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Use of Dusty Plasmas for Surface-Enhanced Vibrational Spectroscopy Studies
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Dusty plasmas are low-temperature, weakly ionized gases containing micron- to submicron-sized solid particles
that are charged by plasma collection currents. In this theoretical note, we propose the possible use of dusty
plasmas as substrates for surface-enhanced vibrational spectroscopy studies, because of several possible
advantages over some traditional substrates. Surface-enhanced Raman scattering, or surface-enhanced infrared
(IR) absorption spectroscopy, has used metal colloids as substrates on which the analyte molecules are adsorbed.
As compared with colloids, dust in plasmas have much faster charging times, are immersed in background
plasma that is generally transparent to IR, can be composed of a wide variety of materials, are free of solvents,
and allow a range of temperatures. Plasma properties also may lead to reduced aggregation as compared with
colloids and may allow the use of different dust materials that have electromagnetic resonances in the IR as

well as in the visible. Possible complications associated with the use of plasmas are also discussed.

1. Introduction Dusty plasmas may offer several potential advantages over

There is currently much interest in surface-enhanced vibra- 244Y€0US colloids as substrates for SERS and SEIRA. These

tional spectroscopy techniques which analyze the vibrational m_clude (a) faster pa_rticle charging times and better particle
spectra of molecules, because of their high sensitivity. Surface-disPersal, (b) superior IR transparency, (c) an expanded
enhanced Raman scattering (SERS) or surface-enhanced infrarefEPertoire of dispersible particles, (d) freedom from solvent

absorption (SEIRA) spectroscopy studies have used variouseﬁeCt?' gnd €) Iarger dViapl;? ;[]emperatL;rel range. IEyenhif
metal materials with particle-like properties, such as metal COMplications associated with the use of plasmas limit the

colloids, roughened metal surfaces, or metal island films, as Practical use of dusty plasmas, such systems may be useful as

substrates on which the analyte molecules are adsorbed. It ig""0d€ls with which to study EM enhancement mechanisms for
thought that an electromagnetic (EM) mechanism involving the surface-enhanced spectroscopy. It is hoped that the discussion

interaction between an adsorbate and a surface mode (e.g., 4 this note may spur future spectroscopic studies or experi-
surface plasmon) in the underlying metal substrate often plays MENtS:

a major role in the enhanced scattering or absorption (seed.-rhe rest hOf the p?p:jer IS olrganlzed as ft?llows. ?ecnonf 2
reviews in refs +4). This EM mechanism involves the optical Iscusses the use of dusty plasmas as substrates for surface-

properties of small particles (see, e.g., ref 5) enhanced spectroscopy, as well as possible complications
In this note, we consider theoretically the potential use of associated with the use of plasmas. Section 3 gives a brief

dusty plasmas as substrates for surface-enhanced vibrationapu™mmary:
spectroscopy studies, in analogy with the use of metal colloids.
Dusty plasmas are low-temperature, weakly ionized gases
containing micron- to submicron-sized solid particles (dust) that  For background purposes, we first review the EM enhance-
are charged by electron and ion collection currents. Since thement mechanism of surface-enhanced Raman spectroscopy for
electrons are more mobile, the dust charges negatively, muchisolated metal particles, which involves the optical properties
like a small probe in the plasma. The charge on an isolated of small particles (e.g., ref 2). For a spherical particle with
spherical dust grain can be estimated usig= — Zq¢e = ag, dielectric constants, embedded in a medium with dielectric
whereZy, a, and ¢ are the charge state, radius, and surface constante,, the sphere polarizability is given by (e.g., ref 5)
potential of the grains, respectively, where generalty ~ few
times the electron temperaturg [e.g., 6]. Generally, in o = (65—60) 3
S

2. Use of Dusty Plasma as Substrate

Gy

laboratory dusty plasma experimeritg,has ranged between a €.t 2¢ a
few eV to a fraction of an eV (see, e.g., reviews in refsld).

For example, in an argon plasma willh ~ 0.1 eV, a dust  wherea is the radius of the sphere. Consider a particle with
particle of radiusa = 0.1um can acquire a charge state of about radius a much smaller than the wavelength of an incident
Zg ~ 20, assuming) ~ — 3Te. Owing to their charge, dustcan  electromagnetic wave. When the real partéof —2¢, and the
be levitated and confined by electric fields in the plasma The imaginary part 0%5 is Sma"’as can become |arge, and thus the
presence of a high-pressure neutral background gas at roompduced dipole electric field that results from the polarization
temperature can “cool” the kinetic motion of the dust gr&ifls.  of the sphere can become large. If this induced field is stronger
« Address correspondence to this author, than the field qf the incident EM wave, it can strpng[y excite
t University of San Diego. Raman scattering of adsorbed molecules, resulting in SERS.
* Cornell University. Basically, the dipolar-plasmon resonance of the metal particle
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acts like an antenna that amplifies both the incident field at the the complications of the underlying absorption properties of the
location of the adsorbed molecule and also the Raman-shiftedsubstrate (see, e.g., refs 4, 19, 20). The plasmon resonance for
radiated wavél A similar EM mechanism may also play arole semiconductors would be expected to be in the infrared, rather
in SEIRA/ but since metals absorb in the IR, the change in than in the UV or visible part of the spectrum as for metals,
optical properties of the metal substrate, at the vibrational since the free electron density in semiconductors is orders of
frequencies of the adsorbed molecules, can be a more importanmagnitude lower than in metad$.Using values from ref 15,
EM effect12 the dielectric function of the semiconductor materials gallium

The plasmon resonance condition discussed above dictategphosphide (GaP) and indium phosphide (InP) can satisfy the
the use of coinage metals (Ag, Au, Cu) as substrates in SERSplasmon resonance condition, wéh= 1, at a wavelength about
where visible light is use&1*For example, for a Ag colloidal 25 um (for GaP) and 3Q«m (for InP), where the imaginary
dispersion in which the real part of the dielectric function of parts of s are also small. Another example is SiC, which
the background aqueous solution i81.33, the plasmon  satisfies the plasmon resonance condition at aboutrh®

resonance condition can be satisfied for wavelerigth 400 Furthermore, larger particles in the micron-size range could be
nm, where the real part ef ~ — 3.6 and the imaginary part of  used, since they would satisfy the requirement ¢hat 1, when

€s ~ .3 (e.g., ref 15). In addition, the conditian< A implies A is in the mid-IR range.

that the colloidal particle sizes should be on the order of tens  As an example of dusty plasma parameters, consider an Ar
of nanometers. plasma withn; ~ 1® cm™3 and T ~ 0.1 eV, containing

We propose the possible use of dusty plasmas as substrateg§emiconductor material grains of siae= 0.1xm, with number
for SERS or SEIRA studies, in analogy with the use of metal densitynq ~ 5 x 107 cm3. A region of lengthL ~ 3 cm would
colloids. There are similarities between dusty plasmas and pe optically thin, since the optical depth~ zza2ngL ~ 0.05<
charged colloidal dispersions; for example, the mutual Coulomb 1. The number of dust grains in a volume of siZewould be
repulsion between the like-charged particles inhibits aggregation. ~1(®, so the cumulative dust surface area in this volume would
However, the dynamics of dusty plasmas occurs on a time scalepe about 0.3 cf (The dust grain charge state would be about
which is about a million times faster than in colloidal systéfns. 7z, ~ 20, so that the electrostatic energy between neighboring

This points to the first of several potential advantages of dusty dust grains would be about room temperature; this would inhibit
plasmas as regards the deactivation properties of metal colloidaggregation if the dust kinetic energy was also near room
substrates. The SERS activity of metal colloids suffers from temperature.) Assuming a trace amount of analyte in the range
irreversible deactivation once the particles become aggregatedof picograms, a low range analyzed using SEHR¥d assuming
due, for example, to replacement of charged ions on the colloids each molecule has a mass about 100 proton masses, this would
by neutral adsorbates or to the presence of extraneous productsmply about 6 x 10° molecules in the sample, or about 6
resulting from colloid preparation, in the suspension that can molecules adsorbed on average per dust grain.
interfere with surface reactions and cause aggregéatitiin a Another potential advantage of using dusty plasmas would
dusty plasma, the time scale for a grain to charge 10 itS po {3 go SERS studies using IR light and micron-sized
qu'l'b”um value is very fast, abo_mgh ~ (Ao/@)wpi ™, where semiconductor material particles. Advantages, compared to the
Ao is the Debye screening length in the plasma, agds the use of visible light and metal colloids for SERS measurements,
ion plasma frequency (e.g., ref 6). For example, for an argon 5 that (i) there would be a larger relative change in frequency
plasma W',thTe ~0lev and'|on dgnsnyh ~ 10° cm 3, the in the Raman scattering process, perhaps making measurement
charging time for a dust grain of size~ 0.1 um would be gaqjer, and (i) the charging time for dust in a plasma, which is

about 10Qus. Thus, assuming the total dust charge density is ey fast, decreases as the dust size increases, which may further
less thamy;, it may be expected that there would be sufficient help inhibit aggregation upon adsorption of molecules, as

charge from the background plasma to keep the grains chargeqnenioned above. We note that approximatehi @0 femtomole

to their equilibrium value on sub-ms time scales, which should |imits of detection using various SERS substrates have recently

play a role in inhibiting aggregation. _ been reporte@ A dusty plasma with parameters such as those
A second potential advantage of dusty plasmas is related to;, ihe previous paragraph might be adequate for dust surface

the background plasma being generally transparent to IR, in 5ysorption of the lower range of such molecular concentrations
contrast to the colloidal dispersion in an agueous solution. The i, he gaseous phase.

plasma is transparent to EM waves with angular frequency This brings up a third potential advantage of using dusty

when its dielectric function plasmas, which is the possibility of having an expanded
) repertoire of dispersible particles. In principle, submicron-sized
Ppe particles of any material can be charged negatively and become
a i 2) dedinapl The ch | h
o(w +ivy) suspended in a plasma. The charge state could even be changed
by using additional charging mechanisms such as, for example,
is ~1. This would occur for waves with > wpe ande > v, photoemission under UV radiation that would tend to reduce

(herewpe andve are the electron plasma and collision frequen- the magnitude of the grain charge (e.g., ref 23).
cies, respectively). For a plasma with electron density 10° As another potential advantage, the use of dusty plasmas,
cm3, Te~ 0.1 eV, and neutral inert gas density~ 101 cm3, especially with inert buffer gases such as He, Ar, and Xe, might
the plasma would be transparent to EM waves with wavelengthsfree SERS and SEIRA from confounding effects of solvents,
smaller than a few cm. Thus, it seems possible that SEIRA and thus lay bare for study the moleculubstrate interactions.
studies could be done in a volume of dusty plasma containing Solvents are known to alter dissolved molecules significantly
charged metal particles. and to electrochemically change surfaces. Since solvents can
Different dust grain materials could be used that may have be a determinant of chemical activity, dusty plasmas may offer
surface plasmon resonances in the IR, in contrast to metals tha@ means by which their importance can be assessed.
can absorb in the IR. The resultant SEIRA spectrum would then  Finally, the use of dusty plasma may offer the potential
be indicative of the spectrum of the adsorbed molecules, without advantage of allowing a larger viable temperature range. By

e=1
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employing the various modes of dusty plasma production, one also be useful as a research tool for systematically studying EM
should be able to vary the substrate temperature between roughlyenhancement mechanisms for surface-enhanced vibrational
300-2000 K, and thereby investigate temperature dependenciesspectroscopy. This is due to the wide range of dust materials
of molecule-substrate interactions. For the low end of the with surface modes in frequency regimes ranging from the
temperature scale, one can use low pressurk Torr) inert visible to the IR, that could in principle be used.
gases (e.g., He, Ar, Xe) for the plasma. For higher temperatures,
one could employ various means, such as laser heating of the Acknowledgment. One of the authors (M.R.) thanks T. W.
grains?425 or a “solenoidal barbecué* wherein the dust and  Petrie for helpful discussions. The work of M. R. was supported
gas are heated in a current-heated, solenoidal blackbody cavityin part by DOE grant nos. DE-FG03-97ER54444 and DE-FG02-
These should allow temperatures 3®D00 K. 03ER54730.
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