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Abstract

We compare 2 angular regimes for the measurement of changes in the real refractive index
of bulk fluid analytes. The measurements are based on the use of the Kretschmann-Raether
configuration to sense a change in reflectivity with index. Specifically, we numerically simulate
the relative sensitivities of the total internal reflection (TIR) and surface-plasmon resonance
(SPR) regimes. For a fixed-angle apparatus, the method which gives the greatest change in
reflectivity varies with metal film thickness. For films thicker than the skin depth, the SPR
regime is the most sensitive to index changes. For thinner films, however, the TIR, angle is then

dominant, with increases in sensitivity on the order of 75% for 10 nm gold or silver media.
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1 TIntroduction

Two angular regimes for the measurement of changes in the real refractive index of fluid analytes
may be classified as total internal reflective (TIR) and surface-plasmon resonant (SPR). Perhaps
the most common method is the TIR, found in many optical laboratories in the form of the Abbe
refractometer [1]. This instrument utilizes the total internal reflection which occurs at a high-to-
low dielectric interface (prism-to-analyte, e. g.), creating evanescent waves along the interface for
a range of incident angles ,which depend on the ratio of indices. When referenced against a known -
prism index, the TIR technique can measure analyte index to an absolute accuracy of 1 part in 10°.
This accuracy is a result of experimental parameters such as prism flatness and angular resolution,
rather than fundamental limitations [2].

These same evanescent waves, when propagating along a metal-dielectric interface, can excite
free-electron resonances called surface plasmons. This effect has been used in a number of device
applications, typically as optical chemical sensors to measure changes in analyte contaminant con-
centration associated with changes in index {3]-[11]. Experimentally, SPR effects are observed as a
sharp mimimum in reflectivity as the angle of incidence is varied; as shown below, changes in the
analyte index shift this minimum. Monitoring the resulting change in reflectivity at a fixed angle
can then be used to measure the change in analyte. As with TIR, variations in refractive index to
1 part in 10° have been measured with this technique [5].

Our experiments, however, requi;e the use of an electrode to electrically excite the analyte. Our
design is also intended to fnea.sure index changes in a compact, portable device with the sensitivity
of the Abl\ae refractometer. We are thus led to the Kretschmann-Raether configuration for plasmon
excitation [10] shown in Fig. 1. The experimental apparatus for measuring index changes with SPR
are then numerous [10]. The simplest approach is to measure the angular shift in reflectivity as the
analyte is varied. For the case of SPR, the important feature to be monitored is the reﬁect_ivity

minimum. The sensitivity is limited, however, because information contained in the slope of the
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reflectivity curve is ignored. A more useful approach, then, is to select a fixed measurement angle,
and obtain the change in reflectivity as index variations shift the reflectivity-versus-angle curve
[4]-[6], [10]. In this way, both the slope and the shift of the reflectivity curve are utilized.

The goal of this paper is to evaluate the relative sensitivities of the TIR and SPR regimes using
the fixed-angle Kretschmann-Raether apparatus. We make no attempt to predict the limits on
analyte index change that can be measured for each regime. Rather, we assume an index change
and numerically simulate the change in reflectivity using the methods of Mansuripur [12]. Note that
our results do not consider specific experimental parameters such as laser linewidth, manufacturing
tolerances, temperature and dispersion compensation, etc. Also note that our calculations do not
apply to the typical case of an adsorptive metal surface, to which a thin film of target si)ecies may
adhere. Rather, we are concerned with measuring changes in bulk refractive index, for which we

assume a controlled analyte environment.

2 Theory

In this section, we briefly review the theory governing each of the 2 regimes. We start with the
TIR method. As mentioned above, t;his common technique is the principle governing the Abbe
refractometer, which can measure refractive indices to approximately 1 part in 10°. Since our
emphasis is on measuring changes in index as a measure of analyte contamination, we approach
this method from a slightly different point of view. Specifically, to compare the sensitivity of TIR
with SPR, we look at how the TIR (or critical) angle changes with analyte index. In the absence

of a metal film, this angle is given by the familiar equation
Orrr = sin"l(na/np) 1)

where n, and n, are the (real) indices of the analyte and prism, as shown in Fig. 1. An immediate

disadvantage of this method is that the index of the prism must be larger than that of the analyte. A
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typical example of how the reflectivity varies with internal prism angle 8, for a transverse-magnetic
(TM, or p-polarized) field is shown in Fig. 2.
The rationale for the Kretschmann-Raether SPR geometry is a phase-matching of the incident

field with free electron (plasma) excitations at the metal-analyte surface. These surface plasmons

have a wavenumber k,, given by [7]

—1/2
ksp = %Re [ 2 ]

g em(w)

(2)

where w is the frequency of the incident field, c is the speed of light in vacuum, €, (=n2) is the
dielectric constant of the analyte, and ¢, (w) is the complex dielectric constant of the metal. For

phase matching to occur, k,, must equal k., the z-component of the ‘wavenumber of the incident

light in the prism
kz = wnpysinéy/c (3)

Note that Egs. (2)-(3) are readily solved for the angle at which a reflection minimum occurs, known
as the surface-plasmon angle 6;,. This angle is seen to depend on n,, thus providing the basis for

the SPR technique.

For free electrons at long wavelengths away from the bulk plasma frequency w, the frequency

dependence of €,(w) is given by [10]
emW)=1--% . | 4

Substituting this result in Eq. (2), we obtain a plasmon dispersion equation for w(ksp), with a
frequency which asymptotically approaches w,/(1 + €2)Y/? for large ksp. Graphically, the phase
matching needed for surface plasmons is found from the intersection of this asymptotic curve with
the straight line given by Eq. (3). This cannot occur unless the slope of Eq. (3) is less than that
of the asymptotic curve at the origin (see, for example, Ref. [7), Fig. 3), easily shown to be ¢/n,.

This compares with a slope of ¢/npsinf, for the prism-dispersion. The 2 slopes are equal when

4

PR

E



sinfp=ng/ny, which is identical to the TIR condition given by Eq. (1). Surface plasmons can
therefore only be generated by evanescent waves. Also note the importance of the prism index; the

SPR technique thus suffers from the same disadvantage as the TIR.

3 Numerical Results and Discussion

In this section, we present numerical results comparing the sensitivity of each of the 2 regimes to
changes in analyte index. Our modeling is based on Diffract [12], a commercially-available physical-
optics software package. TIR results are shown in Fig. -2, where we plot the TM-reflectivity Rras
as a function of internal prism angle 6,. The figure assumes a prism index n,=1.457 for fused silica
at A=0.633 pm, and bulk analyte indices n, =1.330 and 1.334. Neglecting Fresnel losses at the
entrance to the prism, the results show the well-known approach to a reflectivity of unity as 6,
approaches the TIR condition g & 65.9 degrees given by Eq. (1). Both the slope of this curve
near the TIR angle and the shift with index indicates the change in reflectivity ARgpps. This is
quantified in Fig. 3, where we plot the angular dependence of ARgys for the given An,=0.004.
The ﬁgure clearly illustrates the greatest sensitivity to index changes near the critical angle.

For the SPR regime, we take 10 nm as a practical lower limit on film thickness [13]. Fig. 4
then shows how Rrps for the Kretschmann-Raether arrangement varies with fp for gold films of
thickness t=10, 20, and 50 nm. For clarity, we plot the curves for only 1 index (n,=1.330). The
significant features of this curve are twofold. As discussed above, SPR requires an evanescent
angle 8, > Orrr. Up to a point, these effects are enhanced for the thicker metallic films, with
50 nm giving approximately optimum response for gold. However, the thicker films also reduce
the sensitivity of the TIR effect, as the reflectivity is large for angles less than 8rrp for a film
thickness approaching the skin depth § of the metal (~ 32 nm for the assumed complex index N,=
0.13+43.16 [14] for gold). This is illustrated in Fig. 5, where we plot ARpys for An,=0.004. ‘The

results clearly show the greater sensitivity to analyte changes near the TIR angle for the 10 nm

[ e




film; alternatively, the SPR regime dominates for the 50 nm film. Comparing the 2 sensitivities for
the assumed prism, electrode, and analyte indices, we see that the critical angle has a.pprozdmately
75% greater sensitivity than the SPR angle for a 10 nm gold film. Additional simulations show
that a detection scheme with a sensitivity of 1% is required for measuring a bulk index change
An,=10"% near the TIR angle for a 10 nm gold film, while a sensitivity of 0.2% is required for the
SPR regime.

This is further illustrated in Fig. 6, where we plot AR7pf,mae as a function of film thickness for
the TIR and SPR angles. That is, for each thickness, we obtain ARrys vs. 8, for the conditions of
Fig. 3 in 0.1 degree increments. We then record the maximum value of ARy near both angles.
The resulting plot clearly illustrates the transition from an SPR-dominated sensitivity for ¢ > 6,
to a TIR-dominated response for thinner films. We have also modeled a silver film as the plasma
medium (N,=0.27+i4.18), obtaining almost identical results. In addition, for the same percentage
change in index (n,=1.000 and 1.003), our simulations with a gas as the analyte fluid show similar

features, though to a much lesser degree.

4 Conclusions

We have compared 2 angular regimes for the measurement of changes in the real refractive index
of bulk fluid analytes. For a fixed-angle apparatus, the method which gives the greatest change in
reflectivity varies with metal film thickness. For films thicker than the skin depth,the SPR regime
is the most sensitive to index changes. For thinner films, however, the TIR angle is then dominant,
with insreases in sensitivity on the order of 75% for 10 nm gold or silver media. Our results do
not take into account specific experimental parameters such as laser linewidth, temperature and
dispersion compensation, manufacturing tolerances on film thickness, etc. Including these effects

may therefore modify these conclusions. Nevertheless, the potential for measuring bulk index

changes in a compact, portable device with the same sensitivity as the Abbe refractometer should




prove to be an effective impetus to further research in this area.
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FIGURE CAPTIONS

Fig. 1 - Schematic of Kretschmann-Raether configuration for exciting surface plasmons. Shown
are a prism with index n,, metal film with index N, and analyte with index n,

Fig. 2 - Power reflectivity Rras of TM-polarized field versus internal prism angle 6, for the TIR
method. The metal film thickness shown in Fig. 1 is zero. The prism index n,=1.457 at A=0.633
pm.

Fig. 3 - Change in reflectivity ARrys versus 6, for the conditions of Fig. 2.

Fig. 4 - Reflectivity Rrps versus 8, for the SPR method. The metal film is gold with a complex
index Ng=0.13+13.16. The prism index is the same as in Fig. 2; the analyte index n,=1.330.

Fig. 5 - Change in reflectivity ARy, versus 6, for the conditions of Fig. 4.

Fig. 6 - Maximum reflectivity change ARy mas as 2 function of film thickness for the conditions
of Fig. 4. Gold film results are shown in (2), where the skin depth §, is approximately 32 nm;

silver results are shown in (b), where 65 is 24 nm.
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