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A technique is presented for the measurement of the absorption properties of liquids in the terahertz
wave range, based on the interaction between the liquid and the evanescent wave covering the
surface of a cylindrical waveguide made of high-resistivity silicon. The terahertz wave propagates
inside the waveguide as the fundamental EH11 mode. The presence of a medium around the silicon
rod has a measurable effect on the overall end-to-end transmission of the waveguide. As
demonstration, we report the measurements of a D-glucose aqueous solution with a concentration
ranging from 0% to 45%, using a backward-wave oscillator as the terahertz wave source. © 2008
American Institute of Physics. �DOI: 10.1063/1.2916825�

One of the most prominent applications of the terahertz
technologies is in the spectroscopy for characterizing various
materials, such as medicines,1 amino acids,2 and so on. With
the existence of numerous characteristic vibration modes of
macromolecules such as proteins3 or the DNA4 confirmed in
the terahertz region, the sensing of proteins,5 the label-free
probing of the DNA,6,7 and the label-free bioaffinity
detection8 have attracted great attention. However, these
studies have been limited to dry or lightly moist samples to
avoid the high absorption in water in transmission spectros-
copy. At the same time, the biological activity of proteins9

and DNA10 requires a water medium to occur. Therefore, it
has become increasingly important to measure such materials
in a biologically relevant water environment rather than in
powder form or in an insufficiently hydrated phase.

For the measurement of the optical properties of bioma-
terials in solutions, it has been shown that using evanescent
waves instead of transmitted waves allows extracting valu-
able information from the liquid sample while avoiding
problems associated with transmission measurements. There
are several sensing techniques by evanescent waves reported
for the infrared and visible spectral regions, for example,
attenuated total reflection �ATR� of a plane wave, diffraction
of a beam from an aperture, diffraction from a grating, and
the evanescent field of a guided mode.11 Furthermore, in the
terahertz region, some research groups have demonstrated
achievements in the ATR technique using terahertz time-
domain spectroscopy,12 waveguide-based resonators,7 and
backward-wave oscillator13 �BWO� for the measurement of
liquid samples. Also, it has been proved that using the eva-
nescent wave of a waveguide provides a very good sensing
method for the absorption of liquid samples14 and the spec-
troscopy of human blood15 in the visible and infrared re-
gions. However, there still is no report on the application of
the waveguide evanescent wave absorption in the terahertz
region, except for a few principally different techniques us-

ing planar waveguides,16–18 none of them applied or easily
applicable to liquids.

In this letter, a technique for sensing the optical proper-
ties of a liquid sample in the terahertz region is presented,
based on the interaction between the evanescent wave cov-
ering a cylindrical silicon rod working as a waveguide and
the liquid sample. Compared with the traditional transmis-
sion measurement, the technique presented here overcomes
the obstacles posed by optically thick liquid materials, due to
the strong absorption and the etalon effect occurring between
the two sides of a thin cell.

In a silicon waveguide, as the terahertz wave undergoes
an internal reflection, the evanescent wave around the wave-
guide is gradually absorbed by the surrounding medium.
While many propagation modes �EH11, EH12, EH21, EH22,
etc.� can coexist in the waveguide, we only selected the low-
est order EH11 mode by adjusting the incidence angle and the
position of the terahertz beam on the input surface of the
silicon rod. The lowest order has the advantage of providing
the highest coupling efficiency with the incoming TEM00
free-space beam. In the presence of an absorbing medium
around the waveguide, the intensity of the terahertz wave
passing through the silicon rod progressively decreases due
to the loss in the surrounding medium. Thus, to probe the
liquid sample it is only necessary to monitor the intensity of
the terahertz wave transmitted through the silicon wave-
guide. Both the liquid absorption coefficient and its refrac-
tion index have an impact on the transmission losses in the
waveguide.

The schematic diagram of the experimental setup is
shown in Fig. 1. The terahertz-wave source is a BWO which
generates a monochromatic continuous wave at the fre-
quency of 0.96 THz; the output power is about 1 mW. The
divergent beam from the BWO is first reflected by a glass
plate coated with an indium tin oxide �ITO� layer, which is
used as a dichroic mirror to superpose the terahertz beam
with a visible beam and allow an easier optical alignment,
especially that of the parabolic mirrors. The conductive
ITO layer �250 nm thick, with a bulk resistivity of 1.5
�10−6 � m� assures a high reflectivity for the terahertz
waves, about 95%, while having a transmittance in the vis-
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ible range over 80%. As the visible light source we chose a
laser diode which works much as a point source. The tera-
hertz beam is collimated by an off-axis parabolic mirror, po-
larized by a wire grid, and then focused by another off-axis
parabolic mirror, modulated by an optical chopper, colli-
mated again, and then split into two equal parts by another
wire-grid polarizer. One part is detected by a pyroelectric
sensor and used as the reference signal to compensate for the
terahertz wave intensity fluctuations. The other part is fo-
cused on the entrance surface of the silicon rod using a plas-
tic lens �200 mm focal length� and transmitted through the
silicon rod. The silicon rod is made of high-resistivity silicon
��1000 � cm� which ensures a very low absorption loss.
The diameter is 2 mm and the length is 50 mm; at this fre-
quency, silicon has a refractive index of 3.4175.19 In the
conditions of our experiment, the length of the silicon rod
exposed to the liquid sample is 35 mm. The intensity of the
transmitted terahertz radiation is detected by another pyro-
electric sensor, just as the reference signal. All these opera-
tions take place at room temperature. The two signals are fed
to an oscilloscope synchronized with the chopper frequency,
and then the output signals are read, stored, and processed in
a personal computer. The technique we describe here is par-
ticularly suited for liquid samples, as they form a compact
layer that completely covers the silicon rod surface.

The incident terahertz-wave spot size, position, and in-
cidence angle at the entrance surface of the silicon rod di-
rectly determine the propagating mode of the terahertz wave
in the silicon waveguide and thus, the distribution of the
evanescent wave. In our experiments, the incident terahertz
beam has a conical shape whose axis coincides with the sili-
con waveguide axis. The terahertz-wave focal spot size was
evaluated by the knife edge method and found to be 1.4 mm
�full width at half maximum�. Whether the propagating mode
of the terahertz wave inside the silicon rod is indeed EH11
cannot be directly measured, but can be checked by measur-
ing the intensity distribution in a plane near the exit face of
the silicon waveguide. Such distribution measurements were
made by refocusing the terahertz waves from the waveguide
exit face onto the detector using a lens, and then inserting a
0.5 mm pinhole into the beam at 10 mm behind the wave-
guide exit face. By scanning the pinhole in a plane perpen-
dicular to the waveguide axis, the intensity distribution
shown in Fig. 2 was recorded. The measurements show that
the intensity distribution is approximately Gaussian, which

means that the propagating mode in the silicon rod is essen-
tially the EH11 mode.20,21

A test measurement was performed on a series of
D-glucose solutions having various concentrations. Figure 3
shows the terahertz wave transmission through the wave-
guide as a function of the sample concentration. The trans-
mission is calculated as the ratio T= I / I0, where I0 and I are
the terahertz-wave intensities of the reference signal and
sample signal without and with sample, respectively. It is
found that, by increasing the concentration of the D-glucose
solution from 0% to 45%, the transmission T monotonically
increases from 70.0% to 81.2%, showing that the absorption
coefficient of the glucose solution decreases. In the case of
D-glucose solutions it was found22 that the terahertz refrac-
tive index practically does not depend on the concentration,
which means that the transmission in our experiment is sim-
ply a measure of the absorption coefficient. It is concluded
that this technique allows the measurement of the absorption
of a D-glucose solution from the terahertz-wave transmis-
sion. Reversely, by using this relationship, the concentration
of an unknown D-glucose solution can be determined from
waveguide transmission measurements. The accuracy of

FIG. 1. �Color online� Schematic of the experimental setup. FIG. 2. �Color online� The profile of the intensity distribution at 10 mm
from the waveguide exit face. �The thick line is a profile section of the
intensity distribution�.

FIG. 3. �Color online� The waveguide transmission vs the D-glucose solu-
tion concentration. The fitting function is linear.
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such a determination is about 7% percent in concentration
units, given the errors in the present measurement condi-
tions.

In this technique, the sensitivity and the accuracy of de-
tection depend on the interaction volume of the solution and
the evanescent wave. One way of improving the measure-
ment accuracy, other than optimizing the signal handling,
consists in using a longer rod to increase the interaction
volume.

In conclusion, a nondestructive technique has been pre-
sented that allows measuring the optical properties of a liq-
uid sample in the terahertz frequency range, without resort-
ing to an optical arrangement where a beam has to pass
through the sample, but rather by approaching the sample
from just one surface. A demonstration was presented in
which a series of D-glucose solutions was found to show a
correlation between concentration and waveguide transmis-
sion. While still at an experimental stage, we believe that the
technique could become a means of rapid measurement for
many other liquid samples in the terahertz region and could
be extended to powders and gases.
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