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Abstract

It is well established that the optical sensor based on the surface plasmon resonance at a metal-dielectric interface
can provide very high sensitivity for many applications. It is also known that, however, this sensitivity is affected by the
variation of temperature of the sensing environment, leading possibly to lower sensitivity at elevated temperatures. Here
we provide a detailed theoretical model which can predict such variation of sensitivity with temperature. From the
numerical results, we observe that the so-called “angular interrogation’ approach seems to have the preferred stability
against temperature variations. We also postulate that sensitivity gain can likely be achieved by operating the optical
sensor at much lower temperatures. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Optical excitation of surface plasmon resonance
(SPR) at a metal-dielectric interface has been well
known since the observation of Wood’s anomaly
from metallic gratings [1], and the later systematic
development of the attenuated total reflection
(ATR) technique by Otto [2] and Kretschmann
[3.4]. Upon resonant excitation in the ATR ap-
proach, the incident light is strongly coupled to the
collective oscillation of the free electrons at the
interface, resulting in a dip in the reflectance curve
at this characteristic angle of incidence [5]. Since
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this resonance condition is highly sensitive to the
ambient conditions, and the reflectance curve can
be very steep for noble metals at visible/IR fre-
quencies, this SPR phenomenon has been actively
employed in the application to optical sensor de-
sign in the past 20 years [6]. These applications
have included, for example, gas and chemical
sensing [7], biosensing [7,8], and real-time moni-
toring of laser-ablation processes [9].

Since the SPR mechanism relies on the collec-
tive oscillation of the free electrons at the metal
surfaces, the effect will depend on many physical
factors such as the dielectric properties of the
metal and the geometry of the interface. Among
these, the temperature of the metal is known to
affect this SPR mechanism significantly. In fact, it
has been proposed to utilize this effect to achieve
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real-time temperature sensing [9,10]. This is easily
understood since the rise in temperature will lead
to significant phonon-electron scattering, among
other effects, which will seriously damp the oscil-
lation of the free-electron plasma.

Although this dependence on temperature
change of the SPR excitation can provide a means
for monitoring the interfacial temperatures, the
decrease in sensitivity (due to temperature rise) is
often an unwanted feature for some other appli-
cations (e.g. biosensing). Thus, it will be valuable if
one can have a model to simulate (and hence to
understand) how such sensitivities will be affected
as a function of the temperature of the sensor. It
is the purpose of the present communication to
provide such a model, and to apply it to study the
temperature dependence of the sensitivity under
different modes of operation of the SPR optical
sensor.

2. Theoretical model

Let us refer to the Kretschmann geometry as
depicted in Fig. 1. We shall assume a silver film of
thickness d coated on a glass prism with incident
light of wavelength A according to the ATR ge-
ometry. As is well known, the simplest way to
model the reflectivity (R) of the ATR multilayer
system is to use the Fresnel equations. In this ap-
proach, the temperature dependence of R will de-
pend mainly on the change of d and the metal
dielectric function (¢) with the change of tempera-
ture (7). The variation of the optical constants with
temperature for the glass prism is completely neg-

A

Prism coupler
Metal layer

Analyte

Fig. 1. Geometry of the ATR setup.

ligible in comparison with that for the metal film.
Previously, we have adopted a free-electron model
for ¢ in our study of the temperature-dependent
effects on various phenomena, including the optical
properties of composite materials and the surface-
enhanced Raman scattering [11-13]. The model has
gained reasonable agreement with experiments in
the literature [14-16]. Here we give a brief account
of that model and apply it to our present study of
the SPR sensitivity problem in the following.

For simplicity, we start by adopting the Drude
model

(/)2

p=1-—7" 1
¢ o(o+iw)’ )
where . is the collision frequency and w, the
plasma frequency given by:

[4ntNe?
Wp = m (2)

with N and m* the density and effective mass of the
electrons, respectively. The collision frequency will
have contributions from both phonon-electron
and electron—electron scattering:

We = WDep + Dce. (3)

As reported previously [13], for a resonance phe-
nomenon like SPR, one must account for the
temperature (7) variation of w, besides that for
.. As before, w, will depend on T via volumetric
effects as follows [12]:

@, = o[l + (T — TO)]_I/za 4)

where 7y is the expansion coefficient of the metal,
and Ty is a reference temperature taken to be
the room temperature. . can then be modeled
using the phonon-electron scattering model of
Holstein [17,18] and the electron—electron scatter-
ing model of Lawrence [19], respectively. We thus

obtain:
2 T\ [T Adz
§+4(5>/0 il ¥

where 0 is the Debye temperature and , is a
constant to be determined from the static limit of

wep(T) = wy
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the above expression together with the knowledge
of the d.c. conductivity [11]. In addition, we have:
1 ,I4

0ee(T) = 5™ TEr [(ksT)? + (ho/2m)], (6)
where I' and 4 are defined previously in Ref. [19].
Thus Eqgs. (1)—(6) together with the Fresnel equa-
tions provide a complete model for the simulation
of the SPR sensor response, with the variation of
the temperature of the sensing environment. We
have to note that, in the previous literature [10], a
similar temperature-dependent Drude model has
been mentioned in the modeling of transient
thermoreflectance from silver surfaces measured
using SPR in an ATR geometry. However, no
details were given as to how the temperature de-
pendence was modeled in this previous work [10].

Here our main interest is to apply the above
model to study the variation of the sensitivity of
the SPR sensor with temperature. Since there exist
various definitions for the sensitivity (S) in the
literature [20,21], depending mainly on what pa-
rameter is monitored in the sensing process, we
shall here focus on three commonly practiced
measurements in the sensor operation using the
ATR geometry: (i) measurement in the change of
the resonant angle (“angular interrogation™ [21]);
(i) measurement in the change of reflectance at
fixed incident angle [20]; and (iii) measurement in
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the change of resonant wavelength at fixed inci-
dent angle (“‘wavelength interrogation” [21]).

3. Numerical results and discussion

Fig. 2 shows how the SPR reflectance (R) curve
varies with temperature at fixed incident wave-
length (4 = 820 nm) and Ag film thickness (d = 60
nm at room temperature). We have accounted for
the expansion of d using the Poisson number of Ag
as done previously [10]. Two features are clear
from this graph: (i) the resonance angle (0,,) shifts
to larger values, and (ii) the R curve broadens,
implying the absolute value of the slope at any
fixed 6 becomes smaller as the temperature (7°)
increases. As far as the value of the minimum re-
flectance (R,,) at 0y, is concerned, it depends on the
values of 4 and d used. As an example, at A = 532
nm, we have observed that R,, can become smaller
(with d = 50 nm) or greater (d = 60 nm) as 7 in-
creases. Next we perform our analysis of the
temperature dependence of the various sensitivities
according to different monitoring schemes with
respect to the ATR geometry:

3.1. Angular interrogation

According to this scheme, / is fixed and the shift
of 0, is monitored as change in the refractive index

—— 100K
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— 800K
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Fig. 2. SPR reflectance curve as a function of the temperature of the Ag film. Thickness of film at room temperature is fixed at 60 nm

and incident wavelength at 8§20 nm.
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Fig. 3. Sensitivity according to the “angular interrogation” approach as a function of temperature at different incident wavelengths

with n, = 1.32 and n, = 1.54.

(n,) of the “analyte” occurs during the sensing

process. By differentiating the resonance condition

for the SPR excitation, Homola et al. [21] obtained

the following expression for the sensitivity of the

ATR geometry as follows:

SH — j& — gnll amr , (7)
T (o 12), e (12— n2) — 22

p pa

where n,, is the index of the glass of the prism, and
the real part of the dielectric function of the metal
emr 18 negative for SPR to take place. Assuming
only &, varies significantly with 7, we have stud-
ied the variation of Sy as a function of 7 using Egs.
(1)~(7). Fig. 3 shows the results for a Ag film at
various incident wavelengths. As is clear from the
results, we find that the sensitivity in this moni-
toring mode is very stable with the change of
temperature! This is due to the well-established
fact that &, varies relatively insignificantly with T
compared to the imaginary part of the dielectric
function for metals [22].

3.2. Reflectance monitoring

One widely used method in the application of
the SPR sensor is to monitor the change of the

reflectance R at a fixed incident (and reflection)
angle 0 as the binding of the analyte occurs [20].
To investigate how the sensitivity of this process
will be affected with the change of temperature, we
first study how the slope of the reflectance curve at
a fixed 0 (e.g., at 0 < 0,, at FWHM) varies with 7.
Fig. 4a shows how this quantity (dR/d6) decreases
with T at various film thicknesses d. It is clear that
this behavior (decreasing with 7') is of general
validity from Fig. 2, irrespective of what 0 value is
fixed and what wavelength is used. To confirm
further, Fig. 4b shows this decreasing behavior at
different wavelengths for d fixed at 60 nm. Hence
one can obtain an estimate for (dR/dn,) as a
function of T by plotting the product of the re-
sults in Fig. 3 and those in Fig. 4b. Note that in
practical sensing, the change of n, is very small
(e.g., An, ~ 107°), so that A0 is small and of the
same order of magnitude at any incident angle 6.
This justifies the above estimate process for
(dR/dn,) at an angle 0 # 0,,. Since Fig. 3 shows
that (d0,,/dn,) is relatively insensitive to tem-
perature change, one expects (dR/dn,) will de-
crease significantly as 7 rises. This is illustrated in
Fig. 5, with results presented both for different
film thicknesses and for different incident wave-
lengths.
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Fig. 4. Slope of the SPR reflectance curve (absolute values) at the FWHM angle of incidence as a function of temperature for (a)
various film thickness at fixed incident wavelength of 820 nm, and (b) various incident wavelengths with film thickness fixed at 60 nm.
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Fig. 5. The product of results in Figs. (3) and (4) yielding an estimate for the variation of the reflectance with analyte as a function of
the sensor temperature for (a) various film thickness at fixed incident wavelength of 820 nm, and (b) various incident wavelengths with
film thickness fixed at 60 nm.
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Fig. 6. Sensitivity according to the “wavelength interrogation” approach as a function of temperature at different incident wavelengths

with n, = 1.32 and n, = 1.54.

3.3. Wavelength interrogation

We have also studied the temperature depen-
dence of the sensitivity when the resonant wave-
length is monitored at fixed 0. As reported by
Homola et al. [21], the sensitivity in this case can
be obtained as follows for the ATR geometry:

da 82
S}u b — mr (8)

dn, n|dem 5 dny ny’
2 | ay | T e e g

p

where the dispersion for glass in the visible region
is small and (dn,/d2) is of the order of —107*.
Note that the second term in the denominator is
negative under the SPR condition. Since (déy,/dA)
can be calculated from Eq. (1), hence we can ob-
tain S; as a function of temperature using Egs.
(1)—(6). Fig. 6 shows the results for S;(7) for a Ag
film for several incident wavelengths. We observe
that except for 820 nm, S;(7) stays relatively
constant for shorter incident wavelengths. More-
over, the values for S;(7T) at these shorter wave-
lengths are relatively much smaller than those at
820 nm.

4. Conclusion

We have presented a self-contained model
which enables one to model the temperature de-
pendence of the sensitivity of the SPR optical
sensor. All the three common modes of monitor-
ing, namely: the resonant-angle, reflectance, and
resonant-wavelength monitoring have been stud-
ied. Although we have limited ourselves to the
ATR geometry, other geometries such as the grat-
ing approach can also be studied in a similar
fashion [21]. The main possible over-simplification
in our approach is the use of the Drude model for
idealized free electrons in the metal. Though it is
known that the interband transitions from the s
and d electrons will be significant for the descrip-
tion of the surface plasmon [23], it has nevertheless
been found that the Drude model does have rea-
sonable accuracy in the modeling of SPR-related
phenomena [10,15,16]. In addition, the simplicity
of the Drude model makes the modeling of the
temperature dependence feasible on a purely the-
oretical basis. Within the results we obtained, it
seems that the resonant-angle interrogation ap-
proach has a sensitivity which is most stable
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against the variation of temperature, and is thus
preferable in this aspect. In addition, for the other
approaches, especially for the monitoring of the
SPR reflectance at a fixed incident angle, we pro-
pose that it might be possible to achieve higher
sensitivity by operating the sensor at temperatures
much lower than room temperature. Of course, in
practical sensing, other factors have also to be
considered such as the effect of temperature on the
binding rate of the analyte. In any case, systematic
experimental studies on how the various sensitivi-
ties depend on temperature will be of value, and
comparison with the above theoretical modeling
results will be of interest.
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