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Abstract— A variable attenuator for high-powered IR beams, 

based on MEMS-controlled excitation of surface plasmon 

polaritons on suitably conducting surfaces is described. Materials 

choice determines the useful spectral band. Intensity variation 

over nine-orders is theoretically possible. 
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I. INTRODUCTION 

Fast amplitude modulation of infrared laser intensity has 
applications to telemetry, laser machining, and infrared scene 
simulators.  A number of external variable attenuators are 
known, including partially-absorbing materials of variable 
thickness [1], diffractive metal screens [2], wire grid attenuators 
[3], pinhole attenuator [4], variable-angle etalons [5], and 
rotating ZnSe Brewster- angle “pile of plates” polarizers [6].  
None of these allow rapid variations of attenuation, and the 
range of attenuation is typically less than three orders of 
magnitude. 

Here we present a design for a variable attenuator of 
polarized infrared laser beams based on absorption by a 
conducting surface due to excitation of surface plasmon 
polaritons (SPP).  In principle, this attenuator could handle high 
laser powers because the absorption occurs on the surface of a 
solid whose thermal properties and heat-sinking can be 
engineered.  Variable extinction ratios of up to 9 orders of 
magnitude are predicted via a mechanical displacement of only 
a few microns.  Such displacement could be realized using 
suitable piezo-electric actuators, so that changes could be 
sufficiently fast for useful amplitude modulation. 

II. BACKGROUND 

The innovation is based on the well-known “Otto-coupler” 
[7], which is depicted schematically in Figure 1. Strong 
transverse-magnetic (TM) polarized light, indicated by the thick 
arrows and incident at the SPP excitation resonance angle, 
which lies beyond the critical angle for total internal reflection 
ΘTIR, excites SPPs on a conducting surface.  These lossy bound 
electromagnetic waves propagate to the right as indicated and 
decay into heat.  Their fields are exponentially damped away 
from the surface, as suggested in Figure 1.  The close-coupled 
prism is essential to the light-to-SPP conversion.  The attenuated 
reflected intensity, indicated by the thin arrows, depends 
strongly on the gap dimension d.  

To support an SPP, the plasma wavelength of the conductor 
must be shorter than the infrared operating wavelength.  Though 
easily satisfied for all usual metals, such metals present 
significant practical disadvantages.  We will demonstrate that 
the conductor should be chosen so that its plasma wavelength is 
only a little shorter than the operating wavelength.  

SPP momentum is less than that of free-space photons of the 
same frequency.  The Otto-coupler prism slows the incident 
photon so that its momentum can match that of the SPP.  The 
momentum matching condition gives an excitation-resonance 
incidence-angle ΘSPP, according to [7, 8]  

 sinΘSPP = (1/n) Re(√(ε/(ε+1))) (1) 

where n is the prism’s real refractive index and ε = ε’ + iε” is the 
frequency-dependent complex permittivity of the conductor.  
Equation (1) resembles the condition for total internal reflection 
(TIR) of the prism, namely  

 sinΘTIR = 1/n (2) 

To support an SPP [8], the conductor should have ε’ < 0 and 
|ε’| >> ε” > 0.  Hence, the SPP excitation resonance is always 
observed at incidence angles ΘSPP that exceed the critical angle 
ΘTIR. However, if |ε’| >> 1, the angles ΘSPP and ΘTIR are almost 
equal, which would complicate control of the proposed 
attenuator.  To obtain a ΘSPP that significantly exceeds ΘTIR 
requires a small (negative) value for ε’, which occurs when the 
plasma wavelength λp is only a little shorter than the operating 
wavelength λ.  For purposes of this work, the plasma wavelength 
can be identified as that where the real part of the permittivity 
passes through zero and changes sign.    

The SPP fields decay exponentially away from the surface 
with a characteristic length L (the SPP mode height) given by 
[8]  

 1/L = (2π/λ) Re(√[-1/(ε+1)])  (3) 

 
Figure 1.  Schematic of Otto coupler for excitation of surface plasmon 

polaritons (SPP). 
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The SPP resonance condition Eq. (1) tells nothing about the 
resonance strength or angular line shape.  However, these are 
accurately calculated using the well-known analytic Fresnel 
equations for a three-layer system (prism/air/conductor) [9].  In 
this work, experiments and calculations were first performed at 
visible wavelengths to confirm agreement.  Then we performed 
design calculations in the infrared for different conductors.  
Finally, we performed infrared experiments using an optimized 
conductor for those wavelengths and compare the results with 
theory. 

III. EXPERIMENTAL DETAILS 

SPP resonance experiments were performed at visible 
wavelengths using a BK7 prism and a gold-coated microscope 
slide. Imperfections and dust on the surfaces give air gap of a 
few microns when the prism and slide are mated.  The air gap 
was adjusted between 0.3 and 0.6 µm using pressure from a 
screw on the back of the microscope slide.  The transverse 
magnetic (TM) polarized beam from a laser diode with 650 nm 
wavelength was incident, as shown in Figure 1, with the electric 
field in the plane of the figure.  Specular reflectance was 
measured using a Θ-2Θ motorized goniometer [10] and a silicon 
detector.   

Experiments at 5.6 µm wavelength were performed using a 
TM polarized quantum cascade laser [11], a CaF2 prism 
(Thorlabs) and a thermopile detector (Coherent Powermax 
USB).  The conductors for these experiments were differently 
fluorine-doped films of tin-oxide (F:SnO2, or “FTO”, SISOM 
Thin Films) grown on glass.  Thorough characterization of these 
samples relevant to SPPs was reported in [12-14].  

IV. MATERIAL CONSIDERATIONS 

We [15-20] and others [21] have investigated a number of 
materials having infrared plasma wavelengths.  Figure 2 
presents SPP resonance angles (solid red square symbols) 
calculated from Equation (1) at an operating wavelength of 5.6 
µm for several representative materials spanning a range of 
plasma wavelengths.  The horizontal dashed red line labeled 
(TIR) in Figure 2 gives the critical angle.  All of the resonances 
angles are beyond the critical angle, as already mentioned.  The 
resonances angles increase as the plasma wavelength increases 
toward the operating wavelength.  

Figure 2 also presents the SPP mode height L as a function 
of plasma wavelength for the same set of materials.  A horizontal 
dashed line indicates the mode height that equals the 5.6 µm 
operating wavelength.  The SPP tends to become more confined 
as the plasma wavelength of the conductor increases toward the 
operating wavelength.  For gold the L value is 12 times larger 
than the operating wavelength.  For the 5% FTO sample, L is 
twice smaller than this wavelength. Our calculations (below) 
show that the SPP mode height gives roughly the gap value 
required for optimal Otto-coupling and maximum attenuation.   

We next present experimental results at visible wavelengths 
to demonstrate the strong dependence of attenuation on gap and 
the accuracy of the Fresnel calculations.   

V. EXPERIMENTAL RESULTS 

Figure 3 presents measured and calculated angular 
reflectance spectra for an Otto coupler comprising BK7 prism, 
air gap, and Au film.  The experimental reflected intensity 
curves were normalized to their values at 50°, where there is 
little or no attenuation.  As predicted by calculations presented 
in Figure 2, the experimental resonance angles are beyond the 
critical angle indicated by the vertical dashed line.  The 
experimental gap dimensions were determined by varying d in 
the calculation utilizing a Chi-squared goodness-of-fit 
minimization. The best fit calculations (black lines) closely 
match experimental curves. A change in gap by 0.225 µm 
changes the attenuation from ~48% to ~99% at an incidence 
angle of ~42.6 deg.  

Figure 4 (right) presents Fresnel-calculated reflectance vs. 
incidence angle for the same five conductors considered in 
Figure 2.  One sees that for metals with λp << λ, the resonance 
occurs close to the indicated TIR angle and such resonances are 
inconveniently sharp.  On the other hand as λp approaches λ, the 
resonances become increasingly broad, which is convenient for 
optical alignment.  Apparently, the minimum transmittance is 
independent of plasma wavelength.  In other words, any 
conductor with λp < λ can provide a “100 %” deep resonance at 
the optimum gap d, but those with longer plasma wavelength 
would be more practical. 

 
Figure 2.  SPP resonance angle and mode height vs. plasma wavelength 

for different conductors at 5.6 µm operating wavelength 
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Figure 3.  Specular reflectance vs angle for BK7/Air/Au Otto-coupler at 

650 nm wavelength. 
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Figure 4 (left) presents reflectance for the considered 
materials as a function of air gap at the optimum angle of 
incidence for 5.6 µm operating wavelength.  The horizontal axis 
is logarithmic in this case.  When λp << λ, as for gold, resonances 
occur at gaps that exceed 10 µm and they change with gap over 
~10 µm scales.   When λp approaches λ, as for FTO, resonances 
occur at d ~ 1 µm and they change significantly for gap changes 
of only a few microns, which would be much more convenient 
for control by a piezoelectric actuator.  The calculations predict 
changes in reflectance with gap by 9 orders of magnitude.  We 
consider the practicality of experimentally achieving this below. 

By comparing Figure 4 (left) with Figure 2, we see that 
coupling is always optimized for maximum attenuation when d 
~ L.  For instance, the minimum reflectance for 10% FTO occurs 
at a gap of 3 µm in Figure 4 (left), and the SPP mode height for 
this material from Figure 2 is also 3 µm.   

Figure 5 presents measured and Fresnel-calculated angular 
reflectance spectra for an Otto coupler comprising CaF2 prism, 
air gap, and FTO at 5.6 µm operating wavelength for two 
different air gaps.  The air gap values were found in the same 
way as for Figure 3. Below TIR we find a dip that can be 
attributed to a Fabry-Perot type resonance.  Attenuation for this 
feature is caused probably by the beam being wave-guided 
within the gap via multiple reflections at resonance, resulting in 
a lateral translation, so that collection efficiency at the detector 
is reduced.  Above TIR, we find the expected SPP resonance.  
Agreement between experiment and calculation is very good for 
the SPP resonance.  

Figure 6 presents a calculation of reflectivity vs. gap at the 
angle of maximum attenuation for a CaF2/air/FTO Otto coupler. 
The two curves are the same data plotted linearly and semi-
logarithmically.  The linear plot shows that a tenfold change in 
attenuation can be achieved with a gap change of ~1.5 microns.  
The semi-log plot shows that an attenuation by 9 orders of 
magnitude can be achieved in principle.  However, expectations 
should be modified due to practical considerations.  At the 
highest attenuation, the curve is very step, so that positional 

control of ~10 nm would be required.  It might be difficult to 
arrange an FTO sample that is even that smooth, considering that 
grain-sizes of this typically polycrystalline material are at least 
that large [12].  However, attenuation by up to 10000 times 
might be practical and controllable, which is better than usually 
obtained in laboratory and commercial attenuators [1-6]. The 
plasmonic device presented here has the advantage that the 
attenuation might be rapidly changed under electronic control. 

VI. DISCUSSION AND SUMMARY 

A laser attenuator based on infrared intensity loss to surface 
plasmon polariton generation has been proposed.  Design 
calculations are verified by initial experiments.  Practical 
considerations indicate that the conductor that serves as SPP 
host should have plasma wavelength just a little below the 
operating wavelength. 

 
Figure 4.  CaF2-based Otto coupler reflectance at 5.6 µm operating 

wavelength as a function of gap at optimum angle (left) and as function 

of angle at optimum gap (right) for different conductors. 
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Figure 6.  Calculated reflectance vs. gap at optimum angle for 

CaF2/air/FTO Otto-coupler at 5.6 µm operating wavelength. 
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Figure 5. Measured and Fresnel-calculated angular reflectance spectra 

for an Otto coupler comprising CaF2 prism, air gap, and FTO at 5.6 µm 

operating wavelength for two different air gaps. 
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