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ABSTRACT

Conductors with infrared plasma frequencies are potentially useful hosts of surface electromagnetic waves with sub-
wavelength mode confinement for sensing applications.  Such materials include semimetals, semiconductors, and
conducting polymers. In this paper we present experimental and theoretical investigations of surface waves on doped
silicon and the conducting polymer polyaniline (PANI). Resonant absorption features were measured in reflection from
lamellar gratings made from doped silicon for various p-polarized CO, laser wavelengths. The angular reflectance
spectra for doped silicon was calculated and compared with the experiments using experimental complex permittivities
determined from infrared (IR) ellipsometry data. Polyaniline films were prepared, optical constants determined, and
resonance spectra calculated also. A specific goal is to identify a conductor having tight mode confinement, sharp
reflectivity resonances, and capability to be functionalized for biosensor applications.
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1. INTRODUCTION

Surface electromagnetic waves that propagate along the interface between a dielectric and a conductor exist at
frequencies below the plasma frequency of the conducting material'. For these surface plasmon polaritons (SPP) to be
bound with sub-wavelength confinement, the real part of the permittivity &  should generally be negative and the
imaginary part £ small. Qualitatively similar bound surface waves can occur above the plasma frequency when £>0 if
€>¢’. For metals, like gold and silver, the first SPP situation holds for wavelengths in the visible and ultraviolet. For
semi metals Bi and Sb, the latter condition holds throughout most of the mid IR.?

The principle commercial application of SPPs is in biosensors, where the change in the resonant coupling of light to
SPPs gives information for identifying bio- molecules and quantifying their interactions. We hypothesize that potential
sensitivity and selectivity advantages will accrue by operating SPP biosensors at wavelengths where biological analytes
are strongly differentiated by their IR absorption spectra and where refractive indices are enhanced by dispersion™”.
This requires materials with plasma frequencies in the mid-IR. This paper investigates two such possible materials,
heavily doped silicon and the conducting polymer polyaniline. The former allows all the advantages of silicon
processing for making advanced sensor architectures. The latter allows spin coating, or even conformal dip-coating of
non-planer sensors, for ultra-low cost processing.

2. EXPERIMENTAL DETAILS

Doped p-Si samples were commercially obtained and had specified resistivity p = 0.0006 - 0.001 ohm-cm, with carrier
concentration N =1-2 X 10*° cm™. Lamellar gratings of 20 micron period, 50% duty, and various amplitudes were

formed by standard photolithography. Profiles were confirmed using a step profilometer, e.g. Fig.1 (left).

Polyaniline was synthesized by making 1 mol /L aqueous HCI solution (pH between 0 and 2), ammonium persulfate as
oxidant with an oxidant/ aniline (monomer) molar ratio < 1.15 in order to obtain high conductivity and yield*. The
monomer concentration was 0.1 mol/L. The solution temperature was 0°C in order to limit secondary reactions. The
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duration of reaction was 2 h. Aqueous ammonium persulfate solution was added slowly drop by drop to the aniline/HCI
solution. The mixture was stirred continuously during the whole reaction. The formed precipitate was removed by
filtration and washed repeatedly with HCI and dried in an oven for 72 h. The obtained material was polyemeraldine salt,
i.e. polyemeraldine hydrochloride (PANi-HCI), which has green color. It was secondary doped with 1 M aqueous
solution of camphorsulfonic acid [CSA]’ to increase conductivity. The obtained powder was washed and dried under
vacuum for 48 h. Polyaniline (polyemeraldine) solutions of 10 and 16 wt % were prepared with solvent m-cresol. We
spin-cast the polyaniline solution at 3000 and 2500 rpm for 0.5 and 1 min, respectively, to obtain different film thickness
in different samples. Resistivity of the resulting film was measured using four contact method to be p = 0.005 Q- cm.

To measure the infrared penetration depth, films of different thickness were deposited on un-doped double-side polished
silicon. Transmission measurements were made using a Fourier spectrometer. Mechanical thickness was measured
using atomic force microscopy near a scratch in the film. These measurements allowed us to determine the thickness
needed in the subsequent ellipsometry measurements to avoid contributions from the substrate. Complex permittivities
of doped p-Si and optically thick samples of polyaniline were determined using a J.A. Woollam IR-VASE in the
wavelength range 1-40 micron.

Specular reflectance as a function of angle for doped p-silicon gratings was measured using a goniometer (Fig. 1, right),
a line-tunable CO, laser, and a power meter Dips in the reflected power at certain angles on incidence indicate the
excitation of SPPs.
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Fig.1 (left) Doped Silicon lamellar grating profile for grating with h = 1.12 pm. (right) Photograph of the experimental setup for
measuring infrared specular reflection.

3. THEORETICAL CONSIDERATIONS

The raw ellipsometry outputs y and A are used to calculate complex permittivity € (o) = ¢” (o) + i €"(®) spectra based on
standard Fresnel equations assuming an optically thick film®. The real amplitude of the complex reflectance ratio of p-
to s-polarized light is tany, and A is the phase shift between the two reflected polarizations. At a given angle of
incidence 0 we have

tan’ (9)(0052 (2y)-sin*(A)sin’ (21//))

. 0]
(1+sin(2y)cos(A))

&' =sin? (6’) 1+
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sin” (@ )tan” (@ )sin (4y )sin (A)

- @)
(1+sin (2y )cos(A))

e =sin’(6)|1+

The IR penetration depth into the conductor is

5 zilm(\/;) 3)

[4)

Gratings serve as couplers between photons and SPPs’. They function by shifting the incident photon wave vector by
integer multiples m of 2a/p, where p is the grating period. The wave vector shift compensates for the inherent
momentum mismatch between light and SPPs. Grating couplers allow multiple resonant SPP excitations to occur due to
the multiple units of grating momentum that may be added to the incident wave vector. The coupling condition between
an EM wave that is incident from the dielectric at an angle 0 onto a grating and a SPP is

. A
n, sm(é’)+m;=i§Re[kW} 4)

where m is an integer of either sign. The refractive index 14 of the dielectric above the grating is important in biosensing
applications, since it changes and shifts the resonance angles due to surface binding of analyte molecules. In equation
(4), the SPP wave vector kg, is given in terms of the complex permittivity by

w &€
kspp - |_ZdZc¢ (5)
c\eg +e,
with ¢ the light speed and g4, €. the complex permittivity of dielectric and conductor, respectively.

Calculation of angular reflection spectra was performed using the theory of Hessel and Oliner’, ® with a simplified model
of the grating as sinusoidally modulated surface impedance with amplitude M. The average surface impedance relative to

that of free space (337 Q) is
¢ =—i(|€’|2+£"2)%{cos(%j+isin(%j} (6)

where ¢ =tan (¢”/ &"). A coefficient D, is defined as
2
D, =2]1+1 1—(sin9+ ”lj ™
M g Y2/

where n is an integer and modulation parameter M is a function of grating permittivity, amplitude, and wavelength. For
the calculations of this work, M is varied to fit measured data or to optimize the theoretical resonance line shape and
strength. Finally, the specular reflectance of the grating is calculated by

B 4cosb |2
ME(D,-D - D)

1

®)

The sinusoidal surface impedance approximation and the of D, terms with |n|>1 gives calculated angular reflectance
spectra in which only the m = 1 resonance appears.
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The 1/e penetration depth of the electric field into the air above the conductor is give by
-1

(€]

4. RESULTS

4.1 Doped silicon

Figure 2 presents permittivity spectra for heavy doped silicon from ellipsometry measurements. The & values were
negative below 0.2 eV, which corresponds to wavelengths longer than ~6 microns. The magnitude of imaginary part is
larger than the magnitude of the real part, which is generally considered disadvantageous for SPP applications. In
particular, the coupling resonances for conversion of free EM waves to SPPs at the grating surface are predicted to be
broad, which we show experimentally to be the case, see below.
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Fig. 2. Real and Imaginary part of permittivity for heavily-doped p-type silicon

The experimental permittivity values for doped p-Si at CO, laser wavelengths are given in Table 1, together with the
relative surface impedance.

Table 1. Optical Parameters of Doped p-Si and Polyaniline

A (pm) e & ¢[Eq.(6)]
p-Si 9.25 -11.4139 15.613 -1(0.2027 +10.1028)
10.59 -16.1949 20.9584 -1 (0.1744 +i0.0856)
PANi 9.25 9.8848 20.04558 -1 (0.1796 +i0.1116)
10.59 11.51792 20.64031 -1 (0.1773 +0.1040)

Figure 3 presents the experimental reflected intensity as a function of angle of incidence at two different CO, laser
wavelengths for silicon gratings of different amplitude 4. For 4 = 0.45 micron, absorption resonances were barely
discernable for the 10.59 micron wavelength, but they are lost in the baseline fluctuations for the 9.25 micron
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wavelength. The resonances tend to get stronger up to about 2 = 1 micron, after which the broadening becomes more
severe. The resonances are broad as was expected from the large €” values. The m = 1 resonance occurs at 34.45° and
29.60° for A =9.250 and 10.591 pm, respectively as indicated by symbols and the labels “1”. These values are in good
agreement with those calculated from Eq. (4). Calculated resonance spectra are also plotted in Figure 3 together with the
h=1.12 pm data using M = 1 in Eq. (8). The agreement between experiment and theory is good. As mentioned above,
only the m=1 resonance appears in the calculated curve because of the assumed sinusoidal impedance modulation with
no higher harmonics.
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Fig. 3. Experimental angular reflectance spectra for heavily-doped p-Si lamellar gratings of 20 micron period of various amplitudes.

4.2 Polyaniline

Fig. 4 (left) shows the raw ellipsometry spectra (y, A) at an incidence angle of 65 deg. Figure 4 (right) presents
permittivity spectra of polyaniline PANI-CSA calculated from the Fig. 4 (right) data (thick curves above the zero line).
Data from Ref. [9] are plotted as symbols. Data for ¢” from Ref.[10] are plotted as a continuous curve that falls entirely
below the zero line. Values of permittivity and surface impedance at our laser wavelengths are given in Table I. The &’
values for our PANI-CSA sample were positive for all infrared wavelengths investigated, indicating lower than desired
conductivity. The values are reasonable considering that the resistivity of our film is 5x higher than for our p-Si whose
¢’ is barely negative at 10 pm.
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Fig. 4 (left) Raw ellipsometry data. (right) Real and imaginary part of permittivity for polyaniline from ellipsometry data, including
published values from Refs. [9,10].

Ref. [9] values for €” are barely negative in the range 0.2 to 0.8 eV. Ref. [10] values go strongly negative for energies
below 1 eV, which is characteristic of metallic behavior. (No &” spectrum is given in the later paper.) Our data are more
closely in agreement with the Ref. [9] results, though our permittivity never goes negative. Both reports have " > ¢’
suggesting that useful SPP excitation resonances are still possible, though they may be broad. The resistivity of our
sample is 0.005 Q-cm which is higher than the values p = 0.000769 and 0.0029 Q-cm from Refs. [9] and [10],
respectively. It is curious that the most strongly negative ¢ data is for a sample intermediate in resistivity value. These
results emphasize how variable conducting polymers can be in their optical properties.

The IR-field penetration depth into the conductor, 8, was determined using equation (3) to be ~4 microns at ~10 micron
wavelengths. This value was qualitatively confirmed by FTIR spectrum of a spin-cast polyaniline film of 5 um thickness
on double side polished silicon. This transmission spectrum is presented in Figure 5 (left). The transmittance is almost
zero across the middle infrared, in agreement with expectations from the estimated IR penetration depth.
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Fig. 5 (left) FTIR Spectrum of 5 um thick Polyaniline Film (right) Comparison between calculated angular reflectance spectra of
using our measured and the published’ IR-ellipsometry data

Expected resonance angles and the angular reflectance spectra are calculated using the ¢” and €” values according to Eq.
(8) using M =1. Figure 5 (right) presents the calculated reflectance spectra of SPPs for our measured and the published’
permittivity values at A = 10.59 um. In both cases the ¢ value is slightly positive, yet SPP generation resonances are
observed anyway because ¢” > ¢". The resonance based on ref. 9 data is sharper than the one based on our data. The
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resonance angle for our measured permittivity is 29.65 deg which differs by 0.35 deg from the resonance angle
determined using the published permittivity.
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Fig. 6 Penetration depths versus free space wavelength.

Fig.6 presents the SPP field penetration depth above the conductor surface for both PANi and p'-Si using our complex
permittivity values and Eq.(9). PANi supports bound surface wave over the entire range 1-40 um because ¢ > ¢’
everywhere. For A > 10 pm, the extent of the E-field above the surface starts to exceed the free space wavelength. For A
< 10 um, the extent is slightly less.

For p'-Si at L > 6 um, &£'< 0, so here this material supports a traditional SPP. The extent of the SPP is every where less
for 6 <A <40 pm. For A < 6 um, the p'-Si has &¢" > 0 and £”->0, and the material looks like a regular dielectric, which
does not support a bound surface wave, and Ly quickly becomes >> A.

5. SUMMARY

Calculated and experimental SPP resonances on heavily doped p-Si and calculated SPP-generation resonances on the
conducting polymer polyaniline were presented. Both materials show resonances that should be sensitive to changes in
the refractive index above their surfaces and hence should have potential to be used as the SPP hosts with sufficient
mode confinement for IR sensor applications. Of the two materials, polyaniline promises to have the sharper, and hence
more useful resonances. Additionally, polyaniline promises tight mode confinement over a broader range of IR
wavelengths from 1-40 pm.
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