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Abstract

Surface plasmon resonance (SPR) spectroscopy is a widely used optical reflection technique for the characterization of thin films
The central quantity of SPR spectroscopy is the surface plasmon coupling angle as a characteristic signature of the prevailing interfacie
architecture. Adsorption processes lead to a shift of the surface plasmon resonance which is in the thin film limit directly proportional
to the corresponding mass coverage. The aim of any SPR instrument is a precise measurement of the coupling angle with a sufficier
high time resolution that fast kinetic processes can be monitored. In this paper, we compare two promising methods, an established on
the reflectivity tracking and a fairly new one, the mismatch tracking. Reflectivity tracking simply records the intensity of the light in the
vicinity of the coupling angle. The shift of the plasmon modifies the intensity at the detector which can subsequently be used for data
analysis. Mismatch tracking is more complex. Light is focused with a lens onto the prism base and the reflected light is detected via &
bicell detector. The upper and lower cell integrate over a well-defined angular range of the fan of rays produced within the focus. The
mismatch in the intensity between the upper and lower segments is evaluated and used to retrieve the unknown film parameter. In thi
contribution we suggest some decisive variations of the originally proposed scheme and demonstrate that the modified mismatch schen
yields a significantly higher sensitivity than the original one. Furthermore, it is demonstrated that this scheme is a superior alternative tc
reflectivity tracking.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction electromagnetic wave at the metal dielectric interface. The
electric field of this wave has its maximum at the interface
An affinity biosensor faces two major challenges. The and decays evanescently into both media. Any change in
first one concerns the underlying chemistry as the sensor re+efractive index of the bulk or binding events lead to a shiftin
quires the design of a surface functionalization that shows the SPR resonance. The shift in the resonance coupling angle
only specific binding to the target molecule and suppressesis for thin films (<50 nm) directly proportional to the mass
unspecific adsorption. The second challenge is the monitor-coverage of the adsorption laygl. The central quantity in
ing of the binding events with a sufficient sensitivity and SPR spectroscopy is the resonant coupling angle. The aim
time resolution. The latter task is quite frequently addressed of SPR instrumentation is a fast and precise determination
by various configurations of surface plasmon spectroscopy of the resonance position.

[1-5]. The excitation of a surface plasmon requires a special ge-
SPR spectroscopy is an optical reflection technique with a ometry. A good overview is given in the review artic[89].
high sensitivity to the prevailing interfacial architectyi6g. The most common configurations are angular resolved tech-

A surface plasmon is a charge density oscillation that may niques based on the ATR techniq[i®,11] as outlined in

exist at the interface of two media with dielectric constants Fig. 1L The projection of the wavevectéy changes during

of opposite signs, for instance, a metal and a dielectric. Thea ®—® angle scan and the resonant conditions are fulfilled

charge density wave is associated with bound TM-polarized at a specific angle, the so-called surface plasmon coupling
angle®q. The formation of the plasmon shows up as a dip

- in the reflectivity curve. The energy of the laser light is then
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Detector Detector e = —125+i1.5 out of an aqueous solutien= 1.777. The
calculation was done using a wavelength of 633nm and a
90° high index prisnnm = 1.84. This experiment is the most

\\ Glass prism / \\G,ass prism common application for SPR spectroscopy and a routine ex-

; N periment in many bio-sensing laboratories.

~ Metal . . e

“{ Evanescentwave " evanescentwave All simulations are based on Fresnel theory of stratified

media. The numerical algorithm follows a matrix method

R R outlined in greater detail ifL3,14] No simplifying approx-

: : imations are used and the algorithms have been optimized
to account for truncation and round off errors in the nu-
merical representation as some of the calculations require
derivatives[15].

»> : >
Angle Angle

Fig. 1. Kretschmann configuration for the excitation of surface plasmons. 3. Reflectivity tracking
The reflectivity of p-polarized light is measured in@-® scan as a

funcnqn of the angle of incidence®. If _the light reflects on g prism, tot_al Fig. 2 shows the reflectivity as a function of the angle of
reflection R = 1) occurs above a critical angte. If the prism base is

coated with a thin metal layer, a higher reflectivity is observed below the incidence. The SQI'd line refers to the state before adsorp“?”
total reflection while@yo; remains unchanged. The prominent new feature and the dashed line corresponds to the state after adsorption.
is the formation of the surface plasmon in the total reflection regime. The As a result of the adsorption there is a shift of the coupling
use of the prism changes the slope of the disperaioa ¢ x k of the  angle which is directly proportional to the mass coverage.
mudent' wave so that an mterseptlon with the plasmOﬁ d_lspersmn relgt_lon A convenient and Widely used way to follow in situ fast
may exist. The plasmon formation shows up as a dip in the reflectivity . . .
curve. gdsorptlon processes is t.he reflgct|V|ty trapkﬂh@—lS} Thg .
intensity at the detector is monitored at fixed angle of inci-

_ dence in the vicinity of the plasmon coupling angle. The
the robustness of SPR measurements to changes occurringpist of the plasmon resonande leads to a decrease or in-

within the bulk phase. For instance, it has been demonstratedyg 45 of the intensity at the detector and can be used for the
that SPR spectra work even in highly scattering turbid solu- ¢4|cylation of the mass coverage. The time resolution of this

tions[12]. _ o _ arrangement is given by the characteristics of amplifier and
An SPR experiment is fairly simple and requires the mea- ap converter and an upper limit of a nanosecond has been
surement of the reflectivity of p-polarized light as a function reported[19]. The experiment should be carried out at an

of the angle of incidence. The classical experimental set-Up 4ngie of incidence which provides the highest sensitivity in
uses a two circle goniometer to perforn®a® scan. Obvi-  yetecting sub-monolayer coverage. In order to identify the

ously, this is rather slow since the movement of mechanical pegt setting, we calculate the difference in the reflectivity
parts is required. Hence several alternatives have been sug-

gested.
The aim of this paper is to compare two promising mea- 104 ' T T ' ' ' ' ' '
surement schemes, an old and widely used one, reflectiv- 0.1
ity tracking and a rather new one, the so called mismatch 4 ]
tracking. The comparison is mainly based on Fresnel mod-
eling, but the paper will also address various experimental
error sources and how they affect both measurement modesZ 0.8
Both schemes are able to follow the adsorption process with'§ 0.5
a time resolution determined by the characteristics of the g
electronics which is typically in the microseconds range.
Furthermore, we suggest some decisive modifications of the = 03
originally proposed mismatch scheme which boost the sen- g2 ]
sitivity. 3

0,4 3

0,14

0.0

2. SPR in kinetic mode

Angle of incidence [deg]

In order to compare the different techniques, all our sim- Fi‘g. 2. The reflectivity before a_nd after protein adsorpt_iono(mism
ulations are considering the following experiment, the bind- With 7 = 1.84, gold:e = —125+i1.5 and/ = 45nm, proteinz = 1.42
. f in | ith f ; ind f— 142 and+ = 2.5nm, watern = 1.333, A = 633nm). The adsorption leads to
Ing or a prOtem ayer with a refractive index af = 1. a shift of the plasmon resonané which is the essential parameter of
and a layer thickness af = 2.5nm onto a gold surface  an sPR curve.
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Fig. 3. Difference in the reflectivity beforg, and after protein adsorption Fig. 4. Dependence of the reflectivity as a function of the layer thickness
R; as a function of the angle of incidence. The solid vertical line refers to for a fixed setting of the refractive index= 1.4. The angle of incidence
the point of inflection, reflectivity minimum and second point of inflection ~ ® matches the point of inflection at lower angles. The reflectivity increases
of the reflectivity scan before (solid) and after adsorption (dashed). Due to in a monotonous fashion and a direct proportionality holds for a layer
the asymmetry of the SPR curve the best choice is the point of inflection thickness up to 10 nm.

at lower angles.

4. Mismatch tracking

beforeRy and after adsorptioR; as a function of the angle
of incidence. The result is displayed ig. 3.

The functional relation reveals two maxima which cor-
respond to the points of inflection in the reflectivity curve.
The reflectivity curve is not symmetric and the point of in-
flection at smaller angles is the best choice. The vertical
lines inFig. 3indicate the points of inflection and the mini-
mum of the corresponding reflectivity curve before and after
adsorption. The difference in the reflectivity is about 0.08

and this value can be used for a comparison with the mis- the prism base. The beam covers therefore a defined angular

match scheme. Reflect|V|_ty tracking is a fast and convenl_ent rangede at the focus. The reflected light can be regarded as
measurement scheme with no special demand on the align-

ment. However, several experimental errors sources have to
be considered. The first concern is that a drift of the laser -
light intensity or intensity fluctuation caused by the turbidity )
of the cell may be misinterpreted as a drift in the coupling <7
angle. This problem can be circumvented by a simultaneous
detection of s- and p-light. In this mode, one irradiates the
sample with mixed s- and p-light and splits the beam into
s- and p-light after the sample. The s-light, which does not
display a surface plasmon, serves as the reference channe ’
and is used for the normalization of the data. Another pro- S
cess that has to be ruled out is the broadening of the surface =4 /e
plasmon. The optical constants of gold may change with w &
time and this can cause a broadening of the resonance. In . N
simple intenSiFy measureme_nt this would be m_iSinterpret_e(_j Fig. 5. lllustration of the experimental arrangement for mismatch tracking.
as an adsorption or desorption process. For this reason it iSrhe main ray is set to the angte and a lens produces a convergent
mandatory to characterize the final state in a conventional beam of a defined angular range. The reflected light is then detected
©-0 reflectivity scan to rule out this unwanted scenario. via a two quadrant diode which is mounted on an translation stage. The
If all this is properly considered reflectivity tracking is an  Setting of @ and 3¢ defines the mismatch cut-off angléw, which is

. . basically the angle where the upper and lower half of the bicell detector
easy mean to f(?IIF)W fast adsorp'[.lon proc'ess.es. The rel_atlonrecords the same intensity. To fulfill this condition experimentally the
between reflectivity and layer thickness is linear for thick- giode can be moved using a translation stage until the intensity reading
ness up to 10 nm and then it levels off as outlinedFig. 4. of the upper and lower segment matches.

In [20,21]an elegant and simple solution for the measure-
ment of fast adsorption processes has been suggested and
successfully applie§2]. The measurement scheme takes
advantage of a bicell or a four quadrant photodiode. These
detectors are fast, cover a broad dynamic range and show a
linear response with respect to the light intensity.

The underlying concept is illustrated iRig. 5 The
Kretschmann configuration is used for plasmon excitation.
The incident p-polarized light is focused with a lens onto
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a fan of rays with an intensity given by the corresponding
reflectivity R(®). The light is then detected via a two quad-
rant diode which is mounted on a translation stage. The
upper segment A integrates over the angular rafgé¢
until @y, whereas the lower segment B integrates avgr
and ® + d¢. For the understanding of the calculations and
the experiment it is important to distinguish the following .
experimental parameters: the main ray settingwhich is 7§-
determined by the goniometer, the angular radgewhich 2
is given by the focal length of the lens and the laser beam ©-
diameter, the plasmon coupling angl, which is given 3
by the reflectivity minimum of the SPR curve and the mis-
match cut-off angley, which is basically the angle where
the upper and lower half of the bicell detector record the
same intensity.

The intensity reading of both photodiode segments defines
the mismatch\:

Fig. 7. Magnitude of the mismatch as a function of the angular ragge
produced by lens and the main ray settigof the goniometer.

M= H x AO® (1)
+ tegrates over the horizontally striped angular range and the
The suggested experimental protocol goes as foll[@0% lower segment integrates over the angular range marked by
Before each measurement the prism was rotated so that ther¢he diagonal stripes are equal. Upon adsorption the reflectiv-
was a dark line located at the center of the laser beam. Thisity curve is modified (shifted) and as a result a non-vanishing

dark line corresponds to the plasmon coupling ar@te mismatch is detected. The dotted line refers to the reflectiv-

Then the intensity falling on the two cells of the detector ity after adsorption. The magnitude of the mismatch is then

was balanced by moving the diode until the mismaltth  used for the interpretation of the adsorption process as out-
vanishes. In other words, the plasmon coupling ar@e lined in the next section.

matches the goniometer settity The mismatch depends on the angle of incidence of the

Fig. 6 illustrates the experiment using a lens producing main ray® and the angular rang® produced by the lens.
an angular range dd¢ = 2.0°. The SPR resonance curve Fig. 7 illustrates a simulation of the magnitude of the mis-
is asymmetric and for this reason the minimum of the SPR match M| in dependence of the main ray setti@gndde.
reflectivity ®g does not coincide with the mismatch cut-off The underlying relation reveals a non-monotonous behavior
angle®y. The mismatch vanishes if the upper segment in- with a pronounced maximum.

Obviously, it is critical to adjust both quantitiésandd¢
carefully in order to maximize the sensitivity. In our example
T o an angular range @f¢ = 2.5° works out best. Furthermore,
08N, ] it is decisive that the main ray settirg does not coincide

1\ ] with the plasmon coupling angl®q as suggested in the
0.5 R ] original protocol.

] N N ] Fig. 8 shows the dependence of the mismatch versus the
047 ) angular setting of the main ray using the lens that provides
the highest sensitivity. The dependence reveals a pronounced
maximum. The critical points of th&—© reflectivity scans
are indicated by vertical lines. The maximumFig. 8 does
not correlate with the points of inflection nor with the SPR
coupling angle®q. The right angle choice provides a factor
of four higher sensitivity as compared to the setting where
the main ray coincides with the coupling angl®. There
is a simple physical interpretation for the optimized angular
setting. Once the angle of incidence is fixed the integration
limits are defined by the angular range of the lens. The
Fig. 6. lllustration of the mismatch concept using a goniometer sefitng  maximum sensitivity is obtained, when the integration limits
and an angular.range o = 2.0°. The vertically striped area.matches are such, that the mismatch cut-off anglgy equals the
the diagonal striped area and the mismaltthvanishes. All settings are . .
then kept fixed and a mismatch is observed as a consequence of theNInImum Of _the. reflecpwty (_:urVE@O' In Othefr Words Fhe
adsorption. The solid line refers to the reflectivity before and the dashed PESt sensitivity is achieved if the angle of incidergeis
one after adsorption. chosen such that minimum in the reflectivip coincides
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use of the scheme to very thin films. Secondly, the boost in
the sensitivity between both settings is obvious.

The magnitude of the mismatch can be compared to the
sensitivity analysis of the reflectivity tracking scheme. Both
numbers basically represent differences in reflectivities
which are translated in a voltage at a photodetector. Using
a detector with a similar characteristics we can compare the
smallest change in the refractive index of the ambient me-
dia which can be detected by both schemes. The mismatch
scheme offers a factor of 3 in its sensitivity as compared
to reflectivity tracking provided that all parameters are
optimized.

Experimentally, the mismatch scheme is more demand-
ing and requires a careful alignment of a lens (proper focal
length and the right angle of incidence). An experimental
benefit of the mismatch scheme is the intrinsic normalization

Fig. 8. Dependence of the mismatch versus the angular setting of the that eliminates laser light fluctuations. However, we would
main ray using the lens that produces the highest sensitivity. The vertical |jke to point out that also the mismatch scheme yie|ds wrong

lines indicate the points of inflection and the minimum of the reflectivity
curve before (solid) and after protein adsorption (dashed).

with the mismatch cut-off angl®y. The main ray is then
not at the minimum of the SPR curve!
This optimized setting offers a further advantage. The

results if the plasmon half-width changes. This is due to the
asymmetry of the SPR curve. In other words, both schemes
require a measurement of@® scan before and after the
adsorption in order to rule out a broadening of the plasmon.
For comparing different SPR detection techniques, the
SPR resolution is often described in terms of the smallest

mismatch increases in a monotonous fashion and a direct

proportionality holds for thin films<£10 nm). If the main
ray setting® coincides with the reflectivity minimun®q
a non-monotonous behavior is observedy. 9 shows the

mismatch versus thickness of the adsorbed layer for a lens;

with an angular range of 225and the two different settings
of the main ray®. Obviously, this arrangement limits the

1‘4: T T T T T T T T T
1,33

113
09
0,7 3 3
O,G—% —
o,5-§ —
043 3
0.2 -7
0,13

0,0 SR

|[Mismatch|

Layer thickness [nm]

Fig. 9. Mismatch in dependence of the thickness of an adsorption layer

with a fixed refractive index of = 1.4. The magnitude of the mismatch
and the underlying functional relation depends critically on the main ray
setting ®. The solid line refers to a goniometer setting so that the
mismatch cut-off angl&y coincides with the reflectivity minimur®g of

detectable change in the refractive index of an analyte. In
order to test this we performed a simple experiment in a
Kretschmann configuration consisting of prism, gold and air
using an SPR spectrometer which is described in great detail
in [12]. Using a specially designed flow cell, the tempera-
ture of the air was varied by a couple of degrees and the
mismatch monitored. The result is presente&im 10 The
mismatch varies in a linear fashion with the temperature.
Using the known refractive index increment of air/d7 =
—8.7 x 10-7°C~1 we can estimate that the smallest de-
tectable refractive index increment which can be resolved is
aboutAn/n = 1077,

-0,4154

-0,416 4

0,417 -

Mismatch

-0,418 +

0,419 4 ¥

a

04204 L

Temperature [°C]

the state before adsorption. The dashed line refers to a goniometer settingFig. 10. Measurement of the mismat®has a function of the temperature

so that the main rag coincides with the reflectivity minimun®,, = ©o.
An angular range 08¢ = 2.5° has been used for the simulation.

of the air. The smallest detectable change of the refractive index of the
analyte can be estimated to be in the order of 10



M. Schneider et al./ Sensors and Actuators B 104 (2005) 276-281 281

5. Conclusion [12] M. Harke, R. Teppner, O. Schulz, H. Motschmann, H. Orendi, De-
scription of a single modular optical setup for ellipsometry, sur-

. ] face plasmons, waveguide modes, and their corresponding imaging
We discussed and compared two schemes for deteCtmg techniques including Brewster angle microscopy, Rev. Sci. Instrum.

the shift of the surface plasmon resonance ina king_ti_c mode. g3 (g) (1997) 3130-3134.

The relevant parameters that maximize the sensitivity have[13] H. Motschmann, R. Teppner, Ellipsometry in interface science, in:
been worked out. The mismatch scheme works out best if  R. Miller, D. Moebius (Eds.), Novel Methods to Study Interfacial
the cut-off angledy coincides with the minimum of the re- Layers, Elsevier, 2001.

L o . ] [14] J. Lekner, Theory of Reflection of Electromagnetic and Particle
flectivity ®g and if the lens produces a well-defined angular Waves, Martinus Nijhoff, Dordrecht, 1987, p. 279.

range determined by the optical layer model. A linear rela- [15] W. Press, S. Teukolsky, B. Vetterling, B.P. Flannery, Numerical
tion between mismatch and adsorbed layer thickness is then  Recipes in G-+, 2nd ed., Cambridge University Press, Cambridge,
given. Assuming that all parameters are optimized the mis- 2002.

match scheme provides a higher Sensitivity as compared t0[16] C. Nylander, B. Liedberg, T. Lind, Gas detection by means of surface

. . . . . plasmon resonance, Sens. Actuators 3 (1982) 79-88.
the conventional reflectivity tracking carried out at the point [17] M. Manuel, B. Vidal, R. Lopez, S. Alegret, J. Alonsochamarro, I.

of inflection of the reflectivity curve. Garces, J. Mateo, Determination of probable alcohol yield in Musts
by means of an Spr optical sensor, Sens. Actuators B: Chem. 11 (1-3)
(1993) 455-459.
[18] W. Knoll, Interfaces and thin films as seen by bound electromagnetic
waves, Annu. Rev. Phys. Chem. 49 (1) (1998) 569.
. . . [19] S. Herminghaus, P. Leiderer, Nanosecond time-resolved study of
The authors thank Prof. H. M6hwald for his continuous pulsed laser ablation in the monolayer regime, Appl. Phys. Lett.
and steady support and stimulating discussions. 58 (4) (1991) 352-354.
[20] N.J. Tao, S. Boussaad, W.L. Huang, R.A. Arechabaleta, J. D'Agnese,
High resolution surface plasmon resonance spectroscopy, Rev. Sci.
Instrum. 70 (12) (1999) 4656-4660.
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