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Abstract: Wereport on layer thickness determination down to a thickness
of 2.5 microns using terahertz waveguide spectroscopy. Compared to typical
single-pass transmission measurements in the time domain, the effective
THz pulse delay is considerably increased for a given layer thickness by
using the high filling factor of the THz waveguide. This corresponds to a
sensitivity increase up to a factor of 50 for the measured delay, allowing
the direct measurement of layer thicknesses down to below hundredths of a
THz wavelength.
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1. Introduction

Electromagnetic terahertz (THz) radiation in the frequency range between 100GHz and 4THz,
has low photon energy (4.1meV for 1 THz), which is non-ionizing and therefore nonhazardous
to people, and can penetrate many dielectrics similar to x-rays. These advantages, along with
additional spectroscopic information, make THz waves important for various fundamental and
industrial applications.

The particular THz-systems differ in the type of devices used for the generation and detec-
tion. Diverse technologies based on electronic [1] or photonic approaches [2] are used. For
the latter one, coherent broadband [3] and narrowband [4] radiation can be applied. Especialy
among the broadband systems, the terahertz time-domain spectroscopy (THz-TDS) offersalot
of advantages, in particular to acquire the entire electric field including the phase. Thisisavery
useful quantity, because it contains depth information which allows experiments such as THz-
tomography [5]. But for a standard THz-TDS system, the pulse delay time, respectively the
relative geometric change, can only be measured with atypical accuracy of 10um, depending
on geometry (transmission vs. reflection) and the refractive index of the sample. This quantity
islimited by resolvable signal-to-noise, operating wavelength, mechanical reproducibility and
thermal stability. In the field of non-contact measurements, different ways to increase the sen-
sitivity have been reported, e. g. locking the fs laser to an electronic source [6], evaluation of
the Gouy phase shift [7] or application of very broadband THz pulses [8]. Here we sacrifice
the possihility to detect sample properties from a far distance in order to reduce the detec-
tion threshold considerably. The proposed technique uses a (close or nearly) contact method to
stretch the delay axis which allows for the determination of much thinner layers.

At many industrial production lines of coated foils or sheets, the product is guided around
metallic deflector rolls. Our setup copies this geometry. The investigated samples under testing
are dielectric plastic films wrapped on metal cylinders.

2. Experimental Setup
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Fig. 1. Cross section of THz-TDS system used for the investigation of coated cylinders. A
parallel-plate waveguide launches the THz surface wave on top of the coated metal sheet
waveguide. This guided evanescent field interacts with the dielectric coating T of the metal
cylinder. The propagation distance from the output face of the waveguide to the point of
closest approach is 14cm, and from that point to the receiver is 8cm. The approach dis-
tance d is the free-space separation (air gap) between the coated cylinder and the coated
metal sheet.

The experimental setup (see Fig. 1) consists of a THz-TDS system (photoconductive GaAs
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emitter Tx, silicon-on-sapphire detector Rx, fs laser source) in whose THz beam path a THz
surface waveguide is located. The particular setup is described in detail by Gong et al. [9]. The
THz wave is coupled into a parallel-plate waveguide using silicon optics. A THz surface wave
is launched by metal flare coupling at the exit face. The advantage of this layout is that the
THz pulse is guided on top of the metal sheet, being less sensitive to environmental influences
compared to pure free-space geometries. Independent of the layer T to be investigated, there
isalready a 12.5um thick dielectric coating S on the top of the metal sheet. This reduces the
THz evanescent field extent into free-space considerably, reducing the exponential fall-off of
the electric field in z-direction from the cm to mm range [9]. So, the wave has much tighter
guiding and therefore shows less leakage and diffraction. The field solution of the coated metal
sheet isidentical with that of adielectric slab of twice the thickness, because the metal actslike
amirror for the THz wave. As the dielectric coating S has a thickness of only a small fraction
of the wavelength, most of the guided THz wave is outside of the dielectric. So thefield formsa
"linefocus’ in the z-direction with propagation in the x-direction. In the y-direction diffraction
limited divergence is expected.

In order to understand the extent and the field coupling of the THz surface wave on top of
the dielectric coated metal sheet, the transmission through a 3mm-thick metal dlit on top of
the guide was compared to the 32mm diameter aluminum cylinder, separately measured as a
function of the approach distance d. The results are shown in Fig. 2. The propagation distance
from the cylinder or dlit to the receiver (as shown in Fig. 1) was 8cm, in order to detect only
the propagating wave without diffracted contributions. The surface wave is expected to have
an exponential decay of the evanescent electric field given by e~ %2 with & = 0.76mm~! for a
frequency of 0.5THz[9]. Introducing the dlit into the wave spatially truncatesthe input intensity
profile. For further propagation after thisinteraction, the major fraction of the transmitted power
is re-captured by the surface wave. So, when the cylinder or dit enters the surface wave, the
amplitude transmission drops from 1 (normalized to a surface wave without interacting object)
to smaller values in a monotonic manner. The small modulations for the approaching cylinder
at 0.8THz and 1.8 THz are caused by interference and dispersion, which slightly change the
THz pulse width and isthereby seenin thistype of data evaluation (peak-to-peak of transmitted
electric field).

In the 3mm-thick dlit case, at direct contact (Omm distance from dielectric coating S), there
is still asmall transmission observable (approximately 20% electric field, 4% intensity). The
reason is that a fraction of the wave is guided spatially within the dielectric. For the round
surface of the cylinder, the transmission at contact is much higher (55% electric field, 30%
intensity). The reason for this increase is that, when the propagating surface wave enters the
gently changing interaction area, the mode profile changes adiabatically. Firstly, its spatial ex-
tent follows the separation between the two metallic surfaces (cylinder and sheet), and secondly
the mode shape monotonically changes from an exponential decay in z-direction to a roughly
homogeneous field distribution at contact point. This can be done efficiently if the changes of
THz beam extent are introduced adiabatically, i.e. slowly varying with respect to the wave-
length. The process is similar to our previous results obtained for free-space coupling using
metal flares [10], where the THz wave could squeeze through the smooth gap with only minor
reflection losses. So a very intense field concentration propagates through the point of minimal
distance d between the cylinder and the sheet, allowing highly sensitive measurements of thin
sample layers.

3. Resultsand Discussion

In the traditional single-pass case, when a free-space THz pulse propagates through a sheet
of thickness T and refractive index n, a pulse delay 6t is caused with respect to a free-space
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Fig. 2. Comparison of THz amplitude transmission for a 32mm diameter aluminum cylin-
der and a 3mm-thick metal plate slit on top of the dielectric coated waveguide. For small
approach distances the round cylinder gives rise to a higher transmission than the dlit, the
adiabatic increase.

reference (n = 1) given by

(n=1)T

§t="—", )

for which cisthe speed of light. So an accurate thickness measurement requires a precise pulse
delay measurement. For the experiment described here, a guided wave setup using the high
filling factor of a THz parallel-plate waveguide (PPWG) [11] is proposed and demonstrated to
increase the detection sensitivity.
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Fig. 3. Measured delay for an uncoated, a 12.5um and a 127 um (Parafilm® M) coated,
32mm diameter metal cylinders as a function of the approach distance d.
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In Fig. 3 the measured pulse delays for different approach distances and samples (all n= 1.5)
are shown. The values are normalized to zero for the undisturbed WG. The delay changes
significantly as the cylinder enters the surface wave (1/e width 1.3mm, large delay change
below 0.7mm approach distance). The closer the cylinder gets, the larger is the delay, due to
the higher filling factor and the larger effective refractive index net. The delay increases asthe
cylinder approaches the surface, giving the maximum delay in contact (d = 0). Also the thicker
coating gives a larger delay. Even for an uncoated cylinder, some delay is observed, roughly
half that of the 12.5um coated cylinder. The reason is that the uncoated cylinder compresses
the evanescent field of the surface WG into the dielectric coating S (also 12.5um). In order to
separate the effect of the uncoated cylinder and the surface WG on the thickness measurement
itself, the following values are normalized to the uncoated cylinder in contact.
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Fig. 4. The measured reference electric field (upper trace) is for the undisturbed THz sur-
face wave, the uncoated electric field is for the uncoated 32mm diameter aluminum cylin-
der. Stepwise layers of PET plastic sheet (Mylar® with 2.5um thickness) are attached,
shown herefor 1, 5 and 10 layers, offset for clarity. All cylinders are in contact.

The high sensitivity of the setup is demonstrated for very thin multiple layers of Mylar®
wrapped on a 32mm diameter cylinder. The particular plastic is biaxially-oriented polyethy-
lene terephthalate (npet = 1.7) with athickness of 2.5 um (according to specification sheet and
mechanically measured 64 layer stack 160 + 10um). The recorded electric fields are plotted
in Fig. 4. The measured THz reference pulse is the undisturbed THz field from the 12.5um
dielectric layer THz surface wave (DL-TSW, see Ref. [9]). This pulse consists of arapidly de-
caying, chirped, sinusoidal oscillation, where the highest frequency components go the slowest.
The center frequency is around 500GHz. Obviously, the thicker the coating gets, the more each
trace is delayed. As we are dealing with broadband THz pulses, where the bandwidth and the
frequency come into the same range, the concepts of envelope and carrier frequency, respec-
tively group and phase velocity, are difficult to apply. The leading edge of the positively chirped
pulse train can be easily evaluated and is less sensitive to pulse forming effects. Consequently,
to evaluate the pulse delay, the first zero crossing after the main maximum of the multi-cycle
pulse is the measured quantity. This is determined with a high accuracy and is less dependent
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on noise and pulse shape than the maximum.
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Fig. 5. Delay at contact caused by the 32mm diameter aluminum cylinder on which step-
wise layers of Mylar® are attached.

Figure 5 shows the contact delay for a series of cylinders, from uncoated to 25um coating,
along with the corresponding theory curveto beintroduced later. Clearly each additional 2.5um
layer can be identified. The slope of the plot is steep in the beginning, then showing a slow
transition to saturation. Thisis expected as the filling factor has to be regarded as an integrated
value over the entire interaction distance with the surface wave. So, once the waveguideisfilled,
only smaller contributions come from the filling factor during the compression and expansion
of the guided surface wave. The given theory curve slightly underestimates the expected delay,
because in the simulations both refractive indices were considered to be 1.5.

4. Theory and Simulation

A simple theoretical model, regarding the input surface wave as a constant field with an extent
of 1mm, gives an understanding in reasonable agreement with the experiment. For the inter-
action between the cylinder and the surface wave, the conditions of a partially-filled PPWG
are given. The input field is assumed to couple adiabatically into the lowest order propagat-
ing mode. A good approximation to the lowest order solution for the wave propagation in
a partially-filled PPWG is that the electric displacement field D = €E is constant in the z-
direction with the corresponding E-field changing abruptly at the dielectric interfaces with a
ratio of € = n? [12]. So the energy distribution in the mode defines the effective refractive
index. The largest contribution to the delay is given at the contact point at which the energy
distribution is completely within the dielectric coatings. Losses are not included in the adiabat-
ically compressed model as they do not influence the observed delay.

Because the above picture was difficult to solve numerically for the time delay, we adapted
the problem to the model known for partially-filled PPWGs [13] with only one incorporated
sample layer of refractive index n. In our experimental setup, the overall dielectric layer thick-
nessis given by the sum of the cylinder coating T and the coating S on the metal sheet. This ap-
proximation assumes that the propagation constant of a partialy filled PPWG is not influenced
by the position of the air gap in the guide. The displacement field D = €E remains constant.
To apply the standard PPWG equations a second assumption is made on the refractive index
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of the cylinder’s coating T being identical to the refractive index of the dielectric layer S of
the waveguide (ns = nt = n). In terms of numbers, we regard the refractive index of the PET
sample (npet = 1.7) being the same as that of PE (nper = 1.5).

Now applying the results of Gallot et.al. [13] the effective refractive index of the entire
partialy filled waveguide of our system is given by

neff(x)=¢1 T @

T THdX)+S n?

with n the refractive index cal culations of the dielectric coating S, and d(x) the air gap between
the two layers changing during the propagation. Therefore, the effective refractive index is also
depending on the coordinate x of wave propagation. To obtain the complete delay accumulated
during the interaction (compression and expansion) an integration has to be performed
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Fig. 6. Theoretically expected delay caused by dielectric coatings on a cylinder of 32mm
diameter in contact and within a homogeneous field of 1mm extent (see inset sketch). The
related sensitivity increase is calculated with respect to the single pass delay.

The effective refractive index was implemented in a MATLAB® program, where the total
delay At is calculated as aa discrete sum over the interaction between the cylinder and the
surface wave according to Eq. (3). This is schematically depicted in the inset of Fig. 6. It
also shows the simulated results for a 32mm cylinder with different coatings in contact with
the metal sheet (d = Oum). Again, the change of delay per micron added layer is the biggest
for thin layers with a transition to saturation. The sensitivity increase At/dt is defined as the
calculated delay divided by the single pass delay according to Eq. (1) and (3). It is again the
largest for very thin layers, with values around 40 for the experimentally investigated layers.
These two plots show the useful working range of this approach: As typical resolvable delay
changes are below 1ps, typicaly 0.1ps, the minimum resolvable coating thicknessis less than
lum.
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Investigated thicker coatings (between 40 um and 100um) have also shown results corre-
sponding to theory if dispersion is aso included. But for those thicknesses, the sensitivity en-
hancement factor is not as high as for thin layers, and already single pass measurement can
determine the thickness. So our new approach is advantageous if standard TDS loses its accu-
racy for very thin layers.

5. Conclusion

We have experimentally shown and simulated, how easy-to-use THz waveguide geometries can
be used to enhance the sensitivity of layer thickness determination. The detection threshold for
thin films was demonstrated to be at less than 2.5 microns for a plastic coating with refractive
index of 1.7. This was achieved by using the high filling factor of a parallel-plate wave guide,
where the upper half is the coated metal cylinder under test. The THz beam is adiabatically
coupled similar to a horn antenna until is squeezes through the sub-wavelength gap. On this
way, the interaction between the coating and the THz wave isimmense, giving rise to alarge
delay with respect to the single pass value in the time domain. This high filling factor increased
the observed delay by afactor of 50.
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