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ABSTRACT The temperature dependence of the sensitivity of an
optical sensor based on long-range surface plasmon resonance
(LRSPR) is studied via theoretical modeling. Both the ‘angular
interrogation’ and the ‘wavelength interrogation’ modes of op-
eration are studied. In addition, the variation of the full width at
half maximum of the LRSPR ‘reflectance dip’ is also studied as
a function of temperature, which ultimately determines the tem-
perature dependence of the sensitivity of the sensor when the
reflectance is monitored at a fixed incident angle (‘reflectance
interrogation’). It is found that while most of the time only the
‘reflectance interrogation’ mode leads to improved sensitivity
for the LRSPR sensor compared to a conventional SPR sensor,
the temperature stability of the operation of the LRSPR sensor is
generally higher than (or at least comparable to) that of the SPR
Sensor.

PACS 73.20.Mf; 07.07.Df

1 Introduction

It has been well established since the 1980s that ef-
ficient optical sensing can be achieved via the excitation of the
collective oscillation of the free electrons (known as surface
plasmons) at a metal—dielectric interface [1]. This is usually
done through attenuated total reflection via the Kretschmann
geometry [2], which was first introduced in the early 1970s.
Sensitivity of these sensors based on surface plasmon res-
onance (SPR) can be very high and can comfortably reach
picomolar detection of medium-heavy biomolecules such as,
for example, in a biosensor application [1].

Then, in 1981, Sarid [3] introduced a mechanism based on
the cross coupling between the two SPRs across a metal film
of very small thickness (~ tens of nanometers), leading to the
generation of long-range surface plasmons (LRSP) and short-
range surface plasmons (SRSP), respectively. The LRSP turn
out to be ‘antibonding modes’ which yield an extremely sharp
optical reflectance spectrum, due to the decrease in the loss of
the fields in the metal. This opens up the possibility to further
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increase the sensitivity of a SPR sensor via the excitation of
the LRSP. Indeed, Sarid’s mechanism was subsequently veri-
fied experimentally [4], and application of it to achieve highly
sensitive sensing was also explored [5].

Moreover, it has been known from the very beginning that
many physical and chemical factors will affect the ultimate
sensitivity of these SPR/LRSPR sensors. One significant fac-
tor is the temperature of the sensing environment. In fact, with
appropriate calibration, optical sensing of temperatures can be
achieved using these SPR sensors [6]. On the other hand, if
other sensing parameters (e.g. sample concentration) are be-
ing studied, then the effect on the sensing outcome due to
the variation of temperature in the environment must be well
monitored and controlled.

In a previous investigation [7], we have explored the tem-
perature effects on a conventional Kretschmann SPR sensor
via a simple theoretical model. In particular, it was discovered
that the ‘angular interrogation’ mode of operation in which the
reflectance dip angle is monitored as a function of the analyte
concentration has the highest temperature stability in general.
In the present work, we will extend our model to study the
temperature effects on the corresponding sensitivities of a LR-
SPR sensor.

2 Theoretical model

We have in mind a LRSPR biosensor in the form
of the Sarid geometry [3] as depicted in Fig. 1 by a four-layer
system. Layer 3 is a metal (Ag) film of variable thickness
sandwiched between a dielectric layer (2) and the sample (an-
alyte). Symmetric (asymmetric) LRSP can be generated when
the refractive indices of the dielectric and the analyte match
(mismatch) for appropriate thickness for the dielectric and
metal layers, respectively. Here we shall assume a symmet-
ric case with (2) being a layer of polymer (Cytop) of thick-
ness 1180 nm and index matching closely to that of water
(analyte) — a system recently fabricated by Corn and col-
laborators for a successful demonstration of the operation of
a LRSPR biosensor [8]. Figure 2 shows some typical results
for the long- and short-range SPR reflectance dip as a func-
tion of incident angle at conditions as specified for the system
in Fig. 1. A similar spectrum can be obtained when the re-
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FIGURE 1 Sarid geometry for a LRSPR sensor. The four layers are: SF10
(np, =1.711)/Cytop 1180 nm (n = 1.336)/Ag 30-50 nm/water (1,)
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FIGURE 2 Typical angular reflectance curve illustrating the LRSP and the

SRSP modes for the geometry in Fig. 1 with incident wavelength 670 nm, Ag
thickness 30 nm, n, = 1.33, and temperature 300 K

flectance is plotted as a function of wavelength at a fixed angle
of incidence.

A LRSPR biosensor monitors the change of the LRSP
reflectance dip (the sharper one of the two) as the sample
analyte is introduced into the sensor. Among many monitor-
ing schemes, three modes of operation commonly adopted
are (i) the ‘angular interrogation’ mode in which the dip
angle (6,,) is monitored as a function of the analyte con-
centration (n,); (ii) the ‘wavelength interrogation’ mode in
which the dip wavelength (,,) is monitored; and (iii) the
‘reflectance interrogation’ mode in which the change in the
reflected light intensity is monitored at a fixed angle close to
the dip angle. The sensitivities for each of the three modes
can be defined as Sy = d6,,/dn,, Sy = dA,,/dn,, and Sk =
dR/dn, x A, where A0 is defined as the full width at half
maximum (FWHM) of the LRSP angular reflectance curve. In
principle, all these three sensitivities can be calculated from
the Fresnel equations as in the case for the ordinary SPR
(Kretschmann geometry) sensor [7, 9]. But, since the analytic
expressions turn out to be extremely complicated and messy
for the LRSPR sensor, here we shall resort to a numerical in-
vestigation of these quantities as a function of environmental
temperatures.

The temperature dependence of these sensitivities arises
mainly from the change in optical properties of the metal (Ag)
film as the sensor temperature increases. Here we briefly re-
capitulate a previous model we established to describe these

changes [7, 10]. To begin, we model the dielectric response of
the Ag film using the Drude model:

Cz)2

f3=1——"L2 | 1
& w(w+iwe) M
where . is the collision frequency and w, the plasma fre-
quency given by
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with N and m* the density and effective mass of the electrons,
respectively. Hence, assuming that the variation of m* with T
can be ignored [7], w, depends on T via volumetric effects as
follows:

wp = w1+ YT —To) 7'/, 3)

where y is the expansion coefficient of the metal and T is
a reference temperature taken to be the room temperature.
The collision frequency will have contributions from both
phonon—electron and electron—electron scattering:

We = Wcp + Wce “4)

and can be modeled using the various scattering models in the
literature. We thus obtain [10]
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where 6 is the Debye temperature and wy is a constant to be de-
termined from the static limit of the above expression together
with the knowledge of the d.c. conductivity [10]. In addition,
we have [10]

wcp(T) = o
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where I" and A are defined in [10]. Thus, (1)-(6) provide
a model for the temperature dependence of 713 = /23, which
when used in the Fresnel equations will lead to temperature-
dependent sensitivities for the LRSPR sensor.

3 Numerical results and discussion

Figure 3 shows the angular reflectance spectrum of
the LRSPR dip for several temperatures as computed from
our model above. It is seen that the dip slightly shifts to-
wards larger resonance angles as the temperature increases.
A similar effect was also observed (not shown) for the res-
onance wavelength in the spectral reflectance spectrum. We
have further analyzed numerically the sensitivities Sy and S,
as defined above for a range of analyte refractive indices from
1.332 to 1.338. For an incident wavelength of 670 nm, we
have obtained Sy = 31.2°/refractive index units (RIU) and,
for 6 fixed at 52.22°, S, = 9250 nm/RIU. Both these values
are obtained at room temperature (7 = 300 K) and are not
noted to be higher than the corresponding ones for a conven-
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FIGURE 3 Example showing the temperature dependence of the LRSPR  FIGURE 5 Sensitivity in the wavelength interrogation mode as a function

reflectance curve in Fig. 2
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FIGURE 4 Sensitivity in the angular interrogation mode as a function
of temperature at different incident wavelengths and Ag film thickness:
(a) incident wavelength 670 nm, Ag thickness 30 nm, (b) incident wave-
length 750 nm, Ag thickness 40nm, (c¢) incident wavelength 830 nm, Ag
thickness 50 nm

tional SPR sensor with the same thickness for the silver film of
50 nm. This is in contrast to a previous report [11] in which an
appreciable increase of S was observed for a LRSPR sensor
using a gold film of thickness varying from about 20 to 40 nm.

Figure 4 shows the results for Sy as a function of tem-
perature for several different incident wavelengths up to
values close to the boiling point of water. A slope of the
order of 10~*degree/RIU/K is obtained, which verifies
the relative stability of the sensitivity of a LRSPR sen-
sor against variation of temperature. This is similar to the
case for an ordinary SPR sensor [7]. Figure 5 shows the
corresponding temperature effects on S, for sensors with
an Ag film of different thickness. A rate of the order of
10" nm/RIU/K can be obtained by linearly fitting the data,
which implies again a relatively stable S, against tempera-
ture change for the LRSPR sensor. This is somewhat in
contrast to the ordinary SPR sensor, in which a large de-
crease of S, can occur as the temperature rises when the dip
occurs at long wavelengths (e.g. ~ infrared or far-infrared
range) [7].

of temperature at different incident angles and Ag film thickness: (a) incident
angle 52.22°, Ag thickness 30 nm, (b) incident angle 52.4°, Ag thickness
40 nm, (c) incident angle 52.45°, Ag thickness 50 nm
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FIGURE 6 Variation of the FWHM of a LRSPR dip curve with temperature
at different wavelengths and metal film thickness: (a) incident wavelength
670 nm, Ag thickness 30 nm, (b) incident wavelength 750 nm, Ag thickness
40 nm, (c) incident wavelength 830 nm, Ag thickness 50 nm. Analyte index
is fixed at n, = 1.33

We have also investigated the dependence of the FWHM
of the LRSPR reflectance dip as a function of temperature.
It has been reported recently that by employing the relatively
small values of these sharp dip curves, the LRSPR sensor
can have significantly greater sensitivity compared to that of
an ordinary SPR sensor [5,8]. Here we also obtain values
for the FWHM for the LRSPR sensor relatively smaller than
the corresponding ones for a SPR sensor in general, imply-
ing greater sensitivity for Sg. Furthermore, we have studied
the temperature dependence of these FWHM values at differ-
ent wavelengths and Ag film thickness for the LRSPR sensor.
The results shown in Fig. 6 lead to a variation of A# of the
order of 107> degree/K, which implies again high tempera-
ture stability for the reflectance interrogation sensing mode
used in a LRSPR sensor. This is again in contrast to the pre-
viously studied SPR sensor where a relatively large drop of
the sensitivity in this mode was observed as the temperature
increases [7].
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4 Conclusion

In this work, we have adopted a previously estab-
lished model for the temperature variation of the surface plas-
mon resonance of silver to study numerically the stability of
the various sensitivities of a LRSPR sensor against tempera-
ture changes. It is found that while the angular and wavelength
interrogation modes do not necessarily have larger sensitivity
compared to those for an ordinary SPR sensor, the reflectance
monitoring mode in general yields somewhat higher sensitiv-
ity. In addition, the temperature stabilities of all these three
modes are found to be better than or comparable to those of
the SPR sensor. Further comparison of the operation of these
two sensors in terms of the variation of the many other key pa-
rameters will be significant for an ultimate design of a more
sensitive and stable optical sensor based on surface plasmon
resonance.
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