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Abstract We report on the first application of terahertz meta-
materials acting as transducers for chemical sensors based on
conducting polymers. In our feasibility study aimed at sensing
of gaseous hydrochloric and ammonia, a two-dimensional
sensor metamaterial consisting of an array of split-ring reso-
nators on the surface of undoped silicon wafer was prepared.
The surface of the resonator was coated with a 150-μm layer
of polyaniline. Binding of hydrogen chloride to polyaniline
leads to distinct changes in the resonance frequency of the
metamaterial. Measurements can be performed both in the
reflection and transmission mode. A numerical simulation of
the response revealed an increase of both the real and the
imaginary components of the dielectric function of the
polyaniline film. These changes are attributed to the transition
from emaraldine base to emeraldine salt. The results demon-
strate a new approach for formation of highly sensitive trans-
ducers for chemical sensors.

Keywords Metamaterial . Split-ring resonator . Chemical
sensor . Transducer . Conducting polymer . Dielectric
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Introduction

During the last 20 years conducting polymers were established
as a convenient and versatile material for sensing of various
analytes like pH, HCl, NO2, O3, SO2, inorganic ions or volatile
organic compounds, for reviews see e.g. [1–6]. Such polymers
have some intrinsic receptor properties toward different analytes,
like for example redox active or acidic/basic compounds.
Oxidation/reduction and for some polymers also protonation/
deprotonation remove charge carriers in the conjugated back-
bone, whereas conformational changes alter planarity of the
conjugated backbone leading to some restriction in the mobility
of charge carriers and corresponding decrease of conductivity of
this material. Chemical selectivity of conducting polymers can
be modified by introducing additional receptor groups, by using
molecularly imprinted polymerization of this material [2] or by
formation of composites of conducting polymers with different
types of nanomaterials [7–10].

A detection of analyte binding to conducting polymers can
be performed by different techniques, encompassing various
transducing mechanisms and frequency ranges. They com-
prise quartz microbalance [11], fluorescence measurements
[12], UV–vis—spectroscopy [13], surface plasmon resonance
[14, 15] and potentiometry [16]. Recently also radio-
frequency identification devices (RFID) were successfully
applied for this purpose [17]. Obviously, the mostly applied
transducing mechanism is based on the measurements of the
polymer resistance. A number of different measurement con-
figurations of conductometric chemosensors with conducting
polymers were suggested [18]. In the simplest sensors, two
interdigitated electrodes are used. A number of more sophis-
ticated measurement configurations, such as four-electrode
chemoresistors and electrochemical chemotransistors with 3-
or 6-electrode configuration were reported [18, 19].
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Simultaneous application of 2- and 4-electrode configurations
provides an internal sensor integrity control [19, 20] while a 6-
electrode configuration allows one to get a fast sensor recov-
ery [19]. Changes of physical properties of conducting poly-
mers caused by their oxidation/reduction or protonation/
deprotonation can be detected in a wide frequency range,
starting from zero frequency (measurements of conductivity
changes in DC mode), through Hz-kHz (electrochemical im-
pedance spectroscopy) and MHz- (RFID) ranges up to the
near infrared (FTIR or Raman spectroscopy [21]), and visible
regime (colorimetric technique [13, 22] or surface plasmon
resonance [14, 15]). Terahertz frequency range has not yet
been exploited for such applications so far. However, this
frequency range provides a unique advantage: it allows using
metamaterials working as microscopic antenna for detection
of local changes of physical properties of closely placed
chemosensitive materials. Large chemosensitivity of poly-
mers at THz/infrared frequencies and availability of straight-
forward and scalable fabrication methods for metamaterials,
make this approach highly attractive.

We report here a new type of transducer for chemical
sensors which is based on planar arrays of split-ring resonators
(SRRs) embedded in conducting polymers. SRRs belong to
the mostly studied types of terahertz metamaterials [23, 24]
and are usually investigated in vacuum or in air. We show that
due to the strong spatial confinement of the resonator mode,
small changes of electrical or optical properties of the material
in the gap region (conductivity, dielectric permittivity) lead to
large changes of the resonance frequency. These changes of
physical properties are caused by adsorption of some com-
pounds. Deposition of receptor layers which provide selective
binding of defined analytes makes this effect chemically se-
lective. In the current work polyaniline (PANI) synthesized
directly on the surface of SRRs was used as a pH-sensitive
layer. The measurements were performed in THz range of
frequencies corresponding to the wavelength range in vacuum
100–250 μm. Numerical simulation of the sensor response
revealed an increase of both real and imaginary components of
the dielectric function of the polyaniline film. The approach
can be used in remote sensors based on conducting polymers.

Materials and methods

The SRR array with dimensions indicated in Fig. 1(a) was
formed from gold by photolithography on undoped 0.6 mm
thick silicon (Si) -wafer. The wafer was coated by a 10 nm
titan (Ti) sublayer followed by a 100 nm thick gold (Au) layer.
Photolithography was performed to fabricate the SRRs. The
shape and dimensions of the resonators are shown in Fig. 1(a).
Each resonator consists of an inductive loop and a capacitive
gap, which define the LC resonance characteristics for light
polarized along the x-axis [25]. In this case, the incident

electric field Ein || x drives a current through the structure
which, on resonance, leads to charge accumulation at the
capacitive gap and hence strong local near fields, and reduced
far-field transmission. For Ein || y, the capacity of the gap does
not play a role due to symmetry, resulting in a significantly
higher resonance frequency since the structure responds most-
ly like a dipolar antenna [26]. The spacing between two
resonators was chosen to be 3 μm in order to avoid cross-
talk. The macroscopic size of the array of SRR is 10×10mm2.
The wafer with the resonators was treated by oxygen plasma
and coated by PANI. The coating conditions were selected
according to the data reviewed in [27]. By that 250 μL of
0.3 M solution of aniline in 0.5 M sulfuric acid and 250 μL of
0.27 M aqueous solution of ammonium peroxydisulfate were
cooled to 0 °C, mixed and deposited onto the surface of the
cooled wafer. The reaction was performed for 2 h at 0 °C.
After polymerization, the formed PANI film was washed with
distilled water, treated with 25 % ammonium hydroxide and
dried. This leads to the conversion of the PANI film into the
low conducting form of emeraldine base. The thickness of the
polymer film was measured using a confocal optical profiler
Pluneox from Sensofar and a value of 307±33 nm was ob-
tained. All chemicals were obtained from Merck (www.
merck.com).

Transmission experiments in the THz range were per-
formed using a standard Fourier Transform Infrared (FTIR)
spectrometer Vertex-80 (Bruker, www.bruker.com), covering
the frequency range from around 1 to 8 THz. The orientation
of the applied electric field in the x-y plane was manipulated
using broadband wire grid polarizers [28, 29]. A vacuum
sealed aluminum flow cell with quartz/TPX (4-methyl-
penten) windows [30] at both ends was used for transmission
experiments. The illuminated area of SRRswas about 1 mm in
diameter, therefore the number of excited resonators is esti-
mated to be of the order of 105.

Results and discussion

The transmission through the SRR array was measured for
both principle polarizations (cf. Fig. 1(b)). For Ein || x, the
black line in Fig. 1(c) clearly shows a pronounced, narrow
transmission minimum at 2.03 THz, which corresponds to the
fundamental LC resonance. At around 6 THz, a more broad-
band feature which originates from a higher mode is observed.
For Ein || y, the dipolar resonance leads to a minimum at
around 5 THz. In the following, we will focus our discussion
on the fundamental LC resonance at 2.03 THz which is most
suitable to our purpose due to its narrow width and large local
field enhancement, as detailed later. The measured spectra are
superimposed by high-frequency oscillations caused by mul-
tiple interferences in the substrate. The periodicity of these
oscillations fits to the thickness of the Si- substrate. The curves

C. Drexler et al.

http://www.merck.com/
http://www.merck.com/
http://www.bruker.com/


were smoothed by averaging over 100 neighbored
points, i.e. over the spectral bandwith of 0.1 THz.

Depending on its oxidation and protonation, polyaniline
can have different chemical states [31]. Polyaniline deposited
by chemical polymerization has the low-conducting form of
emeraldine base [27]. A deposition of this layer on the SRR
array does not lead to any visible changes of the transmission
spectrum of this array. However, an incubation of the sample
with gaseous hydrogen chloride results in well distinguished
red shift of the resonance, see Fig. 2(a). While the center
frequency of the resonance shifts to around 1.8 THz, the total
transmission increases by about 50 %. Subsequent treatment
of these probes with ammonia (vapor over a 25 % aqueous
solution) results to the blue shift of the adsorption band. The

extent of the sensor regeneration depends on the incubation
time (left panel in Fig. 3). The same effect is observed after
heating of these probes till 150 °C for 15–30 min, see right
panel in Fig. 3. An incubation of the sensor in aqueous
solutions of different pH (a droplet of unbuffered HCl solu-
tions was deposited on the sensor) leads to the pH-dependent
shift of the adsorption spectrum (Fig. 4). This demonstrates
that the value of the resonance shift can be used for quantita-
tive measurements. However, a downscaling of the SRR
geometry, which shifts the absorption band into near infrared
range, would be very favorable for in-line applications of this
sensor in aqueous environment.

We calculate the transmission characteristics of our resona-
tors using a finite-difference frequency-domain (FDFD)

Fig. 1 a Design and dimensions of the split-ring resonators. b Experi-
mental geometry: SRRs are oriented in the x-y-plane. The spacing be-
tween the centers of two neighboured rings in both x- and y-direction is
15 μm. Dashed and full lined arrows indicate orientations of the radia-
tion’s polarization in parallel to x- and y-direction. Transmission was

measured for the resonators array illuminated at normal incidence, i.e.
for the radiation electric field oriented in plane of the split-ring resonators.
c Transmission spectra for two perpendicular polarizations: dots and
squares are measured results, full lines are smoothed curves; Inset shows
LC resonance at 2.03 THz

Fig. 2 a Black curves—transmission spectra of an array of split-ring
resonators coated by polyaniline in the form of low conducting
emeraldine base. Red curves—transmission spectra measured in the
presence of HCl. The spectrum is red-shifted due to the interaction with
gaseous hydrogen chloride resulting in conversion of emeraldine base
into the highly conducting emeraldine salt. Solid lines shows measured
spectra, dashed lines correspond to the results of computer simulation.

The fitting parameters are ε=6.4+2.0i for the black curve and ε=19.2+
5.0i for the red curve showing polymerized structure in contact with HCl.
b–c Color maps of the electric field distribution under resonance condi-
tion. Plotted is the ratio between the amplified electric field,Eamp, divided
by the incoming field,Ein. b Zoom into the gap region of the SRRs. c Cut
through the layer profile
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approach. The calculation yields the full near-field distribution
of the resonators as a function of their dielectric environment.
We use εSi=12.6 for the silicon substrate. For gold, a range of
values for the dielectric permittivity are documented in litera-
ture, often found to depend on the crystalline state and the
deposition method. However, since εAu >>εSi at THz frequen-
cies [32], the results depend only very weakly on the precise
value of εAu. Hence, we approximate εAu=ε′Au+i ε″Au≈−105+
105i [32]. With the given geometry of our structures, we vary
the dielectric permittivity of the PANI layer, εPANI, to match the
experimentally obtained transmission spectra, as shown in
Fig. 2(a). Note that for the values which the complex dielectric
permittivity εPANI=εPANI′+iεPANI″ assumes for our experi-
ment, the resonance frequency of the structure is predominantly
dependent on εPANI′, while the width of the transmission feature
depends mostly on εPANI″. We obtain εPANI,base=6.4+4i for
emeraldine base and εPANI,salt=19+5i for emeraldine salt. The
observed increase of εPANI′, which is caused by the conversion
from emeraldine base into emeraldine salt correlates with an
increase of the polymer molecular weight and polymer density
[27].

In Fig. 2(b, c), the near-field distribution of the THz mode
at 2.03 THz is plotted along with the geometry of our

structure. Figure 2c shows the large enhancement factors
Eamp /Ein of the near field of the resonator Eamp relative to
the incident field Eamp. These strong near fields which prevail
in the gap region of the structure demonstrate the high spatial
confinement of the resonator mode, yielding a mode volume
of only a few μm3. Note that it is this volume in which the
resonance frequency of the structure is most sensitive to
changes of the dielectric permittivity. Although the PANI
layer thickness of our structure, 300 nm, is only approximately
a tenth of the near-field extension in the direction perpendic-
ular to the surface, the well-pronounced shift of the resonance
as discussed above was observed. Calculations for a 3 μm
thick PANI layer with larger spatial overlap with the resonator
mode (not shown) lead us to expect a 5 times larger spectral
shift for the same change in dielectric properties. This aspect
suggests a straight-forward pathway towards maximizing the
signal-to-noise ratio and downscaling the required volume of
analyte via tailoring the PANI volume to fit the mode volume
of the resonator. Ultimately, this may lead to structures with
μm3-sized microreactor cells residing in the gap of a single
resonator, requiring only nanoliters of analyte volume. As an
important result, the simulation verifies that the fundamental
mode of the SRR is highly spatially confined to the gap
region, i.e., to a volume on a scale of only 10−3 of the
corresponding vacuum wavelength, which leads to the large
sensitivity of the resonance frequency of the structure to
changes of the dielectric function in its gap region.

The obtained values of dielectric permittivity and their
changes due to interaction with acidic compounds are very
close to that reported for interaction of gaseous hydrogen
chloride with poly-N-methyl-aniline at 650 nm: εbase=4.34+
1.09i and εsalt=10.1+2.05i [14]. A decrease of frequency
should lead to some higher values. The value of real part of
dielectric permittivity at the used measurement frequency
(2 THz) for a composite of polyurethane and undoped
polyaniline is ~2.2; a 5 % acidic doping increases this value
till ~6 [33]. It is logical to expect that pure polyaniline has a
higher value of dielectric permittivity which is further

Fig. 3 Sensor regeneration by temperature and by chemical treatment.
Left panel shows time-dependent recovery of the samples due to heating:
The resonance shifts almost back to its starting position shown by the
dashed line. Right panel depicts recovery of the transmission spectrum of

the sensor contacted with 240 ppm gaseous hydrogen chloride by treat-
ment with ammonia: The resonance shows well reproducible behavior for
several analytical half-cycles

Fig. 4 pH-dependence of the red-shift of the transmission minimum
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increased with increasing of doping extent. Therefore, the
value of dielectric permittivity obtained from computer simu-
lation of experimental data and its change due to interaction
with acidic compounds, are close to the available literature
data. The strong effect of this change on the resonance fre-
quency of the array of split ring resonators provides a possi-
bility to use this type of metamaterials as a new transducer to
detect such interaction.

Chemosensitive properties of polyaniline which we used in
this work as chemosensitive material are well known. Its
selectivity towards particular analytes can be optimized or
adjusted using chemical modification [1–3, 13, 34–38].
Instead of polyaniline other types of chemosensitive materials
can be used [1–6].

In this work we have performed spectral measurements
which allowed us to make a complete characterization of the
transducer and recalculation of changes of optical parameters
of chemosensitive layer. For particular applications in chem-
ical sensing, measurements at single wavelength using a laser
or other monochromatic light source can be performed.
Scaling of metamaterial provides a technological possibility
to adjust the adsorption spectrum of the sensor to the irradia-
tion wavelength of suitable lasers. The value of the intensity
change in the current work was about 50 % at 2.03 THz for
240 ppm of HCl. Assuming typical values of dynamic range
for the measurements of light intensity as ~104–105, we can
estimate the instrumental value of the limit of detection of
detection of this sensor as tens of ppb which is about the same
as for conductometric sensors. Further improvement of sensi-
tivity can be reached by optimization of the design of meta-
materials with the goal to get a narrow resonance peak [39],
such works are now in progress.

Conclusion

The lack of simple and inexpensive instrumentation for
terahertz range resulted to the ignoring of possibilities of this
range in the development of technologies of chemical sensing.
The situation was changed during last years—an intensive
development of irradiation sources and measurement tech-
niques made this range also perspective for different applica-
tions. In the case of analytical applications, this provided a
possibility to exploit a novel class of transducers for chemical
sensors—metamaterials. Here we have demonstrated a new
transducing mechanism based on planar array of SRRs. One
can expect that a further implementation of this allows one to
combine advantages of optical measurement techniques, such
as remote sensing and parallelized reading of sensor arrays,
with high sensitivity and dynamic range of electrical measure-
ment techniques.

To summarize, we have demonstrated that split-ring meta-
materials based on conducting polymers can be applied as

transducer elements in chemical sensing. Since the fundamen-
tal mode of the SRR is highly spatially confined to themicron-
sized gap region enables local or even spatially resolved
studies of chemicals, or, more courageously, downscaling
devices to single-resonator structures with fluidic
microchannels which may ultimately enable processing
nanoliter-scale analyte volumes. While our measurements
are carried out on simple spit-ring resonators excited at
terahertz frequencies a large variety of easily scalable designs
of state-of-the-art metamaterials with lower line widths and
mode volumes would allow developing sensors with substan-
tially higher physical sensitivity and a wide range of
frequencies.
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