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Effect of temperature on the incident angle-dependence of the sensitivity
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Abstract

The recent work reporting the observation of the increase in sensitivity for surface plasmon red@RRcepectroscopy at
smaller incident angles, is further studied with variation in the temperature of the SPR sensor. Using a simple theoretical model
established previously, it is found that in spite of the increase in damping for the resonance at higher temperatures, the recent
finding of the increase of sensitivity with decrease in incident angles remains valid.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction to the value of the incident angle—with higher sensitiv-
ity at smaller angle of incidence in the Kretschmann
The optical sensor based on surface plasmon reso-ATR geometry [7]. This is significant since spectral
nance(SPR at a metal—dielectric interface is known to SPR is preferred in remote sensing using optical fibres
have very high sensitivity, with analyte easily detected [8,9] as discussed in Ref5].
down to the nanomolar level under ambient conditions However, in actual remote sensing, the sensor probe
[1]. Moreover, this sensitivity is a function of many can likely be exposed to environments under abnormal
factors: depending on the geometrical and dielectric conditions such as high temperatures. Even in laboratory
properties of the sensor materials, properties of theexperiments, fluctuation in environment temperatures
probing light, and the different modes of monitoring can also occur from time to time. It is thus the purpose
adopted in the sensing procedure. Over the years, theref the present work to further study this recent obser-
have been many studies—both theoretical and experi-vation [5] on the increase of SPR sensor sensitivity with
mental—on various issues concerning the sensitivity of decrease in incident angles—extending to conditions
the SPR optical sens¢2-5]. when the sensor chip is situated in an environment of
Among the different modes of monitoring in actual elevated temperatures. We shall apply the model from
SPR sensing, the angular interrogatitengular SPR our previous work6] to conclude that the recent report
and wavelength interrogatiofspectral SPR are the [5] remains valid even at elevated sensor temperatures.
most commonly adopted in practice. The sensitivity of This information should be useful for sensors designed
each of these two modes depends on various factorsfo be used in such environments.
and has been studied in detail recently in the literature,
including our previous work on the temperature depend- 2. Modeling and results
ence of these sensitivitid$]. Very recently, it has been

reported, both theoreticallj4] and experimentall\{5], Let us refer to the Kretschmann geomefag] for
that the sensitivity in spectral SPR is also very sensitive ho SpR excitation in which a thii~50 nm film of
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details of the model we use here for the temperature expression together with the knowledge of the d.c.

dependence of the sensitivity of such a SPR sensor areconductivity. In addition, we have:

presented previousiy6,11,13. Briefly, we have attrib-

uted the major temperature dependence to arise from 1 .TA

the variation of the metale.g. Ag dielectric function ~ @ed7) = Tom* [ (kel)*+ (hw/2m)?, (6)

(&) with the change of temperatufd’), and the mod- F

eling of which is achieved by adopting a free-electron

model fore. Although, in principle, the refractive indices

of all the other components of the sengerg. the glass

prism, analyte,.) also vary with temperature, these

changeqAn) are completely insignificant compared to

that of the dielectric properties of metal in our modeling

(e.g. for an increase of from 300 to 400 K,An for

water is <1.2% and that for silver is- 10 times larger.
Thus, starting with the Drude model for the metal

whereI” and A are defined previously in Ref$11,17.
Thus, Egs(1)—(6) together with the Fresnel equations,
provide a complete model for the simulation of the SPR
sensor response with the variation of the temperature of
the sensing environment. We have also accounted for
the expansion of the film thickne$s) using the Poisson
number of the meta]13]. This model, though relatively
oversimplified, has nevertheless been accessed with
reasonable accuracy in various applications previously

film, we have: in Ref. [14].
) We next apply the above model to a four-layer
. Wp (analyte—metal—glas$prism)—air) system with refer-
‘9_1 . s (1)
o(o+ing) ence to the Kretschmann geomeff}. To make corre-

lation with the recent report on the effect of the incident
where o is the collision frequency ana, the plasma angle, we will focus on the ‘wavelength interrogation

frequency given by: mode’ of operation by referring to the ‘spectral SPR’
sensing[5]. In this mode of operation, it has been shown

AN e2 that the sensitivitydefined as the variation of the SPR

wp= a— 2 resonant wavelength with the change of the analyte

m refractive indexn,) can be calculated as follow8]:

with N and m* the density and effective mass of the dn &2,

electrons, respectively. The collision frequency will have Sx= - 22lde dnn (7

contributions from both phonon—electron and electron— 2 =T et e

electron scattering: 2] dn d\ np

6= 0oyt O co (3) where g, is the real part of the dielectric function of

the metal which is negative, and the dispersion for the

. glass prism in the visible region is small afdh,/d\ <
As reported previously11,14, for a resonance phe- 0) is of the order of 10* . Eq(7) is accuratepas long
nomenon like SPR, one must account for the temperature

iati fo. besides that ofs.. Th bef as the metal film thickness is not too sméi+45 nm,
variation ol w, besites that Ob. Thus, as beloree, [3]). Note that the second term in the denominator is
will depend onT via volumetric effects as follows

. negative under the SPR condition. Sirce,,,.,/d\) can
[6,11,12: be calculated from Eq(1), hence we can obtaifi, as
a function of temperature. Note that the data obtained
wp=0wp (1+y(T—To) Y2, (4) in Fig. 5 of Ref.[5] can, in principle, be obtained via

integration of Eq.(7) by converting the change in

wherey is the expansion coefficient of the metal, and analyte concentration to that in the analyte refractive
T, is a reference temperature taken to be the roomindex.
temperaturew, can then be modelled using the phonon—  To demonstrate numerically the temperature effects,
electron scattering model of Holstein and the electron— we have considered a Ag film of thickness 50 nm at
electron scattering model of Lawrence, respectively. We room temperature as our SP generator. Fig. 1 shows the

hence obtair{11,12: result of the resonant wavelength vs. the incident angle
at various temperatures which agrees qualitatively with
) 7V (7 24y that obtained in Fig. 3 of Refl5]. We also notice that
wcp(T)=wo[—+4(—] J’ - } (5) the temperature change has relatively minor effects on
5 6) ), e-1 these results. Note that we have here considered a wide

range of temperature€800—700 K which may not be
where6 is the Debye temperature ang) is a constant  realistic for biosensor operations. However, it is possible
to be determined from the static limit of the above for other applications of the SPR sensor to operate at
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. ) o values of incident angles with,=1.333 and:,=1.540. Note that RIU
Fig. 1. SPR resonant wavelength as a function of angle of incidence stands for ‘refractive index unit.
at different temperatures for Ag film with,=1.333 andn,=1.540.
Thickness of film at room temperature is fixed at 50 nm.
It is based on this condition that E€jz) was derived.

highly elevated temperatures, such as in the case of aAlso from Eg.(8), one can show that smaller incident
gag/chemical sensor. Fig. 2 shows the change of theangle 6 will lead to longer resonant wavelengtk,
spectral SPR sensitivity with temperature at various Which also depends on the analyte concentration through
values of incident angles. It is seen that by decreasing”. Since ey,{w) varies with temperature, this depend-
the incident angle from 68to approximately 62 the ence of\ onn, also varies with temperatures. What we
sensitivity can be enhanced by several order of magni-have demonstrated in the present work is that the very
tudes. Most dramatically, a small decrease in the anglesensitive variation of\ with n, at large values ofx
from 62.8 to 62.% can amount to almost an order of prevails at high temperatures, in spite of the increase in
magnitude increase in sensitivity. It is also noted that damping of the surface plasmon at such temperatures.
this sharp increase in sensitivity prevails to highly Although environments with highly elevated temperature
elevated sensor temperatures, in spite of the fact that @S rarely encountered in some applications such as
small decrease in sensitivity occurs as temperature risediosensors operating in the laboratory, temperature fluc-
(most obviously seen for the case with the incident tuation does occur from time to time during the sensing
angle equal to 62%. Fig. 3 shows the variation of the process. Our modeling results imply that the recent
sensitivity with incident angles at two temperatures. It observation of Akimoto et al[5] should remain valid
shows clearly that, although the sensitivities are lower even when such temperature fluctuation is taking place
at elevated sensor temperatures, the fact that higher

sensitivities are achieved by decreasing the angle of

incidence remains to be valid—as confirmed recently in 70.00
Ref. [5] for the case of room temperature operation of
the sensor. We have also computed all these results 6000 T
(Figs. 1-3 for the case of a gold film and have obtained 1 — T=300K
o . . 5 50.00 - T=800K
very similar results as those for a silver film.
40.00 T+
3. Discussion and conclusion 5
= 30.00 1
<
el
As shown in Fig. 1, it is well-known that there is a 2000 +
one—one correspondence between the resonant wave- '
length and the an_gle of incidence_ gi\_/en by the following 1000 +
resonance condition for the excitation of surface plas-
mon (accurate as long as the loss is small in the metal 0.00
and the film thickness is greater thamd5 nm [3]: 62.5 63 63.5 64 64.5 65 65.5
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. Eml@)ng . o . - .
npsin 0= N 2 (8) Fig. 3. Sensitivity as a function of incident angles at two different
Eml@) +n3 temperatures with,=1.333 andn,=1.540.



138 H.-P. Chiang et al. / Thin Solid Films 425 (2003) 135-138

during the operation of the sensor. This thus guarantees [21 R.P.H. Kooyman, H. Kolkman, J. van Gent, J. Greve, Anal.
the preferred choice of smaller incident angles in spectral Chim. Acta 213(1988) 35.

SPR sensors, and should provide useful guidelines in [3] g'lg'gg)mlcga' l. Koudela, S.S. Yee, Sensors Actuators B 54

the design of such sensors—espepially i'n the applicgtion [4] T. Akimoto, S. Sasaki, K. Ikebukuro, I. Karube, Appl. Opt. 38
of these sensors to remote sensing using optical fibres (1999 4058,

[8]. [5] T. Akimoto, S. Sasaki, K. Ikebukuro, I. Karube, Biosensors
Bioelectron. 13(2000 355.
Acknowledgments [6] H.-P. Chiang, Y.-C. Wang, P.T. Leung, W.S. Tse, Opt. Comm.

188 (200D 283.

This research is supported in part by National Science [7] CB:.hP. Ne;iogég‘g-eég';gtosrdl'\?- BfOCkmﬁ“v R.M. Corn, Anal.
Council, Taiwan, ROC under Grant No. NSC91-2112- em. 71(1999 3928, and references therein.
. [8] R.C. Jorgenson, S.S. Yee, Sensors Actuators B1893) 213.
M-Ol9—905, by .the Cen.ter fqr Nanostorage Research at [9] R.C. Jorgenson, S.S. Yee, Sensors Actuators A14®4) 44.
the National Taiwan University under Grant No. 91-EC- 15 g kretschmann, z. Physik. 241971 313.

17-A-08-S1-0006; and by the Faculty Development (11 H.-p, chiang, P.T. Leung, W.S. Tse, J. Chem. Phys.(1988

Funding of Portland State University. 2659.
[12] H.-P. Chiang, P.T. Leung, W.S. Tse, J. Phys. Chem. B 104
References (2000 2348.

[13] S. Herminghaus, P. Leiderer, Appl. Phys. A 61990 350.
[1] J. Homola, S.S. Yee, G. Gauglitz, Sensors Actuators B 54 [14] Y.S. Pang, H.J. Hwang, M.S. Kim, J. Phys. Chem. B 102
(1999 3. (1999 7203.



	Effect of temperature on the incident angle-dependence of the sensitivity for surface plasmon resonance spectroscopy
	Introduction
	Modeling and results
	Discussion and conclusion
	Acknowledgements
	References


