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Abstract: Terahertz beam-splitters are fabricated from conductive
polymers inkjet printed onto an acetate film substrate. The principle is a
significant evolution of the recently proposed ultra-thin beam-splitter real-
ized using silver conductive paint. The splitting ratios of the beam-splitters
are dependent on the thickness and conductivity of the conductive polymer
layer, allowing for any splitting ratio to be achieved accurately from a
controlled printing process. As the processing technology of conductive
polymers matures, this approach will alow for low cost and accurate fabri-
cation of THz beam-splitters with a predefined near frequency-independent
splitting ratio, in contrast to the commonly used float zone silicon wafers.
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1. Introduction

Conductive polymers have attracted much interest in the scientific community in recent times
as materials, which provide a physically flexible layer while being at the same time electri-
cally conductive. This combination of properties opens many avenues for the advancement
of research and technology, and this potential has been recognized by the 2000 Nobel Prize in
Chemistry awarded to Heegar, MacDiarmid and Shirakawafor their discovery and devel opment
of conductive polymers [1]. Although the properties of conductive polymers [2, 3] have been
explored in the terahertz frequency range [4, 5], there are as of yet few practical applications
for them in this spectral range. In this context, this paper shows a substantial evolution to the
previously published work [6], where a terahertz beam-splitter fabricated from a thin conduc-
tive layer—thinner than a skin-depth—was demonstrated with predefined splitting ratios and

#186177 - $15.00 USD Received 4 Mar 2013; revised 14 Jun 2013; accepted 22 Jun 2013; published 7 Aug 2013
(C) 2013 OSA 1 September 2013 | Vol. 3, No. 9 | DOI:10.1364/OME.3.001242 | OPTICAL MATERIALS EXPRESS 1243



nearly frequency-independent behaviour over a wide bandwidth. The use of conductive poly-
mers can significantly add capability to this application, and more generally to the development
of many terahertz optical devices, which include beam-splitters [7-10], lenses [11-14], polar-
izers[15, 16] and waveguides [17-20]. A current publication has also demonstrated polarizers
for the THz range fabricated using conductive polymers [21].

The work discussed in this paper focuses on two types of well-known conductive polymers,
Poly(3,4-ethylenedioxythiophene) (PEDOT) [22] and Polypyrrole (PPY) [23], which exhibit
differing DC conductivities, of which PEDOT has previously been measured at THz frequen-
cies [24]. Both materials are deposited on a thin polymer substrate through an inkjet printing
technique. Through appropriate adjustment of the conductive polymer thickness beam-splitters
with predefined transmission/reflection ratios can be readily realized. The principle is further
demonstrated experimentally using two thicknesses of the PEDOT conductive polymer show-
ing the difference in transmittance and reflectance resulting from a change in thickness with
a constant DC conductivity. The presented concept has potential for low-cost production of
accurate terahertz beam-splitters with wideband, reasonably frequency-independent splitting
ratios.

2. Theoretical model

The theoretical model to calculate the transmittance t?(w) of the samples is uses standard
Fabry-Pérot equations [25] over air, conductive polymer and substrate layers. The loss A(w)
isthen calculated according to [26],

Alw) = (%Cos%)/(2+%cos<po)2 , (1)
where fi is the frequency dependent complex refractive index, ¢p the angle of incidence and
y = (ood)/(goc), with og the DC conductivity of the conductive polymer, d the thickness of
the conductive polymer, gy the permittivity of vacuum and c the speed of light [26]. Thus the
reflectance r(w) can be calculated asr?(w) = 1— [t2(w) + A(o)].

The complex refractive indexes of the three samples used in the theoretical model are calcu-
lated, by first measuring the samples in transmission mode, then applying the Spatially Variant
Moving Average Filter (SVYMAF) in theimplementation of the commercially available software
Teralyzer [27]. A curve fit is then applied to the acquired data for both the real and imaginary
parts of the frequency-dependent refractive indexes for both the PEDOT and PPY samples. The
PEDOT samples use the same refractive index, while the PPY has a different refractive index.
The DC conductivities of the PEDOT and PPY are known from fabrication. The behaviour of
the samples can then be calculated in the frequency domain as afunction of both the angle of in-
cidence and the specific frequency of operation. The predictions form thistheoretical model are
discussed in Section 5 and compared to the acquired reference, transmittance and reflectance
data.

3. Fabrication

The PEDOT and PPY samples were fabricated using a Dimatix DM P2800 piezoel ectric inkjet
printer to deposit successive layers on an optically transparent acetate over-head projector film
of 100 um thickness. Both polymers were processed as agueous dispersions and were passed
through 3.1 micron filters prior to printing to minimise the likehood of blocked nozzles. For
the printing process, CLEVIOS™ P Jet HC V2 PEDOT ink was purchased from HC Starck,
Germany and the PPY ink was developed in-house specifically for processing with Dimatix
piezoelectric printheads [28]. Two thicknesses of PEDOT are fabricated (1 & 2 um), while
asingle 1 um thick sample of PPY is also fabricated. The fabricated samples can be seen in
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PEDOT 1 pm PEDOT 2 pm PPY 1 pm
(a) (b) (c)

Fig. 1. Fromlefttoright, 1 umand 2 umthick PEDOT samplesand PPY 1 umin thickness.
The conductive polymers are inkjet printed on top of a 100 um thick acetate overhead
projector sheet substrate. The printed squares of conductive polymers have 15 mm side
length. The two PEDOT samples show slight non-uniformity, due to the inkjet printing
process, and thus appear as an array of striped horizontal lines.

Fig. 1, with the DC conductivities of the PEDOT and PPY being 0o =160S-cmtand1Scm1
respectively.

The resulting sampl eswere non-uniform with obvious stripesin the films caused by theinkjet
printing proceedure employed. Much more uniform films are feasible using these materials and
printing process but this would require more optimisation and was beyond the scope of this
piece of work. A micrograph taken of the surface of the 1 um thick PPY sample using a Philips
XL 40 scanning electron microscope (SEM) in secondary electron detection mode and a beam
voltage of 20 kV is shown in Fig. 2. The stripes and gaps from the inkjet printing process can
clearly be seen, with widths of approximately 120 and 55 pm respectively.

4. Experimental setup

All reflection and transmission experiments are performed in laboratory atmosphere at room
temperature on a Menlo Systems TERA K15, fiber-coupled THz-TDS (terahertz time-domain
spectroscopy) system, in the arrangement represented in Fig. 3. The TERA K15 allows for the
tight focusing of the THz beam down to approximately 1 mmin diameter viafour plano-convex
lenses. A customized rotating stage is fabricated to allow for the detector and associated lenses
to be swiveled together to the appropriate angle of incidence required by the sample orientation
to measure either reflected or transmitted spectra. A sample holder isthen mounted on top of the
pivoting point of this mechanism. The samples are held in place in this holder using magnets,
to ensure that each sample is mounted as flat as possible and that the error due to alignment is
minimized when samples are swapped.

All subsequent measurements are performed with a horizontally polarized THz beam, and
data is acquired for angles of incidence of ¢g = 35° to 55°, in 5° increments with a position
accurate to 0.1°.

5. Results

The measured transmission and reflection spectrafor the different samplesare shown in Figs. 4-
6 for the three samples considered, and compared to the theoretical model. The left-hand side
graphs show the spectral variation of the transmission, reflection and absorption properties,
whereas the graphs on the right-hand side illustrate the variations as a function of the angle of
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Fig. 2. A SEM micrograph of the surface of the 1 um thick PPY sample. As with the
PEDOT samples, the stripes have a width of approximately 120 um and gaps between
stripes of approximately 55 um.

incidence, for a fixed frequency of 0.5 THz. The theoretical model obtained a priori from the
measured refractive index of the samples can be favorably compared to the frequency response
of the samples and can predict the performance at varying angles of incidence at a fixed fre-
guency (selected here as 0.5 THZ). In particular, the measured data in transmittance shows a
close match with the theoretical model for all three samples. In reflectance however, the 1 um
thick PEDOT and PPY samples show a noticeable divergence from the theoretical model at
high frequencies. This discrepancy is attributed to the surfaces of the samples not being per-
fectly optically flat, causing the reflected beam to be partially deflected and scattered away from
the detector.

Also shown in Figs. 4-6, the angular measurements from 35° to 55° angles of incidence (in
5° increments) at afrequency of 0.5 THz show a good match with the theoretical model in both
the transmittance and reflectance. The transmittance and reflectance increases and decreases
respectively as the angle of incidence approaches the Brewster angle near 70°.

The change in thickness of the PEDOT samples from 1 to 2 um illustrated in Figs. 4 and 5
shows the expected dependence on the layer thickness for a fixed DC conductivity, with the
transmittance decreasing and the reflectance increasing for thicker both transmittance and re-
flectance [6, 29, 30]. Comparing now the 1 um PEDOT sample to a PPY sample with the same
thickness, but lower conductivity, an increase in transmittance and decrease in reflectance is
observed, again conforming with theory. The polystyrene substrate itself presents a loss of
approximately 5% across the measured frequency range, as well as a minor Fabry-Pérot inter-
ference component. Slight misalignment of the the sample in reflection causes |osses estimated
to be greater than 5% per degree off from the exact angle of incidence. A horizontal or vertical
tilting of the sample resultsin asimilar additional lossto the recorded data and therefore, mul-
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Detector

Emitter

Fig. 3. Photograph of the Menlo Systems THz-TDS system used for measurements. A
special sample holder is fabricated, allowing the detector to be swiveled at the appropriate
angle to measure both the reflected and transmitted spectra, depending on the angle of
incidence on the sample. These positions are highlighted by the blue dashed boxes. The
sampleis also easily adjusted with arotational stage accurate to 0.1°.
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Fig. 4. Transmittance & reflectance plots of the PEDOT 1 um thick sample. (a) Shows the
transmittance & reflectance plot of the sample at 45° incidence, including the calculated
loss, while (b) shows the angular dependence of the sample at varying angles of incidence
at afixed frequency of 0.5 THz. (a) Shows adlight variance from the refl ectance theoretical
model at frequencies above 0.6 THz, due to the non-uniformity of the sample and the
substrate not being perfectly optically flat.

tiple measurements are taken to ensure the maximum reflectance is recorded. The effect of the
non-uniformity of the film (Fig. 2) can be neglected in agood approximation, as orientating the
samples horizontally or vertically in normal incidence transmission mode measurements show
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Fig. 5. Transmittance & reflectance plots of the PEDOT 2 um thick sample. (a) Showsthe
transmittance & reflectance plot of the sample at 45° incidence, including the calculated
loss, while (b) showsthe angul ar dependence of the sample at varying angles of incidence at
afixed frequency of 0.5 THz. The measured data shows good agreement with the theoretical
model, however thethicker 2 um PEDOT coating shows asignificantly higher loss than the
1 um sample.

no significant differences, as shownin Fig. 7.

6. Conclusion

The work described in this paper shows that the concept of using thin films of conductive poly-
mers, in particular PEDOT and PPY is promising for realizing beam-splitters in the terahertz
range of frequencies. The results from measurements match closely the presented theoretical
model, and show the predicted response of the samples in a usable frequency range of 0.2 to
1.2 THz, around the commonly used angles of incidence of 45°. The variations with thick-
ness and conductivity exhibits the same characteristics as demonstrated in previously published
work [6], where a conductive layer thinner than the skin depth was used to vary the splitting
ratio of a beam-splitter.

The inkjet printing fabrication method of the conductive polymers gives an advantage over
previous work, as the resultant thickness is more controllable than other rapid prototyping tech-
niques and can be replicated easily. Further improvements of the printing procedure, or the use
of aternative processing procedures such as bar-coating can provide decisive improvements
over the proof-of-concept prototypes presented in this investigation to produce uniform coat-
ings. DC conductivities can aso be controlled by varying the doping of the polymers, which
adds additional control for splitting ratios, if the thicknessisto be kept constant. There are some
drawbacksto the currently available polymers, asthey are not optimized for use at terahertz fre-
guencies. As can be seen from the results, alight Fabry-Pérot interference component is arising
from the 100 um thick substrate, which also partially absorbs the incident terahertz radiation,
leading to higher losses. These detrimental effects associated with the substrate could be miti-
gated by using avery thin substrate of Teflon, LDPE (low-density polyethylene) or Topas (cylic
olefin copolymer), all of which show low absorption coefficients up to 3 THz [31]. However
changes in the fabrication process are required to achieve this. A further challenge is to keep
the free-standing substrate optically flat, as minor changes to the flatness of the surface can
cause higher than expected reflection loss through scattering, particularly at higher frequencies.
Finally, an alternate possibility for a thin conductive layer coating could be to use the tech-
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Fig. 6. Transmittance & reflectance plots of the PPY 1 um thick sample. (a) Shows the
transmittance & reflectance plot of the sample at 45° incidence, including the calculated
loss, while (b) shows the angular dependence of the sample at varying angles of incidence
at afixed frequency of 0.5 THz. Again, as for the 1 um PEDOT coating, the 1 um thick
PPY coating show a degradation of the reflectance compared to expectations because of the
imperfect flatness of the sample.

niques presented in a recent publication from Walker et a. [32], where metallic inks could be
deposited in a similar method to the conductive polymers presented here.
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Fig. 7. Normal transmittance measurements of the three samples, PEDOT 1 & 2 um and
PPY in both horizontal and vertical sample orientations (solid and dashed curves respec-
tively). The two differing orientations show no observable differences.
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