbitrary.

molecules coating the metal film give rise to the SPR change,

is to use pixelated systems where one rediomel) of the
silver film is not coated with the binding molecules and to
use this uncoated pixel as a reference. This would then r
move a large proportion of the atmospheric and vibrationa
noise giving an increased sensitivity to local refractive indext
changes.
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in Fig. 12 shows good agreement, although, as with the non-
feedback differential experiment, the theory obtained for an
ncident angle of 0.122° shows better agreement than that for
he intended incident angle of 0.124°, with the majority of
he discrepancy between theory and data being due to the
inaccuracy in the gas mixing process.

2. A differential ellipsometric method with feedback

. . . IV. CONCLUSIONS
In this experiment the same experimental arrangement as

that described in the preceding secti@mown in Fig. § is In this paper an ellipsometric method for using SPRs in
used, but in this case a feedback circuit to the compensatiothemical and biological sensing has been presented. The
second coil surrounding the Faraday rotator is used in ordemethod depends upon determining the azimuth of elliptically
to lock to the zero in the differential signal. This is achievedpolarized light resulting from the reflection of light consist-
through “labview,” which outputs a voltage to a voltage- ing of boths andp components from a Kretchmann SP sys-
controlled current source, the output of which was connectetem. The azimuth angle of this ellipse is related to the phase
to this second coil. The voltage dependence of the rotation difference between the and p components of the reflected
the plane of polarization by the Faraday rotator was detertight, and since the phase gfpolarized light undergoes a
mined, enabling the voltage required to keep the differentiasharp and pronounced change through the SPR it is found
signal at zero to be converted to a rotation of the polarizatiorthat the azimuth angle of the polarization ellipse also shows
ellipse, and hence the position ¢f,, could be accurately a pronounced variation through the SP resonance. Due to the
determined. sensitivity in the angular position of the SPR with the refrac-

An experiment involving changing the composition of a tive index of a liquid bounding the SP active medium, this
mixture of argon and nitrogen gases, as in the precedingzimuth-determination method provides a sensitive measure
section, was performed and the results of this are shown in

Fig. 11, with the corresponding comparison of the polariza- ]

tion rotation with theory shown in Fig. 12. By comparing the o P oy 1 (incident angle of 0.124°)
results in Fig. 11 with those for the nonfeedback differential § 005, - Theory 2 (incident angle of 0.122")
experiment in Fig. 9 it is clear that some of the noise has g’

been removed, which enables even smaller percentages of ‘;é’ -0.104

argon in nitrogen to be resolved. This reduction in noise is B

most likely due to the fact that any change in the intensity of E 0159

the illuminating light source will not have any influence in § 0204

the measured signal since this remains locked at zero. How- &
ever, it is also possible that some of the reduction in noise is € -0.25- .

due to the slightly different data averaging methods needed
for the two experiments. From Fig. 11 it appears that argon

percentages below 2% may be resolved corresponding to a
refractive index resolution of better thanx2.0~” RIU. This FIG. 12. A comparison of the data obtained from Fig.(after conversion

is Comparable to other differential experiments involvingto polarization rotatiopwith the theory obtained using the parameters ob-
tained from Fig. 7. Two theory lines are shown: one for an incident external

angle or wavelength interrogation of SP_RS- and also to thgngie of 0.1247the intended incident angleand one for the best compari-
heterodyne phase methods. The comparison to theory shovenn with the data at an incident external angle of 0.122°.

02 00 02 04 06 08 10 12 14 16
Refractive Index Change (10°RiU)
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