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Abstract

The quality of coatings in industrial applications and scientific research with thicknesses in
the micrometer range is an important criterion for quality management. Therefore, thickness
determination devices are of high interest. Terahertz time-domain spectroscopy systems have
demonstrated the capability to address thickness determination of dielectric single- and
multilayer coatings on different substrates. However, due to the large range of different
samples, there are different performance requirements to ensure a high-quality determination
result. In this paper, we investigate the influence of system parameters—bandwidth and
dynamic range—on thickness determination performance for a single-layer coating on metal
substrates with thicknesses from 0.5 to 100 pm, based on measurements and numerical
calculations within dynamic ranges from 10 to 90 dB and bandwidths from 1.5 to 10 THz.

Keywords Terahertztime-domain spectroscopy - Thin films - Thickness determination - Industrial -
Application

1 Introduction

The measurement of layer thicknesses is an important step in the quality management process

in many different industrial fields. Thereby, the product spectrum ranges from multilayered
foils with thicknesses of about 1 pm per layer, over automotive coatings from few micrometers
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to several tens of micrometers to five layer plastic tubes with a thickness of several hundreds of
micrometers.

Recently, terahertz time-domain spectroscopy (TDS) approaches have proven to be a
promising new technology to address the demand of contactless thickness measurement
devices [1-7]. Due to the large range of different applications for thickness determination
with TDS systems, different requirements have to be fulfilled. Besides the handling of
environmental influences, temperature, humidity stability, and vibration influences [8, 9], the
principle performance of the measurement device is a crucial factor: “Which performance -
bandwidth and dynamic range - is necessary to reproducibly determine the properties of the
samples of interest?” Often, there is a trade-off between these characteristics and measurement
speed. Therefore, the knowledge of the necessary performance is helpful to optimize the
measurement process.

In this paper, we experimentally and numerically investigate the influence of bandwidth (BW)
and dynamic range (DR) on the thickness determination performance of single-layer coatings on a
metal substrate. Therefore, we vary the performance of the used TDS system in BW from 1.5 to
4.5 THz and in maximum DR from 22 to 63 dB to measure different thicknesses of a typical
automotive basecoat. With numerical calculations, the measured results are confirmed; therefore,
the developed numerical approach based on the Drude model can be used too.

2 Terahertz Time-Domain Spectroscopy and Layer Thickness
Determination

For thickness determination of thin layers in the terahertz frequency range, a pulsed terahertz
radiation, usually generated with photoconductive switches, is used. In the left part of Fig. 1,
the TDS approach is schematically depicted. Femtosecond laser pulses, generated by a laser
source, are split via a beam splitter and guided to a terahertz emitter and detector, respectively.
In order to implement the pump-probe concept of a TDS system, a delay line with a fast
shaking mirror is used to vary a temporal delay between the laser pulse to the emitter and
detector. As emitter and detector antennas, GaAs-based photoconductive switches are used
[10]. A more detailed explanation can be found in [11].

The generation of a terahertz pulse using a photoconductive switch can theoretically be
described by the Drude model. From Maxwell’s equations, the emitted electromagnetic field
Ery, depends on the change of the current density J: Ety, « 6.J/0t with J = env, where e is the
elementary charge, 7 is the charge carrier density, and v the speed of charge carriers. Therefore,
0J/0t can be written as follows:

—=ev—+en—. (1)

The temporal change of the charge carrier density is described by [12]:

dn(t) n n
& = T O= T e (=/6F), @)

with G«/ being the carrier generation rate proportional to the laser intensity /, ot being the laser
pulse duration, and 7, being the carrier trapping time. With Eq. (2), the electromagnetic field
can be formulated as follows:
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Fig. 1 Terahertz TDS setup with a femtosecond laser pulse source and semiconductor photoconductive switches
as emitter and detector. With a delay line in one arm, the pump-probe concept is realized. Defined by the Fresnel
equations, the emitted terahertz pulse is partly reflected and transmitted at the first interface between air and
dielectric layer. At the back side, between layer and metal substrate, the pulse is completely reflected which is
also covered by Fresnel equations predict the behavior for other samples and performances. With the numerical
calculations, we cover a thickness range from 0.5 to 100 pm over a large range of available BW (1.5 THz to
10 THz) and maximum dynamic ranges (10 dB to 90 dB).

ETHZ«%—{:eV%—i—en%zeV%:—%—f— G. (3)
It is worth noting that the radiation emitted by the acceleration of the carriers is negligible
compared to the effect the change in density has, and hence is not discussed in further detail
[12]. In Fig. 2, the formalism for describing the terahertz pulse generation is illustrated. The
carrier density (red) increases while the laser pulse G(#)(blue) illuminates the semiconductor
and decays afterwards. The carrier density 7(?) is temporally delayed to the laser pulse with the
maximum at the zero-crossing point of the field E(¢) (green).

Thickness determination With the generated terahertz pulses, the layer thickness determina-
tion can be performed, illustrated in the right part of Fig. 1. In general, terahertz radiation is
reflected by conductive materials, e.g., metal- or carbon-reinforced plastic, but penetrates

Fig. 2 The intensity of the laser
pulse G(7)(blue), the resulting
carrier density n(f)(red), and the
emitted terahertz pulse E(¢) (green)
are shown. The density reaches its
maximum when carrier trapping
matchs the generation rate
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dielectric materials, e.g., paint, plastic, and ceramic. Defined by the Fresnel equation, the
reflectance R, which defines the ratio between incident and reflected intensity 7.(¢) = R. I(t) with

0<R<1, can be calculated from the amplitude reflection coefficient R = rﬁ, with the

coefficient under perpendicular incidence:

7‘1,2 = . (4)

Ny =M1, + ik 5 are the complex refractive indices of the involved layers. Furthermore, the
transmitted part of the wave with wavelength )\, is damped with

E(d) = Epexp (— Zi’zd) . ()

Depending on the optical thickness of the layer of interest dy = 7 X dipecn, @ temporal delay or, in
other words, a phase shift is induced. Measuring the completely reflected waveform, the thickness
of the layer can be calculated with knowledge of the temporal delay Az and the refractive index of
the layer. For thin layers with optical thicknesses of dy, < 150 wm, the pulses from the front and
back interface are not temporally separable anymore. However, in order to determine the
thicknesses of thin, single, as well as multilayer samples, a transfer-matrix model-based algorithm
can be used to extract the thickness information from the measured waveform [5, 13]. In [14], an
optimized transfer-matrix model, Rouard-based approach, is described for thickness determina-
tion of up to four layers on different substrates. With the Rouard model, the influence of a layered
sample on an incoming terahertz pulse can be iteratively calculated. This resulting pulse is
compared with the measured one, and by varying the input thicknesses, the best match between
calculated and measured pulse can be found; hence, the thickness of all layers can be determined.
In order to find the best parameter set for fitting the calculated pulse to the measured pulse, i.e.,
finding the global minimum in the parameter space, different optimization approaches, e.g.,
stratified dispersive model, analytically solving the transfer-matrix equations for a certain number
of layers or different evolutionary algorithms can be used [13, 15, 16].

Bandwidth—dynamic range-signal-to-noise ratio The performance of a terahertz TDS
system is defined by the achievable BW, the DR, and the signal-to-noise ratio (SNR) mainly
described by the maximum values, respectively. The DR and SNR can be defined in the time
and frequency domain as in [17]:

SNR = Mean magni.tuo.le of amplit.ude ()
standard  deviation of amplitude

and

DR — maximum magnitude of amplitude

rmsof noise floor ™
In Fig. 3 (left), the normalized spectral amplitudes of 100-THz pulses, measured with an
integration time of 1 s, are shown. Due to cross-talk between emitter and detector, the noise
level is typically frequency-dependent. Therefore, it is not sufficient to take the noise level at
high frequencies to calculate the dynamic range. However, in the case of a systematic cross-
talk, this background can be easily subtracted from the signal measurement for a certain delay
line position; therefore, it does not influence the DR.
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Fig. 3 (left) Spectral amplitude of 100 pulses, measured with a measurement time of 1 s at an uncoated metal
plate. The frequency-dependent noise amplitude (black) is measured without a sample. The maximum dynamic
range is defined as the difference between noise level (red) and signal amplitude. (right) Zoomed spectra to
illustrate the SNR of a terahertz TDS system

The BW of a measured terahertz pulse is defined as the frequency, where the signal
amplitude is not distinguishable from the noise amplitude anymore. In the presented measure-
ments, the bandwidth is 4.5 THz with a maximum dynamic range of DR = 61:8 dB, calculated
in the frequency domain.

Both parameters can be calculated with only one reference (metal sample) and one noise
(without sample) measurement. For SNR, multiple reference measurements have to be done to
obtain the mean and standard deviation of the magnitude of amplitude. In Fig. 3 (right), the
varying amplitude of 100 measurements between 3.2 and 3.5 THz is illustrated. For a
measurement time of 1 s, the maximum SNR of the used device is SNR =65:1 dB. For
thickness determination, these three parameters directly influence the determination perfor-
mance, described by accuracy, reproducibility, and thickness range. In order to assess these
performance values, the standard deviation and for thinner layers an acceptance range is
introduced. Both parameters are well-suited to describe the accuracy and reproducibility of
the determination performance. The thickness range is given by an application defined
threshold for the achieved standard deviation and acceptance range values.

In the following sections, the influence of these parameters on the thickness determination
of a single-layer coating is investigated experimentally and numerically.
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Fig. 4 Standard deviation for 22 combinations of bandwidth and dynamic range. For each sample, the standard
deviation increases with lower bandwidth and dynamic range. The thinner the layer the higher the standard
deviation for each performance combination
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3 Measurement Setup and Results

In order to experimentally investigate the influence of dynamic range and bandwidth, three
different single-layer samples on polished metal substrates with the same coating but different
thicknesses are measured with a fiber-coupled terahertz TDS system. The photoconductive
emitter and detector are placed in a measurement head with reflection geometry, connected
with the supply unit via 5-m optical and electrical cables. The detector signal is amplified by an
amplifier with a noise current of 1354 /+/Hz and a linearity of < 1%. The amplifier is one of
the most important noise sources in a TDS system.

With this device, we achieve a maximum dynamic range of 63 dB and a bandwidth of
4.5 THz with an integration time of 2 s. In order to cover a large range of performance values,
different adjusting screws are available: reducing the integration time down to 25 ms,
misaligning the working distance between measurement head and samples of about 1 mm,
and increasing the laser pulse duration using different fiber lengths to induce dispersion effects.
With these adjusting screws, we are able to vary the performance to 22 different BW-DR
configurations. By varying these parameters, the bandwidth as well as the DNR, are influenced
simultaneously. It is worth noting that the spectral shape is slightly influenced by varying the
fiber lengths and the working distance. However, within the 22 combinations, there are no
crucial dips in the spectra and this effect can be neglected.

The metal substrates are painted with a single-layer automotive coating with a homoge-
neous complex refractive index of n=1.620+i. 0.030 and thicknesses of d =61 um, d=
31 pm, and d=19 um, respectively. For calculating the thicknesses of the coatings, the
algorithm, described in section 2 with a time consumption of less than 1 ms per measurement,
is used. For each configuration and sample, 1000 measurements are done to calculate the
standard deviation of the thickness results. It is worth noting that the standard deviation of the
thickness calculation algorithm is more than two orders of magnitude smaller than the standard
deviation for multiple measurements with the best performance.

The standard deviations of 1000 thickness measurements for the 22 combinations are
shown in Fig. 4. For all samples, the standard deviation increases with lower BW and DR.
However, the influence is larger for thinner layers: for a BW of only 2 THz with a DR of
20.8 dB, the standard deviation is only 0.5 um for the thick layer with a thickness of 61 pm,
but more than 1.2 um for the 19-pum sample.

For these measurement data, only the DR and the available BW is analyzed. The SNR
is, as well as the DR, mainly affected by the white noise and signal amplitude. A change
of the SNR without changing the DR is only possible for a frequency-dependent emitter-
noise—limited TDS system, e.g., fluctuations in the laser power to the emitter module or
coupling fluctuations in the delay line. In this case, it would be possible to change the
signal amplitude and in the same way the noise amplitude to obtain the same DR but a
different SNR. For all other influences—frequency-independent emitter fluctuations or
not emitter-noise limited systems—both parameters, SNR and DR, are influenced in the
same way. However, in general, TDS systems are typically detector-noise—limited de-
vices; therefore, the DR and SNR cannot be independently manipulated. For maximum
DR between 10 and 90 dB, the maximum SNR is about 2.5 dB higher than the maximum
DR, confirmed by measurements and calculations. Hence, the DR is used as evaluation
criterion to cover both DR and SNR effects.

In order to investigate the influence of BW and DR in more detail, many samples and
combinations have to be prepared and measured. To overcome this effort, we numerically
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reproduced the emitting characteristic of the emitter for different settings and calculated the
layer influence on the terahertz pulses.

4 Numerically Calculated Results

Due to the limited parameter range in the presented experiments to investigate the influence of
system performance on thickness determination, numerical calculations are a helpful tool to
reduce the effort for large-scale studies. Based on the model, described in section 2, the
characteristics of a terahertz TDS system can be numerically reproduced.

In order to evaluate the quality of the numerically calculations, the same BW and DR
combinations were calculated. Then, 1000 different noisy pulses per combination are applied
on the three samples with identical material parameters and thicknesses, and the standard
deviations of the resulting thicknesses are compared with the measured results.

Figure 5 shows the calculated spectral characteristics after each step in the calculation
process. First, an ideal terahertz pulse, based on Drude model, is calculated (blue). Then, the
water absorption, as found in the HITRAN database [18] (red) and white noise (green) is
added. This results in a realistic terahertz spectrum, which is comparable to a real spectrum.
Here, the noise level is assumed as frequency-independent, in contrast to Fig. 3.

Based on Eq. (3), the emitted electric field depends mainly on the laser pulse duration 6t
and the trapping time of the carriers Jf as well as additional white noise:

ETHz = *Ti =+ no.exp(*tz/étz). (8)

With these parameters, the DR (influenced by the noise level) and the BW (influenced by the
laser pulse duration) can be adjusted. Using the presented calculation model, the measurements
can be numerically reproduced, as depicted in Fig. 6.

For each sample, the calculated results are in good agreement with the measured data: the
standard deviation due to varying BW and DR shows the same behavior. The deviation
increases with lower BW and DR, and the effect is stronger for thinner layers. Only for the
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Fig. 6 Numerically, there is a calculated influence of varying BW and DR on thickness determination. The
calculated standard deviations agree well with the measured data and show the same behavior for all samples

19-um sample, the calculated values for the lowest bandwidth show a smaller deviation as the
measured data.

The comparison confirms that the developed numerical tool is able to reproduce the
measurement with real sample interaction. Therefore, we used the tool to investigate this
behavior in more detail.

To do that, we calculated 17 different maximum DR values, from 10 to 90 dB and 18 BW
values from 1.5 to 10 THz, which results in 306 combinations. For each combination, 32
different thicknesses of a coating with #n =2.000+1.0.000 are used to cover a wide thickness
range from 0.5 to 100 um. Therefore, N =306.32.1000 = 9.8 million pulses are calculated and
analyzed. Furthermore, to investigate the influence of different refractive indices (real and
imaginary part), four different coatings are calculated. In total, 40 million pulses are used to
provide sufficient statistic results with a wide range of combinations. In order to illustrate the
range of investigated BW and DR values, Fig. 7 shows the time-domain (left) and frequency-
domain signal (right) with the best (10 THz with 90 dB) and worst (1.5 THz with 10 dB)
performance.

As an example, the results for d = 100 um, d =50 um, d =10 um, and d =5 pum are depicted
as 2D plots in Fig. 8 (left). The calculation with higher resolution in BW and DR shows
qualitatively the same behavior as the measured data before. The error increases with thinner
samples and lower performance.

1.0¢
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Fig. 7 For the calculation, the bandwidth is varied from 1.5 to 10 THz and the maximum dynamic range from 10
to 90 dB. The red lines show the highest performance and the blue lines the lowest performance in time domain
(left) and frequency domain (right)
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Fig. 8 (left) Normalized acceptance range of + 0.5 pm for four different samples: the thinner the layer the higher
the error for a given performance. (right) Thickness dependent relative acceptance range of 1% for different
bandwidths with a maximum dynamic range of 40 dB. The “cut-off thickness” decreases with larger bandwidth

In particular, for thin layers (less than about 10 wm), the standard deviation is not a valid
evaluation criterion anymore. In case of decreasing performance, the thickness results show
lower deviations as results calculated with better performances, due to a strong accumulation at
others, and therefore wrong thickness results. Hence, for further investigations, a normalized
acceptance range is used to evaluate the results in order to take into account real thickness
values. In Fig. 8 (left), an absolute acceptance range of 0.5 wm is used as validation criterion: 1
means no thickness result is within the range and 0 means all results are within the range.

In order to evaluate which performance is necessary to address a certain thickness range
with a desired deviation, the presentation in Fig. 8 (right) is more suitable. The acceptance
range depending on the thickness is depicted for three different bandwidths with a maximum
dynamic range of 40 dB. With this, it is possible to define a bandwidth-dependent “cut-off
thickness,” where the error changes from high to low level.

It is worth noting that to cover the large thickness range from 0.5 to 100 pum, a relative
acceptance range is a more suitable criterion, because already for 5-um thick layers, an

100 T T T T T 120 r -
e DR=15dB * BW=15THz
s DR=25dB s BW=30THz
_E_‘_ 80| e DR=30dB] g_ 100 * BW=55THz|
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@a » DR=90dB 2 aol * BW=10THz |
@ @
c 60r c
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= £ I
= 40r &=
Q @ 40¢
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20+ 20l
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Bandwidth / THz Max. dynamic range / dB

Fig. 9 (left) Bandwidth-dependent cut-off thickness for different maximum DR. For low bandwidths, the
decrease of the thicknesses is clearly visible. However, for higher bandwidths, there is saturation effect. This
behavior is also visible for the DR-dependent cut-off thicknesses (right)
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Fig. 10 (top) Cut-off thickness heat map for a single-layered sample. The cut-off thickness increases with
decreasing bandwidth and dynamic range. (bottom) Results for two other coatings with the same behavior

absolute range of 0.5 um means a relative error of 10%. Therefore, a normalized relative
acceptance range of 1% will be used for the further discussions.

The cut-off thickness d, fitted with a Gumbel-function f(x) = 1—exp (—esp (%"l““‘) ), is
calculated for all BW-DR combinations for a single-layered sample with n =2.000+i1.0.000 to
obtain the BW- and DR-dependent cut-off thickness, depicted in Fig. 9. The cut-off thickness
shows an exponential decrease for both parameters with a saturation effect for high bandwidths
and dynamic ranges at about 4 pm, respectively, using a relative acceptance range of 1%, which
means an absolute range of + 40 nm. The corresponding 2D heat map for the cut-off thickness is
shown in Fig. 10 (top). For low maximum dynamic ranges of less than 20 dB and bandwidths of
less than 3 THz, the cut-off thickness is about 50 pm, and therefore not sufficient for automotive
coating thickness determination applications. For typical automotive coatings with thicknesses
between 8 and 45 um, a BW of more than 3 THz with a maximum dynamic range of more than
55 dB is necessary. However, also a combination of 4 THz BW and only 35 dB DR can be used
to obtain a cut-off thickness of about 8 um. For thinner layers, less than 5 um, a BW of more
than 6.5 THz is necessary to achieve a deviation of less than 50 nm.

The calculated cut-off thicknesses for other layers show the same behavior. In Fig. 10
(bottom), the cut-off thicknesses for n = 1.5+1.0 (left) and n = 3.0+i.0 (right) is shown. There
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are no significant differences to the layer with n =2.0+i1.0. For higher imaginary parts of the
refractive index, the thickness deviation increases with thicker layers, due to the high absorp-
tion, and therefore a weaker signal from the backside of the coating (not shown). In particular,
for higher BW, the cut-off thickness increases with higher DR (dark blue area). This effect can
be explained with other, not covered effects, which plays a more important role for thin layers.
In general, the terahertz waveform is spline-interpolated for calculating the thicknesses.
However, a spline interpolation adds noise and slightly deforms the measured signal. To
overcome this influence, zero padding can help to reduce the noise level and to optimize the
calculation quality. The investigation of the influences of different interpolation methods is
part of future studies.

5 Conclusions

We experimentally and numerically investigated the influence of BW, DR, and SNR on the
thickness determination performance of a single-layer coating on a metallic substrate, based on
the terahertz TDS approach. In order to evaluate the thickness results, a normalized absolute and
relative acceptance range is used as criterion to generate a meaningful statement over a large
range of thicknesses. The measured data show an increasing number of errors with decreasing
bandwidths and dynamic ranges. These results are confirmed with high quality by numeric
calculations. Therefore, the developed numeric tool, using the Drude model and a Rouard-
based thickness determination method, is used to investigate the behavior in more detail by
calculating more than 40 Mio. terahertz pulses. As a result, a BW- and DR-dependent heat map
with the achievable cut-off thickness, as a look-up table, is generated for different single-layered
coatings. As an example, a BW of more than 3 THz in combination with a maximal DR of more
than 55 dB is necessary for a typical automotive coating. With the numeric tool, we are able to
predict the behavior of single as well as multilayer samples. To cover a larger range of effects,
other emitter-detector concepts, e.g., spintronic sources should also be investigated in the future.
In case of emitter-noise—limited terahertz devices, the signal-to-noise influence is not negligible
anymore, and therefore the investigation of this effect is of high interest.
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