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Abstract: We report on the highly sensitive terahertz measurement of a 
thin, dielectric layer using two channels formed by inserting a single slit 
sheet in the parallel-plate waveguides (PPWGs). When a thin layer is 
applied to coat the upper surface of the channel, the single resonance 
frequency caused by the two-channel PPWGs is shifted as a result of the 
layer’s properties, including length, thickness, and refractive index. The 
measured frequency tuning sensitivities (FTS) throughout the 20-mm layer 
length are 2.41 and −1.95 GHz/mm at the open upper and lower channels, 
respectively. The experimental results agree with those of theoretical 
simulations performed using the finite-difference time-domain (FDTD) 
method. 
©2014 Optical Society of America 
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1. Introduction 

The first terahertz time-domain spectroscopy (THz-TDS) experiment to measure the optical 
and electrical properties of solid materials was performed in 1990 [1, 2]. A free-standing 
sample was perpendicularly positioned in the middle of the THz beam path. Sample thickness 
is an important parameter for the moderation of the amplitude of the output THz wave. The 
properties of thin dielectric films of a few micrometers or less in thickness and a low 
refractive index are challenging to measure. Because thin dielectric films have a much smaller 
thickness than THz wavelengths, which offers a very short interaction between the THz wave 
and the sample, the output THz wave experiences very little modification compare to the 
input THz wave. This lack of interaction makes the analysis of the sample significantly 
difficult and necessitates the invention of new sensing methods [3–5]. Recently, a new 
parallel-plate waveguide (PPWG) system has become available for thin-film THz 
spectroscopy studies [6, 7]. When dielectric thin films are applied to coat the PPWG metal 
surface, the output THz wave interacts for an extended time along the length of the film. 
Therefore, this measurement method is one solution to overcome the limitation of short 
interaction time with THz-TDS. 

The most commonly approach for the sensing of thin dielectric films is the analysis of 
resonant frequency or pulse delay by the sample materials [8]. A single groove cavity on one 
side of the PPWG surface acts as a narrow notch filter [9]. When the cavity is filled with 
dielectric liquid material, its resonance frequency shifts to a higher range. Therefore, the high 
Q-factor resonance [10] is a very important parameter for the determination of the sensitivity 
of sensing. Recently, high Q-factor resonance using two channels formed by inserting a single 
slit sheet into the PPWG was demonstrated [11]. Here, we report on highly sensitive THz 
resonance measurements using pulse delay in the time domain or resonant frequency shift in 
the spectrum domain 

2. Experiment 

The experimental setup is similar to that used to investigate the THz notch filter with a single 
stainless steel slit in the PPWG [11] as shown in Fig. 1. A Ti:Sapphire laser provided 800 nm, 
60 fs laser excitation pulses at a 80 MHz repetition rate with an average power of 18 mW for 
GaAs transmitter (Tx) and 15 mW for low temperature grown GaAs receiver (Rx). The 
PPWG is located between the two parabolic mirrors. A vertically polarized (y direction) THz 
beam, which is perpendicular to the tapered surface (x × z surface) of the waveguide 
generates a TM mode, becoming gradually confined through the 4.1-mm long flat area in the 
waveguide. The angle of the tapered part is 3°; it has twice the coupling coefficient of the 
cylindrical silicon lens used in PPWG [12]. The 12.5-cm long and 100-μm thickness sheet, 
which has a slit with a length of 12.5 mm and width of 60 μm, is longer than the flat area of 
the PPWG. Therefore, the slit sheet protrudes toward the taped area of the PPWG. Because 
the slit sheet is positioned in the middle of the PPWG air gap, the THz beam propagates the 
upper and lower air gap channels simultaneously, which both have heights of 100 μm. 
Because the THz waves propagated through the upper and lower air gap channels are out of 
phase, a well-defined, THz single resonance is formed. 

A 1.33 ± 0.18 μm-thick photoresist (SU-8) thin layer, with a refractive index of 1.7 [13] is 
applied to coat the PPWG surface of the upper air gap channel. The protruding sheet is bent in 
the lower direction to block the lower air gap channel. Therefore, the incident THz wave 
travels to the upper air gap channel; part of it leaks to the lower air gap channel through the 
single slit. The leaked THz wave travels in the propagation direction (x-direction) through the 
lower channel. In this situation, a time delay of the main THz pulse depends on the layer 
length, thickness, and refractive index; however, the leaked THz pulse does not experience a 
time delay because there is no coated layer for the lower air gap channel. Moreover, the 
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Fig. 1. (a) Schematic diagram of the thin layer THz sensing system. (b) The waveguide 
structure. A single slit sheet is located in the middle of the PPWG air gap to divide the two 
channels. The front part of the sheet can be bent in an upper or lower direction (indicated by 
the dashed lines) to open only one of the channels. A thin dielectric layer (SU-8) is on the 
upper PPWG block surface. 

location of the layer inside the PPWG does not influence the time delay of the THz pulse. 
Because the beam path of the leaked THz pulse is longer than that of the main THz pulse 
which travels to the open channel, the leaked THz pulse arrives later than the main THz pulse 
at the end of the waveguide. The two THz pulses combine to form an output pulse. Whenever 
the layer length is expended, the main THz pulse experiences a longer delay. Therefore, the 
main THz pulse approaches to the leaked THz pulse and the output pulse width narrows. The 
narrowed pulse width causes expansion of the bandwidth to a higher frequency. For this 
reason, the resonance by out-of-phase between the main THz pulse and the leaked THz pulse 
shifts to a higher frequency when the layer length is expended, as shown in Fig. 2(a). The 
lower left insets in the figure shows the waveguide setup with the coated layer on the upper 
PPWG surface. The lower right insets show the THz spectrum for the reference, which lacks 
the coated layer. The reference spectrum expands to 2.5 THz and the reference resonance 
frequency is formed at 1.00 THz. When the length of the coated layer is increased from 0 to 
20 mm, the resonance frequency shifts from 1.00 to 1.05 THz. 

Meanwhile, when the protruding sheet is bent in an upper direction, the upper air gap 
channel is closed and the lower air gap channel is opened. A new thin layer, which is 1.04 ± 
0.08 μm in thickness, is then applied to coat the PPWG surface of the upper channel. The THz 
beam that leaks through the single slit travels to the upper air gap channel and the main THz 
pulse travels to the lower air gap channel. The leaked THz pulse, which experiences a time 
delay with increasing layer length, arrives later than the main THz pulse at the end of the 
waveguide. Therefore, the leaked THz pulse is away from the main THz pulse and the 
overlapped output pulse is broadened. The broadening output pulse width causes a narrowed 
bandwidth. For this reason, the resonance shifts to a lower frequency, as shown in Fig. 2(b). 
When the length of the coated layer is increased from 0 to 20 mm, the resonance frequency 
shifts from 1.03 to 0.99 THz. The two reference resonance frequencies for the open upper and 
lower channels are not identical, because the entire PPWG setup is vertically (y-direction) 
adjusted to divert the maximum THz beam to the opened air gap channels. Q-factors of the 
resonances are 31 and 23 for the open upper and lower channels, respectively. 
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Fig. 2. Measured transmission spectra for different layer lengths. Lower right insets show the 
normalized reference spectrum (no coated layer). Lower left insets show the slit sheet bent in a 
lower or upper direction. (a) The input THz beam travels to the upper channel only. (b) The 
input THz beam travels to the lower channel only. 

 
Fig. 3. Measured time delay and frequency shift. The red and blue fitting lines indicate the 
upper and lower channel open only respectively. (a) Time delay for different layer length. (b) 
Frequency shift for different layer length as shown in Fig. 2. 

Figures 3(a) and 3(b) show the time delays of peak THz pulses and the resonance 
frequency shifts for different layer lengths, respectively. The time tuning sensitivity (TTS) is 
given as Δt/ΔL, where Δt and ΔL are the time shift and layer length variations, respectively. 
The measured TTS throughout the entire range of layer lengths are 11.8 and −2.5 fs/mm for 
the open upper and lower channels, respectively. Meanwhile, FTS is given as Δf/ΔL, where 
Δf is the resonance frequency variation. The calculated FTS throughout the entire range of 
layer lengths are 2.41 and −1.95GHz/mm for the open upper and lower channels, respectively. 
The time delay and frequency shift of the open upper channel are more sensitive than those of 
the open lower channel, because the layer thickness of the open upper channel is thicker than 
that of the open lower channel. 

The measured transmission spectra of thickness-dependent resonances, which are 0.7 to 
2.8 μm in thickness with a fixed length of 5.0 mm, are shown in Fig. 4. When the upper 
channel is open and the lower channel is close, the resonance frequency shifts up to 42.7 GHz 
as shown in the lower right inset of Fig. 4(a). When the lower channel is open and the upper 
channel is close, the resonance frequency shifts up to −45.0 GHz as shown in the lower right 
inset of Fig. 4(b). Meanwhile, FTS is given as Δf/ΔT, where ΔT is layer thickness variation. 
The calculated FTS throughout the entire range of layer thickness are 15.1 and −15.9 GHz/μm 
for the open upper and lower channels, respectively. 
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Fig. 4. Measured transmission spectra for different layer thickness. Lower right insets show the 
resonance frequency shift. Lower left insets show the slit sheet bent in a lower or upper 
direction. (a) The input THz beam travels to the upper channel only. (b) The input THz beam 
travels to the lower channel only. 

3. FDTD simulations 

 
Fig. 5. Simulated transmission spectra for 1 mm length, 1.00 μm thickness, and 1.7 refractive 
index. The insets show frequency shifts with respect to variations in the different parameters. 
(a) Differences in layer length (b) Differences in layer thickness (c) Differences in layer 
reflective index 

FDTD simulations were performed to verify our experimental results using a supercomputer. 
Various conditions for the coated layer on the PPWG surface were simulated as shown in Fig. 
4. The dimensions of the PPWG and slit were the same as those described above; however, 
the refractive index, thickness, and length of the layer were set (reference condition) 1.7, 1.00 
μm, and 1 mm, respectively, because of the limited scale size of the calculations. Solid lines 
indicate that the upper channel is open and the lower channel is close. The dashed lines 
indicate the reverse case. The transmission spectra of the length-dependent resonances, which 
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are 0 to 20 mm in length with a fixed thickness of 1.00 μm and a refractive index of 1.7, are 
shown in Fig. 5(a). Like the experimental results, the resonance frequency shifts from the high 
to the low frequency direction with the increasing layer length of the open upper or lower 
channel, respectively. The inserts show layer length-dependent frequency shifts, which 
linearly changes with increasing frequency. The calculated FTS is 1.73 and −1.86 GHz/mm 
for the open upper and lower channels, respectively. Figure 4(b) shows the transmission 
spectra of thickness-dependent resonances. The thickness changed from 0 to 5.0 μm. The 
insets show thickness-dependent frequency shifts, which slowly increase with increasing 
thickness. 

Figure 5(c) shows the transmission spectra of refractive index-dependent resonances. 
Compared to the insets in (a) and (b), the inset in (c) shows that the frequency shift reaches 
the saturation region. The refractive index in (c) changes from 1 to 4 with a fixed 20-mm 
layer length and a 1.00-μm thickness. However, the layer length in (a) changes from 0 to 20 
mm with a fixed refractive index of 1.7 and a 1 mm thickness. Additionally, the layer 
thickness in (b) changes from 0 to 5.0 μm with a fixed refractive index of 1.7 and a 1-mm 
layer length. Therefore, the largest phase delay caused by these three parameters changing is 
in Fig. 5(c). For this reason, the frequency shift reaches the saturation region as shown in the 
inset. Because the resonance frequency is inversely proportional to the phase delay, small 
phase delay variations are associated with large frequencies. 

4. Results and conclusions 

 
Fig. 6. Comparison of the experimental (blue) and simulated (red). The solid and dashed lines 
indicate linear fitting for the data. (a) Frequency shifts for different layer lengths. Layer 
thicknesses used in experimental and simulation conditions are 1.33 ± 0.18 and 1.50 μm, 
respectively, for the open upper channel (red triangles) and 1.04 ± 0.08 and 1.00 μm, 
respectively, for the open lower channel (inverse blue triangles). (b) Frequency shifts for 
different layer thickness. Layer lengths used in experimental and simulation conditions are 
both 5 mm for the open upper channel (red triangles) and for the open lower channel (inverse 
blue triangles). 

Figure 6(a) shows a comparison of frequency shift between the experiment (blue) and 
simulation (red) results with respect to layer length. The solid and dashed lines indicate the 
open upper and lower channels, respectively. The experimental and simulation conditions of 
the open upper channel have different FTS, which are 2.41 and 2.70, respectively, because the 
layer thicknesses are not identical. The thickness used in the experimental condition is 1.33 ± 
0.18 μm and that used in the simulation condition is 1.50 μm. Because the thickness used in 
the simulation condition is thicker than that used in the experimental condition, the frequency 
shift of the simulation is more sensitive than that of the experiment. This simulation condition 
used a thickness of 1.50 μm instead of 1.00 μm to compare with the experimental thickness of 
1.33 ± 0.18 μm. However, the results from the open lower channel agree (FTS of −1.95 and 
−1.86), because the experimental and simulation thicknesses are very similar, 1.04 ± 0.08 μm 
and 1.00 μm thickness, respectively. Figure 6(b) shows a comparison of frequency shift 
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between the experiment (blue) and simulation (red) results with respect to layer thickness. 
Layer lengths used in experimental and simulation conditions are both 5 mm for the open 
upper channel (red triangles) and for the open lower channel (inverse blue triangles). The 
calculated experiment (simulation) FTS throughout the entire range of layer thickness are 15.1 
(14.3) and −15.9 (−16.1) GHz/μm for the open upper and lower channels, respectively. The 
experimental results agree well with those of theoretical simulations. 

In conclusion, this research demonstrates thin dielectric layer sensing using two-channel 
PPWG with a single slit sheet. After the experimental setup, the upper PPWG block can be 
easily moved to coat the PPWG block surface and then installed. Therefore, this experimental 
scheme can be easily adapted to industrial and scientific applications, such as semiconductor 
and biological [14–16] studies, as an independent sensor. 
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