APPLIED PHYSICS LETTERS 96, 021106 共2010兲

Effect of dielectric thin films on reflection properties of metal hole arrays
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We study the effect of a dielectric film attached to the surface of a metal hole array 共MHA兲 on the
reflection spectrum in the terahertz 共THz兲 region. The frequency of the reflection dip, attributed to
the excitation of surface waves in the vicinity of the MHA surface, shifts to lower frequencies with
increasing dielectric film thickness. This resonant characteristic of MHAs can be applied to highly
sensitive THz sensing for samples attached to the MHA surface. We also investigate the dependence
of the reflection spectrum on the MHA’s thickness and the side to which the dielectric film is
attached. © 2010 American Institute of Physics. 关doi:10.1063/1.3292024兴
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circular holes, as shown in the inset of Fig. 1. For both
MHAs, the diameter of the holes is 500 m and the period
of the triangular lattice is 1000 m. The reflection spectra of
the MHAs, at normal incidence, are measured by a THz
time-domain spectroscopic system that allows us to measure
the waveform of the THz wave directly in the time domain.
Using a Fourier transformation, we can calculate the reflection and phase spectra from the time-domain waveforms reflected by the MHAs and by a silver mirror used as a reference.
We first measured the reflection spectrum of a bare
MHA with a thickness of tMHA = 100 m at normal incidence as shown in Fig. 1 共red line兲. A clear resonant dip is
observed at 0.32 THz. The resonant frequency f SW of the SW
excited on the surface of the periodic structure is calculated
from14
f SW = 兩kin + G兩
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where kin is the in-plane wave vector of the incident electromagnetic wave, G is the reciprocal lattice vector, and m and
d are the dielectric constants of the metal and the attached
dielectric, respectively. From this equation, f SW is estimated
to be 0.34 THz for the bare MHA 共m Ⰷ d = 1兲 at normal
incidence 共兩kin + G兩 = 2 / 冑3兲, which is higher than the observed resonant dip frequency. This discrepancy is attributed
to Fano-like interference11,12 between the directly reflected
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Recent remarkable developments in terahertz 共THz兲
technology have opened the way to new applications in
sensing technology. Several practical applications have been
proposed and demonstrated so far, such as medical
diagnostics,1,2 security applications,3–5 and drug inspection.6
These sensing applications occupy an important place in THz
technological research because many substances have distinct electromagnetic features in the THz region, allowing
their detection and identification. In particular, highly sensitive detection of extremely small amounts of substances or
small variations in a sample’s condition is crucial and has the
potential to advance the development of label-free sensing of
biomolecules or gases.
Electromagnetic resonant structures are useful for highly
sensitive detection and sensing.7,8 The sensitivity of sample
detection could be increased significantly around the resonant frequency, realizing the detection of very small amounts
of sample. In a previous study, we used metal hole arrays
共MHAs兲, which are metal films perforated periodically with
circular holes, as surface wave 共SW兲 resonant sensors in the
THz region.9,10 By illuminating an MHA, a SW can be excited on the metal surface at a certain resonant frequency as
a result of the interference of light scattered from the aperture array.11,12 Due to strong localization of the electromagnetic field of SWs in the vicinity of the MHA surface, the
resonant transmission characteristics depend strongly on the
dielectric distribution near the surface.13 This characteristic
allows us to achieve highly sensitive detection of small
amounts of sample placed at a subwavelength distance from
the MHA surface.9,10
In our previous study, we applied this highly sensitive
sensing to transmission measurement. In this study, for the
purpose of highly sensitive sensing with MHAs by reflection
measurement, we investigate the effect of a dielectric film
attached to the MHA surface on the reflection spectrum of
the MHA. Reflection measurement has an advantage over
transmission measurement for THz sensing; i.e., electromagnetically opaque substances are available as detected
samples.
The MHAs used in our study are 100 and 300 m thick
metal films perforated with a triangular lattice structure of
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FIG. 1. 共Color online兲 Measured reflection 共red line兲 and transmission
共black line兲 spectra for the 100 m thick MHA.
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FIG. 2. 共Color online兲 Measured reflection spectra for the 300 m thick
MHA with PP films of several thicknesses tPP attached to the 共a兲 illuminated
and 共b兲 opposite sides of the array. 共c兲 Measured transmission spectra for the
same sample as 共a兲. Schematic pictures of the optical configuration are
shown in each figure.

wave and a reemitted wave from the SW excited near the
metal surface. For comparison, we also measured the transmission spectra for the same MHA, shown in the black line
of Fig. 1. The peak transmission frequency coincides well
with the reflection dip frequency. This provides evidence that
the resonant reflection dip, as well as the resonant transmission peak, is attributed to SW excitation.13 This also means
that highly sensitive THz sensing with MHAs may be applicable to reflection-type measurement.
For the purpose of highly sensitive THz sensing application of reflection measurement, we investigate the effect of a
thin film attached to one side of the MHA surface on the
reflection characteristics. In this experiment, we used polypropylene 共PP兲 films; the measured permittivity is about
PP ⬃ 2.9 over the frequency range of interest. Figures 2共a兲
and 2共b兲 show the reflection spectra of the 300 m thick
MHA with a PP film attached on the illuminated and opposite sides of the MHA, respectively. In Fig. 2共a兲, a reflection
dip is observed for the bare MHA 共black line兲 at 0.32 THz.
The reflection dip frequency shifts to 0.29 THz with a
50 m thick PP film attached 共red line兲. With increasing PP
film thickness tPP, the dip frequency decreases. For a PP film
of tPP = 250 m, the reflection dip is observed at 0.23 THz.

This dependence of the reflection dip frequency on the attached film thickness coincides with that observed in transmission measurement.13
In the application of highly sensitive THz sensing, reflection measurement has an advantage over transmission
measurement. Figure 2共c兲 shows transmission spectra of the
same samples as in Fig. 2共a兲. In the transmission spectra, the
same frequency shift of the transmission peak with PP film
thickness is observed as in the reflection spectra 关Fig. 2共a兲兴.
However, the peak transmittance decreases significantly with
PP film thickness. This is due to the cutoff effect of the metal
holes and the mismatch of the resonant frequency between
the two sides.13 In particular, the cutoff effect is crucial for
transmission measurement. The cutoff frequency f c is estimated to be 0.35 THz for our MHAs, which is higher than
the highest peak frequency observed in Fig. 2共c兲. Below the
cutoff frequency, an electromagnetic wave inside a metal
hole is in evanescent mode, and the amplitude decreases exponentially as the electromagnetic wave propagates. The cutoff effect becomes stronger for lower frequencies; therefore,
the transmission peak decreases significantly. Such a significant decrease in peak transmittance makes it difficult to measure the resonant peak with enough signal-to-noise ratio 共S/N
ratio兲; thus, the sensitivity of THz sensing decreases considerably. In reflection measurement, on the other hand, the dip
reflectance does not change so much as the PP film thickness
increases 关Fig. 2共a兲兴. This is because the cutoff effect is small
in the reflection spectra. For reflection measurement, the information on the illuminated surface of the MHA contributes
mainly to the reflection spectrum. When we put the PP film
on the illuminated surface, the reduction in dip reflectance
due to the cutoff effect can be avoided, leading to resonant
dip measurement with a high S/N ratio even if a thick PP
film is attached.
When the PP film is attached to the opposite surface
关Fig. 2共b兲兴, the reflection dip becomes very weak for a PP
film of tPP = 50 m 共red line兲 and almost disappears for tPP
= 150 m 共green line兲 and 250 m 共blue line兲. The reflection dip, which is attributed to SW excitation on the metal-air
interface of the illuminated surface, is observed at 0.32 THz
and is almost independent of the PP film thickness. This is
because the contribution from the opposite surface to the
reflection spectrum is small compared with that from the
illuminated surface. An electromagnetic wave reflected at the
opposite surface propagates through the metal hole twice;
thus, its amplitude decreases more significantly compared to
the case of transmission measurement. This is a disadvantage
of reflection measurement for the application of highly sensitive THz sensing. Such a disadvantage can be resolved if a
thinner MHA is used. Figures 3共a兲 and 3共b兲 show the reflection spectra of the 100 m thick MHA with a PP film attached to the illuminated and opposite sides, respectively.
For the case of the PP film attached to the illuminated surface
关Fig. 3共a兲兴, the overall reflection spectra for all PP film thicknesses are quite similar to those in Fig. 2共a兲. On the other
hand, for the PP film attached on the opposite surface 关Fig.
3共b兲兴, the reflection spectra are different from those in Fig.
2共b兲. Reflection dips are clearly observed even for the PP
film of tPP = 250 m. For thin MHAs 共tMHA = 100 m兲, the
contribution of electromagnetic waves reflected at the opposite surface to the reflection spectrum is large compared to
the case of thick MHAs 共tMHA = 300 m兲. This reflection
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FIG. 3. 共Color online兲 Measured reflection spectra for the 100 m thick
MHA with PP films of several thicknesses tPP attached to the 共a兲 illuminated
and 共b兲 opposite sides of the array. Schematic pictures of the optical configuration are shown in each figure.

characteristic of the thin MHA can be applied to highly sensitive THz sensing of the surface condition of opaque
samples, which cannot be measured by transmission measurement.
In summary, we investigated the effect of a dielectric
film attached to an MHA surface on the reflection characteristics in the THz region. The reflection dip, which is attributed to SW excitation, shifts to lower frequencies with increasing thickness of a PP film attached to the MHA surface.
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