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Abstract: The acquisition speed of terahertz time-domain spectroscopy systems has undergone
a significant improvement in recent years. With the development of dual-laser-based sampling
techniques such as ASOPS or ECOPS, waveform acquisition rates in the kilohertz range have become
feasible. Here, we present measurements of sub-wavelength layers in multilayer systems at a rate
of 1.6 kHz, where the individual layer thicknesses are analyzed in real time. For demonstration, we
image layers on metallic and non-metallic disks with a 300 mm diameter, acquiring 240,000 pixels in
only 2.5 min. By combining a rotation of the samples with a linear translation of the measurement
head, we maximize the measurement yield. Owing to a “single-shot” (625 µs) dynamic range of
40 dB and a bandwidth above 3 THz of the ECOPS system, we achieve sub-micron repeatability for
each layer.

Keywords: terahertz; layer thickness measurement; ECOPS; optical sampling; ultrafast terahertz
measurements; terahertz imaging

1. Introduction

Layer thickness measurements present one of the most promising applications of
terahertz technologies [1–4]. Compared to conventional techniques, the main advantage
of terahertz waves lies in their ability to assess individual layer thicknesses in multilayer
systems without physical contact. Therefore, terahertz-based thickness gauging can even
be used to measure wet layers during the curing process. Compared to X-rays, one of the
few other contactless techniques, terahertz waves are biologically innocuous and do not
require any management of health and safety risks.

Terahertz time-domain spectroscopy (TDS) systems have long become the workhorse
in applications related to thickness metrology, yet the linear stages commonly used for
the delay units have presented an inevitable bottleneck in terms of measurement speed.
The first innovation in the quest for higher speeds consisted of the usage of rotating mirror
devices [5–7], which proved to work at several hundreds of Hertz. However, the real
breakthrough was only realized by introducing sampling techniques that featured two
synchronized ultrafast lasers, alongside a precise control of their respective repetition rates.
A first concept, Asynchronous Optical Sampling (briefly ASOPS), employs two lasers that
emit ultrashort laser pulses at two stabilized, yet slightly different repetition rates [8–11].
In principle, this technique enables kilohertz measurement rates, but faces severe challenges
in practical terms: The time-window sampled is always equal to the time interval between
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successive pulses (i.e., the inverse repetition rate), which is typically as long as 1 ns to 4 ns.
Only rarely are these systems realized with high-repetition-rate lasers. As the relevant
time window in thickness gauging is almost always in the range of tens to about 100 ps,
ASOPS systems record massive amounts of “dead time” data, inhibiting an efficient duty
cycle. Additionally, sampling ASOPS traces at kilohertz speeds calls for readout electronics
of very high bandwidths, which drives the cost and compromises the signal quality of
these systems.

These limitations are overcome by introducing a modulation of the repetition rate
difference, as realized in an alternative technique, Electronically Controlled Optical Sam-
pling (ECOPS) [12–15]. In this approach, the length of the sampled time window can be
dynamically controlled and adapted to the needs of a specific application. Compared to
ASOPS, the requirements for the readout electronics are much less stringent. Consequently,
ECOPS-based systems achieve a higher measurement speed and/or a higher dynamic
range than their ASOPS counterparts [13].

On the data processing side, the analysis of sub-wavelength layer thicknesses com-
monly relies on so-called retrieval algorithms, where a model-based simulation is optimized
with respect to its correlation with actual measurement results. As this optimization usually
needs to repeat the simulation many times, this method is computationally demanding.
Fortunately, in recent years, the computation time of these evaluation algorithms has been
drastically reduced. Efficiency improvements included the parallelization of GPUs [16] and,
most recently, the implementation of highly efficient CPU algorithms. In this work, we use
desktop-grade CPUs in combination with an efficient retrieval algorithm. This hardware
and software matches the speed of the utilized ECOPS-based terahertz system, as it is able
to convert each terahertz time trace into a multilayer thickness reading in real time.

2. Materials and Methods

The terahertz measurement system used in this work is the commercial ECOPS-based
platform “TeraFlash smart” from TOPTICA Photonics. It consists of two synchronized
femtosecond lasers that emit laser pulses at a wavelength of 1.56 µm and repetition rates of
about 80 MHz. The pulse duration at the end of the external fibers is about 80 fs. Employing
the ECOPS scheme, i.e., precisely controlled repetition-rate tuning, the system achieves
a measurement rate of 1.6 kHz for terahertz waveform windows of 160 ps length. In our
work, the data acquisition unit of the ECOPS system is connected to a desktop-grade
personal computer (PC) with a 10-core Intel© Core™ i9-10900X CPU. This PC acquires and
analyzes the data, and it controls the rotation/translation stages (see below).

The layer-thickness analysis is based on a retrieval algorithm [1,3,16], where a sim-
ulation result is optimized towards the actual measurement to obtain the sought-after
thickness values. The model of the simulation is based on Rouard’s method [17], which out-
performs other methods such as the transfer-matrix method in terms of calculation speed.
A combination of multiple methods is used for the optimization routine, the individual
layer thicknesses being the free parameters of the simulation. By parallelizing the analysis
on several CPU cores, we achieve an evaluation rate of several kilohertz. This enables data
analysis at the full rate of the ECOPS system, i.e., at 1.6 kHz, which is the measurement
speed employed throughout this work.

The optical configuration consists of a standard terahertz reflection setup: The tera-
hertz emitter and detector modules [18–20] are mounted in a compact assembly (“terahertz
measurement head”, see Figure 1), where four off-axis parabolic mirrors with a diameter of
25.4 mm guide the beam onto the sample under test and back onto the receiver. The diver-
gent terahertz radiation from the emitter is collimated using an off-axis parabolic mirror
with an effective focal length (EFL) of 50.8 mm. A second mirror with an EFL of 101.6 mm
focuses the radiation onto the sample surface. After reflection, another pair of mirrors with
EFLs of 101.6 mm and 50.8 mm, respectively, recollimates the beam and focuses it onto
the detector.
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The samples consist of metallic (aluminum) and non-metallic (polycarbonate) disks,
each with a diameter of 300 mm, that are spray-coated by hand so that multiple layers are
added. An aluminum mask with six cutouts serves to imprint a predefined structure in
one of the layers. To this end, the first layer on each sample is produced in two steps: First,
a uniform layer is applied without any mask and then, after a short drying phase of approx.
10 min, a second layer of the same coating is added, now with the chopper-blade-like mask
in place. These steps imprint a “negative” of the mask in the thickness of the first layer.
This artificial feature in the thickness of the layer permits a visual consistency check of the
thickness results.

In the example of the metallic disk, the second and third layer features a metallic base
coat and a clear coat, respectively. In contrast, the non-metallic disk is only coated with the
metallic base coat and the clear coat, omitting the filler layer.

Imaging of the sample is realized in a fashion similar to the setup of Beck et al. [21],
where a sample was measured while it was both spinning and being translated. Slightly
modifying this concept, we use a spinning sample together with a translation of the
measurement head. The disk sample is mounted on a stepper motor with a rotation
encoder providing 2000 increments per turn. Given the dimensions of the disks, this
corresponds to a spatial resolution of about 0.47 mm on the outside of the disk and even
less for smaller radii. The measurement head itself is mounted on an additional linear stage
that radially moves the focal point of the terahertz beam across the disk. The combination
of the two stages yields a spiral trajectory for terahertz imaging. In the measurements
presented below, the linear axis moves at 1 mm/s, while the disk rotates at 1.7 Hz. Hence,
the tangential speed amounts to 1.6 m/s at the outer circumference of the disk. The distance
between successive measurement points is 1 mm and decreases correspondingly towards
the center of the disk.

Filler

Basecoat

Clearcoat

Al substrate

Terahertz
measurement
head

Disk with layers
r = 150 mm

Motor with encoder
2000 ppr( )

Terahertz
measurement
head

1 mm/s

1.7 Hz / 102 rpm

Basecoat

Clearcoat

PC substrate

or

b)a)

Figure 1. (a) Sketch and (b) photograph of the experimental setup. Coated disks with diameters
of 300 mm are mounted on an encoder-equipped stepper motor. A linear stage radially translates
the terahertz measurement head, giving rise to a spiral-shaped imaging pattern of the disk. On the
photograph, metallic resolution targets are placed on the coated disk. PC: polycarbonate; rpm:
revolutions per minute; PPR: Pulses per revolution (encoder resolution).

3. Results
3.1. Terahertz Performance

Two representative waveforms—a reference waveform and a normalized sample
waveform of the three-layer-system—are shown in Figure 2a. The sample waveform
already indicates the sub-wavelength nature of the applied layers, as the echoes of the
individual layers overlap and are not readily separated by the eye. The acquired waveforms
comprise a time interval of about 160 ps (not fully shown in Figure 2a), which would be
sufficient for measuring samples even of millimeter thicknesses. Admittedly, the paint
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layers investigated in this study have a thickness of the order of a few 10 µm. Nevertheless,
the 160 ps range allows for measuring samples even in applications where the distance
from the measurement head to the sample surface varies by as much as ∼20 mm (as long
as the Rayleigh length of the utilized optics is sufficient as well). This can be particularly
useful when measuring the thicknesses of multilayer foils or webs in production.
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Figure 2. (a) Representative waveforms acquired at 1.6 kHz. Black: Reference waveform. Red:
Normalized measurement waveform of a sample with three layers (shifted vertically and horizontally
for clarity). To the eye, the sample waveform does not reveal any individual echos, which points
towards the subwavelength nature of the applied layers. (b) Dynamic range of the measurement
system at 1.6 kHz measurement rate. A “single-shot” measurement (625 µs acquisition time) attains a
peak dynamic range of 40 dB and a bandwidth above 3 THz. The absorption lines caused by water
vapor in the ambient air are symmetric, indicating a good linearity of the delay axis provided by
the system.

The single-shot dynamic range of the ECOPS system is shown in Figure 2b. The peak
dynamic range of 40 dB is measured at a frequency of about 1 THz. The useable bandwidth
exceeds 3 THz. These values, obtained at the full measurement rate of 1.6 kHz, are sufficient
for evaluating multilayer structures [22]. The symmetry of the water vapor absorption lines
points towards the good linearity of the time axis that the ECOPS system provides. TDS
systems with nonlinear time axis errors typically exhibit an amplitude overshoot at the
edges of absorption lines [23], which is not the case with the system presented.

3.2. Layer Thickness Measurements with Stationary Sample and Stationary Head

To demonstrate the stability of the measurement results, we recorded data at 1.6 kHz
measurement rate with both the sample at rest and a stationary measurement head. Results
for the metallic disk with three layers and the non-metallic one with two layers are shown
in Figure 3a,e, respectively. Each plot comprises 1600 data points, equivalent to a sampling
time of 1 s. Figure 3b–d as well as Figure 3f,g show the corresponding histograms of the
layer thickness results. The bin width of the histograms is 0.2 µm. The standard deviations
of the individual layer thicknesses range from 0.2 µm to 0.54 µm. Hence, even at this
evaluation speed, the relative error remains well below 1% for all of the individual layers
investigated here.

3.3. Layer Thickness Measurements with Rotating Sample and Stationary Head

To demonstrate the repeatability of the layer thickness measurements, we present data
acquired with rotating samples but stationary reflection head (fixed radius). The results of
10 consecutive turns are shown in Figure 4. The thicknesses of all layers fall in the range
of about 30 µm to 100 µm. For each sample, the polar-coordinate plots of the thickness
readings overlap perfectly, which illustrates the excellent repeatability of both the raw
data and the evaluation results. In the plot of the metallic substrate disk (see Figure 4a),
the slit of the disk, used for consistency checks of the image reconstruction, is seen at an
angle of about 10 degrees. At an angle of 205 degrees, some deviating measurement results
appear for the filler and basecoat, where the first one exhibits larger values around 110 µm
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and the latter one shows lower values around 30 µm. The pattern of the mask imprint
is seen in the lowest layer of each sample, i.e., in the thickness of the filler in the case of
the metallic substrate, and in the thickness of the base coat on the non-metallic substrate,
the latter exhibiting a more pronounced and uniform thickness contrast (see Figure 4b).
This is attributed to the improved hand-spraying skills that the experimentalist developed
during the project.
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Figure 3. Stability measurements with resting sample and stationary head. (a,e) Individual layer
thicknesses of the three-layer system on metal and of the two-layer system on the non-metallic disc,
respectively. 1600 measurements are acquired within 1 s. Histograms of the results are shown in
(b–d,f,g), respectively, and show standard deviations well below 1%. The bin size of the histograms
is 0.2 µm.
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Figure 4. (a) Layer thickness results of 10 consecutive turns of the metallic disk, coated with three
layers. The radial position of the reflection head remains fixed. Green, blue and red colors represent
the thickness of the filler, base coat and clear coat, respectively. (b) Corresponding measurement of
the two-layer system on the non-metallic substrate. Both plots demonstrate the good repeatability of
the measurement. The mask imprint is more prominent and uniform on the non-metallic sample.

3.4. Layer Thickness Imaging

Combining the rotation of the sample with a linear translation of the measurement
head as described above, we obtained terahertz images of the disk, where each pixel
encodes the multilayer thickness information of its location. In the images presented
in this and the following section, we use the individual layer thicknesses as contrast
parameters. Figures 5 and 6 show false-color images of the metallic disk and non-metallic
disk, respectively. As expected, the structure of the mask applied to the lowest layer
is mainly visible in the thickness image of exactly this layer. For the metallic substrate,
the values obtained for the different layers range from 20 µm to 120 µm. The uneven
distribution of values is a consequence of the hand-spraying process. The layers on the non-
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metallic substrate, prepared subsequently, appear more homogeneous altogether: Their
values range from 25 µm to 80 µm, and the mask imprint is much more uniform, as already
inferred from Figure 4b).
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with the imprinted mask. (b) Base coat layer thickness. (c) Layer thickness of the clear coat. The slit
in the metal disk serves for validation of the image reconstruction.
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Figure 6. Thickness imaging of two layers on a non-metallic substrate. (a) Base coat layer thickness
showing the imprinted mask. (b) Clear coat layer thickness.

3.5. Imaging of a Resolution Target

Finally, we investigated the spatial resolution of our imaging setup. Our test samples
are two identical metallic resolution targets that were placed on the coated non-metallic disk
and imaged with the same parameters as above. Each resolution target features laser-cut
patterns of different dimensions. The numbers next to the three-stripe cutouts specify the



Appl. Sci. 2022, 12, 4964 7 of 9

individual stripe width in millimeters. The smallest and largest stripes are 0.1 mm and
2 mm wide, respectively.

The peak-to-peak amplitude representation of the entire image is shown in Figure 7a.
The sample layout is depicted in Figure 7b. An enlarged section of the peak-to-peak
amplitude image can be seen in Figure 7c, where stripes down to 0.8 mm are still resolved
in the intensity image. Figure 7d–i comprise representations of the reflectivity at individual
frequency ranges from 0 to 3 THz, each range covering an interval of 0.5 THz width.
As expected, the resolution improves at higher frequencies, whilst the dynamic range
decreases concurrently. In Figure 7h,i, the 0.6 mm stripes are clearly seen and even the
0.4 mm stripes can be recognized.

The uniformity of the edges underlines the effectiveness of the encoder-based imaging
approach: Whilst we expected the rotation speed to not be perfectly stable, the rotation
encoder provides the correct position information as needed for the spatial assignment of
the image pixels.
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Figure 7. Images of metallic resolution patterns on the non-metallic substrate. (a) Peak-to-peak am-
plitude image of the non-metallic disk with two identical metallic resolution patterns. (b) Schematic
drawing of the resolution pattern. The number next to the three-stripe cutouts specifies the individual
stripe width in millimeters. (c) Enlarged section of (a). (d–i) Reflectivity at frequency ranges from
0–3 THz, in intervals of 0.5 THz width.

4. Discussion

The presented approach combines extremely fast terahertz imaging with quantitative
measurements of layer thicknesses. A total of 240,000 pixels in total were acquired in only
2.5 min. The success of this technique is based on three different contributions: (i) the
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terahertz measurement system itself, where the ECOPS concept outperforms classical TDS
systems by a factor of ∼100 in terms of acquisition speed; (ii) optimized retrieval algorithms
that are able to analyze three-layer structures on time scales below 1 ms; and (iii) the spiral
imaging trajectory. In contrast to standard raster-scan techniques, the spiral movement
avoids any dead-times of the stages and hence leads to an optimized duty cycle of the
measurement. The interplay of these three aspects results in a measurement rate of 1.6 kHz,
which-to the best of our knowledge-represents the fastest real-time multilayer thickness
measurement achieved with terahertz technologies thus far.

To test the performance of the system and in particular, the consistency and repeatabil-
ity of the results, we ran tests on a static sample and obtained standard deviations below
0.6 µm. For the layer thicknesses used here, this corresponds to a relative uncertainty of
less than 1%.

We note that the data analysis algorithms work for coatings on both metallic and
non-metallic substrates. Using hand-sprayed samples for our proof-of-principle study,
we obtain thickness values in the range of 20 to 120 µm. We show that a mask pattern
imprinted in a certain layer becomes apparent in the layer thickness plot of exactly that layer.
The spatial resolution of the images presented here is given by the number of increments of
the utilized rotation encoder (2000 per turn). It is slightly lower than 0.5 mm at the outer
circumference of our samples, and improves with decreasing radius. Consistently, in the
terahertz images obtained with standard resolution patterns, structures down to ∼0.4 mm
are resolved once suitable frequency filters are applied to the “raw” intensity images.

In future implementations, a varying rotation speed and/or linear translation of
the measurement head could improve the measurement time further, while keeping the
resolution constant across the sample surface.

In a prospective application scenario, the measurement head itself could be equipped
with a position encoder, a concept already realized in frequency-modulated continuous-
wave (FMCW) terahertz imaging systems [24]. Such a setup might operate either as
a handheld thickness gauge, or could even be mounted on a robotic arm [25]. Owing
to its unmatched measurement speed, a “quantitative-imaging” system could become
an invaluable aid in assessing the quality of paint layers in automotive manufacturing,
or vice versa, the efficiency of a paint removal process that might become mandatory during
maintenance work on aircrafts and helicopters.

5. Conclusions

We have demonstrated a terahertz imaging system that is capable of analyzing sub-
wavelength layer thicknesses at kilohertz measurement rates, even in structures with two
or three coating layers. The imaging setup makes use of a spiral trajectory that combines
a rotating sample and a radially translated measurement head. In conjunction with an
ultrafast, ECOPS-driven terahertz TDS system and optimized data analysis algorithms,
we recorded signals of 240,000 pixels in 2.5 min and analyzed them in real time. Our
work presents a step towards quantitative terahertz imaging, which we believe will find
application in the inline quality control of coating and de-coating processes.
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