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Abstract: We have conducted in situ measurements of the surface plasmons and electrical resistivity of
noble metal thin films. We present results for the electrical resistivity of these materials as functions of
the angle of incidence for p-polarized light of wavelength A = 632 nm in the Kretschmann configuration
optical system. We observe a significantly lower resistivity (higher conductivity) under resonance
conditions for the surface plasmon polaritons. The resistivity data are supported by COMSOL
simulations of the evanescent fields associated with the surface plasmons. We discuss the resistivity
data in terms of the theoretical models, which suggest that the electrical conductivity of the transition
metals is sensitive to Umklapp electron-electron scattering and attractive interactions between free
electrons because of the screening of the d-band electrons by the s-band electrons.

Keywords: electrical conductivity; noble metals; thin films; surface plasmon resonance;
optical spectroscopy

1. Introduction

The noble metal thin films are used in a variety of analytical applications, sensors, catalysis, solar
cells, electrical and optical devices, and medical systems. The electrical conductivity of these films
and the means to manipulate the conductivity are of interest to physicists, chemists, and material
scientists. One of the fundamental and intriguing processes by which the electrical conductivity can be
manipulated involves the collective oscillations of the surface charges in the film. Such oscillations are
normally realized by exciting the surface plasmon polaritons (SPPs), which represent electromagnetic
waves travelling along the metal/dielectric interface and having evanescent electromagnetic fields
that decay exponentially normal to the interface [1-6]. The phenomenon of the collective surface
charge oscillations was realized in the 1950s and 1960s. Since then, there has been substantial interest
in the physics of the collective charge oscillations, and now the phenomenon is well understood.
The ability to control electrical conduction in thin-film devices offers far-reaching potential applications
in telecommunications, sensors, and electronics. For example, it could find applications in devices
such as the field-effect-transistors (FETs), in which the flow of the electrons could be manipulated by
the evanescent electric fields of the surface plasmon polaritons generated within the 100-300 nm range
of these fields. Two different types of plasmons are of interest: (1) volume plasmons and (2) surface
plasmons. They are characterized by very different energies. Energetic electrons, while passing through
metallic foils, experience characteristic loss due to the excitation of volume plasmons in the sea of the
conduction electrons [7]. The free electron approximation model of metals, in which high-density free
electrons (102’ m~2) are treated as liquid, supports volume plasma oscillations propagating through the
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bulk of the metal. The frequency of the volume plasmons is given by w, = 6—20 where 7 is the density
of the conduction electrons, e is the magnitude of the electronic charge, and i, is the free electron
mass. The plasmon frequency is related to the frequency-dependent dielectric function of the material
through ¢(w) = €x|1 - %é] In the case of the free electron metals, the energies of the volume plasmons
are relatively high; they range from approximately 8 eV for Li to about 16 eV for Al [8]. The surface
plasmon excitations (SPEs), on the other hand, propagate on the surface of the material. They represent
low-energy surface charge density oscillations. The frequency of the surface charge density excitations
is given by wyp = %q, where nyp is the two-dimensional (2D) density of the occupied surface
states and q is the wavevector [1-4,9]. Continued interest in surface plasmons has led to the discovery
of fundamental physical processes and applications. For example: (i) the strong EM fields associated
with SPEs have contributed to the development of surface-enhanced Raman scattering [10], and (ii) the
high sensitivity of the surface plasmon resonance (SPR) to differences in the dielectric properties across
thin metal-film/dielectric interfaces has led to the development of numerous sensors [6]. The most
commonly utilized nonradiative surface plasmons, excited usually by optical frequencies, exhibit
@ a 4/q dispersion. On the other hand, low-energy acoustic surface plasmons, which can be excited by
long wavelength IR sources, follow (w a ¢) linear dispersion. The energies of the acoustic plasmons
are of the same order as the energies of the electrons in materials, and therefore such plasmons can
influence the electronic properties of materials. The possibility that low-energy acoustic plasmons can
influence physical processes, such as the electrical conductivity of metals, was discussed by Bohm and
Pines in the 1950s [11-14]. Pines took the viewpoint that, in order for the electrical conductivity to be
affected, current had to be changed through electron—electron collisions in two ways: by Umklapp
electron—electron scattering or collisions between electrons of different effective masses in the case
of highly anisotropic electron energy surfaces. Pines also refers to the possibility of the scattering
of s-electrons by d-electrons in transition metals [11]. Since then, the possibility has been studied
theoretically by others. For example, Garland considered a two-band model consisting of s-states for
the nearly free electrons and d-states for the tightly bound electrons. [15] In 1968, Frohlich proposed
an alternate mechanism for electron pairing through acoustic plasmons in transition metals [16].
According to this mechanism, in metals with incomplete d bands two plasmas (s, and d) are present.
Under certain conditions, the d-plasma is screened by the s-electrons, such that for long wavelengths
its frequencies become proportional to the wave number. It then presents a new “acoustic” branch and,
like the ordinary acoustic branch, leads to attractive interaction between electrons. Here, we present
the results from an experiment designed to probe the influence of surface plasmons on the electrical
conductivity (surface resistivity) of noble metal thin films. Our results suggest strong correlations
between the collective oscillations of the surface charge density and electrical conductivity of noble
metal thin films. We believe that the results presented here are the first, to our knowledge, to support
the theoretical models proposed by Bohm, Pines, Garland, and Frohlich. They should stimulate
additional experimental as well as theoretical research on the influence of the collective surface charge
density oscillations in electron transport in materials.

2. Experimental Details

Thin films of high-purity noble metals (purity > 99.999%) were deposited over Quartz substrates
in a class-100 clean room NanoFab. An AJA International thermal evaporator was used at a base
pressure of 1 x 107 Torr with a deposition rate of about 1 A/s. The atomic force microscope (AFM) and
scanning electron microscopies (SEM) were used to examine the surface topography and microstructure.
Representative scans (AFM/SEM) of the Ag film are shown in Figure 1. The films are polycrystalline
and densely packed with crystallites of sizes up to about a few hundred pm.
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Figure 1. AFM and SEM scans of the silver thin film.

Figure 2 shows the schematic of our system used for simultaneous measurements of the surface
plasmon resonance and electrical resistivity of the samples. Compared to the traditional Kretschmann
configuration optical system [17-20], this system utilizes a recently developed fixed-detector
Kretschmann configuration optical system for the SPR measurements. One of the advantages of the
fixed-detector system is that it does not require the use of a (6,260) goniometer [21]. The angular scans
are accomplished by optically steering the incident laser beam. The A = 632 nm radiation is obtained
from a 1 mW He-Ne laser. It is partially reflected into the reference silicon detector. The output of the
detector is amplified and recorded using a Data Studio module and LabView software. The magnitude
of this reference signal is used to normalize the output of the other silicon detector produced by light
reflected from the prism/sample used in the Kretschmann configuration. The laser beam transmitted
through a partially reflecting plate is passed through a polarizer to obtain p-polarized light. The state
of polarization is checked by the measurements of the Brewster’s angle. The incident angle at the
sample for the polarized beam is adjusted by a rotating mirror. The reflected beam is steered by the
rotation of the second mirror. The reflected beam is collected by second silicon detector, amplified,
and recorded. Details of the procedure to determine the angle of incidence required for the surface
plasmon resonance have been published elsewhere, and the basic equations are shown in Figure 3 [21].
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Figure 2. Block diagram of the experimental set-up for simultaneous measurements of the surface
plasmon resonance and electrical resistivity of the thin-film samples.
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Figure 3. Calculation of the angle of incidence (¢) at the base of the prism used in the optical system.
The polarized laser travels horizontally to M1.

For electrical resistivity measurements, a commercially available four-point probe assembly
mounted on a precision micrometer was used. The Signatone probe (model SP4-40-045-TC-RS) uses
Tungsten Carbide tips of 4 x 107> m radius, with 1.02 x 10~ m spacing between the tips, and they
exert a pressure equivalent to 4.5 x 1072 kg. The micrometer allows precise contact at four points of
the thin-film sample. The outer two points are connected to a Keithley model 2400 Source Measure
Unit (SMU), which is used as a current source. The inner two points are connected to a Keithley model
2182A Nanovolt meter. The current and voltage (IV data) readings are recorded in the computer
using the LabView software. While conducting simultaneous measurements of the surface plasmon
resonance and electrical resistivity, we obtained 100 IV curves for each angle of incidence. The IV
curves were measured for three different ranges of currents: (1) low current range, from 100 nA to
1 pA; (2) mid current range, 1 pA to 10 pA; and (3) high current range, 10 pA to 100 pA. All three
samples—(a) 43 nm-thick copper, (b) 50 nm-thick silver, and (c) 46 nm gold—show Ohmic behavior
with the same resistivity at all three ranges of the currents.

3. Results and Discussion

Figure 4 shows the surface plasmon resonance curves and electrical resistivity data for the Cu, Ag,
and Au thin films. Specifically, the SPR data show the reflectivity of the p-polarized light as a function
of the angle of incidence (angle ¢ in Figure 3) at the prism/sample assembly used in the Kretschmann
optical system. The resonance occurs at incident angles around 35-36°. The incident angle at which
resonance occur, is labelled as the resonance angles (Ogpr ). A tremendous loss in reflectivity is observed
at the resonance angle because of the fact that the “missing energy” at this particular angle is used
up to excite the surface plasmon polaritons. There is another angle of incidence that is important.
It is the so-called critical angle (6.). For light passing from a medium of high refractive index to a
medium of lower refractive index, it is the angle of incidence for which the angle of transmission
is 90°. In the case of copper, for example, 6, ~ 35.5°. Between the critical angle and the resonance
angle, the reflectivity changes from 100% at 0. down to almost zero at resonance in the case of the
silver film. The overall quality of the SPR curve, the full width at half-maximum (FWHM), and the
loss of reflectivity at Ogpr. reflect qualitatively the quality of the sample. We have observed in our
previous works that (1) a high-quality sample produces a sharper SPR curve with an almost total loss
of reflectivity at resonance and (2) the SPR curves are sensitive to the thickness of the sample [18,22-24].
The electrical resistivity data of the Cu, Ag, and Au films exhibit qualitatively similar behavior over
the range of angles used in these measurements. In the case of the copper film, the resistivity increases
from about 32.7 n() — m at 33.7° to a higher value of 33.6 n{) — m at 35.7°. Thereafter, the resistivity
decreases very significantly, and its angular dependence follows more or less the angular dependence
of the SPR data. The electrical conductivity of the film reaches its highest value at resonance. It is
noteworthy that the films become highly conducting at and around resonance. It is at resonance that
the collective oscillations of the surface charges become most pronounced and the evanescent electric
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fields associated with the surface plasmon polaritons are the strongest. The rise of the conductivity to
its highest value at resonance reflects the influence of the collective oscillations of the surface charges
on the flow of the current through the top surface layers of the film. After resonance, the resistivity
increases to about 33.5 7€) — m at an angle which we label as 6y, g < 38°. For incident angles higher
than Oy, g, the resistivity decreases nonlinearly towards a value measured at higher angles.
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Figure 4. SPR and resistivity data: top row for copper, middle row for Ag, and bottom row for Au.
In the first panel of each row, the solid curve represents SPR and the broken dashed curve is drawn
through the resistivity data to aid the eyes. The second panel in each row shows COMSOL simulations
for the evanescent electric field of the SPR.

It is striking that, within a range of angles around the resonance, the electrical resistivity mimics
the shape of the surface plasmon resonance. The resistivities of the Ag and Au films too show a similar
angular dependence. As stated above, the surface plasmons influence the electrical resistivity of the
film through the evanescent electric fields. It is therefore important to examine the details of these
electric fields present in each sample. Although we have not measured directly the evanescent electric
fields, we observe their strength through changes in the resistivity of the material.

We have simulated the evanescent fields by using the finite difference method in COMSOL. We have
published elsewhere details of the basic procedure used [25]. It requires mainly the wavelength of the
light (632 nm) and the refractive indices of the material. In our simulations, the wavelength-dependent
refractive indices of the films were obtained from the “refractive index data base” [26]. We used the
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following values: for Cu, €; = —11.542, e, = 1.8405; for Ag, e; = —18.281, e, = 0.48108; and for Au,
€1 = —11.740, e; = 1.2611. The results for the evanescent fields, the components along the surface, the
components vertical to the surface, and the resultant field are shown in Figure 5.
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Figure 5. COMSOL simulations of the evanescent electric fields in the noble metal thin films. The results
for the Cu (a), Ag (b), and Au (c) films are shown in the top, middle, and bottom rows, respectively.
In each row, the panels from left to right show electric field components along the surface, normal to
the surface, and resultant.

The normal to the surface components are approximately 1.8, 4.9, and 2.2 kV/m for copper,
silver, and gold films, respectively. The components along the surface are approximately 0.5, 1.2,
and 0.6 kV/m. The resultant electric fields are approximately 1.9, 5, and 2.3 kV/m for copper, silver,
and gold, respectively. The decay lengths for the normal-to-the surface components are of the order of
300-400 nm. It is clear from the data presented in Figure 4 that the electrical conductivity of the noble
metal thin films is enhanced very significantly within a range of angles around the resonance. Since it
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is the collective oscillations of the surface charges that are responsible for the resonance, the same
oscillations should also be responsible for the observed enhancement in the electrical conductivity of
the film.

4. Conclusions

In conclusion, we have presented evidence that surface plasmon resonance can significantly
influence the flow of electrons through the surface layers of noble metal thin films. To our knowledge,
these are the first experimental data which support the theoretical models proposed by Bohm, Pines,
Frohlich, and Garland in the 1950s-1960s [12-16,25-27], whereby the Umklapp electron-electron
scattering and attractive interactions between free electrons due to the screening of the d-band electrons
by the s-band electrons can enhance electrical conduction in 2D transition metals. The COMSOL
simulations of the evanescent electric fields of the surface plasmons support the experimental data on
the changes in the resistivity at and around resonance. The results are important to the advancements of
the electronic devices in which the flow of the electrons can be controlled by the evanescent electric fields
of the surface plasmons. The strength of such fields can be controlled by a variety of techniques—for
example, by adjusting the distance between the device and the SPR generating “module” (high-index
prism/metal), and/or by changing the angle of incidence of the polarized beam that produces SPR at
the module. It is believed that the data presented here will stimulate additional experimental as well
as theoretical advances in the field.
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