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Abstract: Offset lithographic printed flexible antenna substrate boards and electrodes have attracted
much attention recently due to the boost of flexible electronics. Unmanned quality inspection of
these printed substrate boards and electrodes demands high-speed, large-scale and nondestructive
methods, which is highly desired for manufacturing industries. The work here demonstrates two
kinds of millimeter (mm)-wave imaging technologies for the quality (surface uniformity and
functionality parameters) inspection of printed silver substrates and electrodes on paper and thin
polyethylene film, respectively. One technology is a mm-wave line scanner system and the other is
a terahertz-time domain spectroscopy-based charge-coupled device (CCD) imaging system. The
former shows the ability of detecting transmitted mm-wave amplitude signals only; its detection is
fast in a second time scale and the system shows great potential for the inspection of large-area
printed surface uniformity. The latter technology achieves high spatial resolution images of up to
hundreds of micrometers at the cost of increased inspection time, in a time scale of tens of seconds.
With the exception of absorption rate information, the latter technology offers additional phase
information, which can be used to work out 2D permittivity distribution. Moreover, its uniformity
is vital for the antenna performance. Additionally, the results demonstrate that compression rolling
treatment significantly improves the uniformity of printed silver surfaces and enhances the
substrate’s permittivity values.

Keywords: millimeter-wave measurement; flexible electronics; quality control; surface uniformity;
permittivity distribution

1. Introduction

In recent years, flexible and stretchable electronics based on modern printing technologies have
developed at an unprecedented rate and are involved in various applications, such as antennas for
wearable wireless communications [1,2] and bio-molecular monitors [3]. At the heart of this
technology trend, flexible substrate boards and electrodes are vital components for the design and
performance of such antennas. Offset lithographic printing is an established high-volume, high-
speed printing technique and it has been developed to pattern a wide range of conductive materials
on diverse substrates, such as flexible papers and polymers, to realize low-cost, large-area and
multifunctional electronic performances [4-8]. There is no doubt that this printing technology has
shown great potential in satisfying both printing speed and quality. However, there are still some

Electronics 2019, 8, x; doi: FOR PEER REVIEW www.mdpi.com/journal/electronics


mailto:b.yang@chester.ac.uk

Electronics 2019, 8, x FOR PEER REVIEW 20f 10

challenges that remain to be solved, including uneven printed surface due to fluidic instability and
side effects from post-treatment, such as the formation of unwanted dimensional structures [9,10]. It
is essential for manufacturers to track parameter variation of the substrate boards and electrodes such
as sheet resistance [11], dielectric permittivity [12,13], surface roughness [14], pin-hole defects [15]
and other parameters related to issues of uniformity [16]. However, traditional probe-based electrical
measurements, for example using eddy current probes [17], are time-consuming and inefficient, as
they are unable to match modern printing speeds. Conventional surface imaging techniques such as
atomic force microscopy (AFM), scanning electron microscopy (SEM) and optical microscopy are
expensive surface detection tools. Furthermore, they are good at screening small surface areas but
lack feasibility for large-scale quality inspection. Recently, millimeter (mm)-wave antenna near-field
scanning and terahertz (THz) time domain spectroscopy (TDS)-based characterization methods [18]
have been used to probe sintering temperature impact on offset lithographic printed antenna
substrate boards. THz-TDS was also implemented by Zhuldybina et al. to check the conductivity of
printed electronics by looking at the transmission of vortex phase plate made from V-shape antennas
[19]. Millimeter-waves, defined to span frequencies of 30 to 300 GHz (10 to 1 mm in wavelength),
affords remarkable natural advantages of electromagnetic waves, which are intrinsically safe, non-
ionizing and non-destructive, and are also sensitive to materials’ microstructural differences [20] and
surface properties [21,22]. Probing transmitted or reflected mm-wave radiation from offset
lithographic printed samples can create pinpoint images of large area surface evenness as well as
functionally related parameters such as loss and permittivity values. mm-wave and THz imaging
techniques have been developed for last 20 years [23]. Security check-out imaging systems at airports
is the most successful civil application in recent years [24], though the low-throughput imaging rate
still impedes its screening efficiency. To achieve quality inspection with a high speed, on a large scale
and with a high volume throughput in printing electronic industries, in this work, antenna line
scanning and THz time domain spectroscopy (TDS)-based charge-coupled device (CCD) imaging
systems are implemented to monitor the surface uniformity of the printed antenna substrate boards
and electrodes, as well as to quantify their functionality, particularly the permittivity and loss
properties for antenna design. This work demonstrates the great potential of mm-wave techniques in
screening the surface quality (uniformity and functionality) of printed flexible substrate boards and
electrodes with large-scale and time-efficient capabilities, which is a currently lacking and highly
desirable technology for high-yield printed electronic industries.

2. Materials and Methods

Commercial conductive silver ink was acquired from Thomas Swan and Co. Ltd. (Consett, UK)
and it offset lithographically printed by Manroland Sheetfed Offset Presses at Nano Products Co Ltd
(West Yorkshire, UK). Two kinds of substrates were used: Teslin style paper and thin polyethylene
film. Inspired by the work of Arapov et al. [25], in which rolling compression was used to improve
the conductivity of printed binder-based graphene inks, one of the printed silver samples on Teslin
style paper substrates was compressed by a mini roller mill at room temperature and the other was
not. Photographs of the samples are shown in Figures 1a,b; SEM images of the selected local small
area (Leo 1455VP instrument with SmartSEM software v05.03.06, Carl Zeiss AG, Oberkochen,
Germany) are shown in Figures 1c,d. From the SEM images, it can be seen that the rolling process
enhanced the local silver distribution and made the sample smoother than the non-compressed
sample.

For the sample printed on the THz thin transparent polyethylene film substrate, it included
different interdigital electrode patterns made by thin (363 um + 8 um width) silver lines and
polyethylene intervals (227 pum + 5 um width). A photograph and a magnified area are shown in
Figures 1le,f; the widths of the silver line and interval were determined by optical microscope (Leica
DM2700M, x10 magnification), as shown in Figure 1g. The thickness of all three samples were
measured in micrometers: the uncompressed silver Teslin substrate was 0.216 + 0.002 mm, the
compressed silver Teslin substrate was 0.198 + 0.002 mm and the silver polyethylene electrode was
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0.133 £ 0.001 mm. The thickness uncertainty was based on 10 measurements and the maximum 2 pm
thickness variation had negligible influence on the mm-wave signals.

363pumi8um

227pmi5um

Figure 1. (a) Photo of printed silver on a Teslin paper substrate without rolling compression
treatment; (b) photo of printed silver on a Teslin paper substrate with rolling treatment; (c) and (d)
are SEM images (5000Xx magnification) of the small sample areas in (a) and (b). (e) Photo of printed
silver interdigital pattern electrodes on thin polyethylene film where the blue frame outlines the resin-
based sample holder and the gold frame area is magnified and shown in (f); (g) a randomly selected
section of silver lines and polyethylene gap in (f) is further imaged by optical microscopy where the
black area presents the silver lines and the yellow-orange area is the polyethylene gaps.

Two mm-wave imaging systems were developed to check printing qualities. The first one is the
100 GHz 2D line scanner system, as shown in Figure 2, where the 100 GHz source is an IMPact
ionization Avalanche Transit-Time (IMPATT) diode and the detector is a GaAs HEMT (high electron
mobility transistor)-based line scanning array, supplied by Terasense Ltd. The samples under the test
are mounted on the side of a 1D slider and the line scanner array is located spatially orthogonally just
beneath the slider (less than 1 mm) in order to achieve a 2D near-field imaging system. The slider
speed in this work was set at 10 cm per second (the slider’'s maximum speed limitation), and the
samples were mounted on the resin frame as shown in Figure 1le.

Sample

7 100GHz
_ IMPATT Diode

N\

PTFE lenses Slider  Detector

Figure 2. (a) Photograph and (b) schematic plot of the 100 GHz line scanning imager.
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The second experimental system is the THz-TDS transmission-based CCD imager, the schematic
plot and photo of which are shown in Figure 3. The core part of the system is exactly that same as a
conventional THz-TDS system where the THz signal (from 200 GHz to 3 THz) is generated by an
illuminating pump femtosecond laser on ZnTe crystal caused by the light rectification effect and
another ZnTe crystal is used as the THz detector, coupling with the same femtosecond probe beam
by an electro-optic mechanism. Nevertheless, as an exceptional quasi-near-field imaging system [26],
the right side of the ZnTe detector crystal (3 mm thickness, 6 mm diameter circle) is coated with an
anti-reflection coating material to ensure that most of the probe light enters the crystal and then is
reflected back from the left side of its surface. The samples’ mm-wave and THz information is carried
by the polarization state of this reflected probe light and then captured by a CCD camera. Based on
Blanchard’s work on THz near-field microscopy [27], the spatial resolution can reach up to one 30th
of the wavelength if the sample is deposited on the detector crystal. Our printed samples were nearly
touching the ZnTe electro-optic crystal, with a gap of less than 100 pum.

a Pump beam Probe beam

creeee -
PP
L1
ZnTe
TH=z
A

PM Sample BS QWP L3 <D

Figure 3. (a) Schematic plot and (b) photo of the terahertz (THz) time domain spectroscopy (TDS)-

based charge-coupled device (CCD) imaging system: pump and probe beams come from a
femtosecond laser from Spectra Physics with a center wavelength of 800 nm, a pulse width of 100 fs
and a repetition rate of 1 kHz. L1-L3, lenses; PM, parabolic mirror; BS, beam splitter; PP, polarization
plate; QWP, quarter-wave plate; PBS, polarization beam splitter; CCD, charge-coupled device.

3. Results and Discussion

The images acquired from the 100 GHz line scanner are shown in Figure 4, where the 33 x 67
pixels cover the area of 5 cm x 10 cm. The GaAs HEMT array detector offers a single pixel of 1.5 mm
line width (half wavelength) in both X and Y directions, and the total scanning time is 1 second. The
data were calibrated against the empty system, i.e., transmission data between the 100 GHz IMPATT
source and detector arrays solely. The sample holder was made from resin, which is a low loss
material at mm-wave frequencies; therefore, a rectangular frame (in dark red color) image could be
identified with the exception of the area covered by the printed silver. Comparing Figure 4a with
Figure 4b, the sliver substrate sample with rolling treatment showed great uniformity (large uniform
blue area in Figure 4b) and the rolled silver surface strongly blocked the mm-wave signal; however,
the sample without rolling treatment showed many transmitted patches where the mm-wave signals
could still propagate through. The results indicate that the rolling treatment significantly improved
the uniformity of the printed silver, which can enhance its performance as an antenna substrate. The
results agree with the SEM outcomes, as shown in Figures 1c,d. Furthermore, they present a large
screening area in a second time scale, which is far more efficient than SEM.
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The third sample is based on a thin polyethylene film substrate that includes many interdigital
electrode patterns made from thin silver lines (as shown in Figure 1e). This was difficult to image
clearly by the line detector with its 1.5 mm spatial resolution limitation. The result in Figure 4c shows
some blue color patch areas where highly dense sliver interdigital electrodes strongly blocked and
diffracted the mm-wave signals, but the areas with polyethylene film allowed plenty of mm-wave
signals to propagate through. As the line scanner system only detects the transmitted amplitude, it is
highly advanced in scanning large areas and offers excellent time efficiency.

250

X (mm) X (mm)

Figure 4. Images of transmitted amplitude information acquired from the mm-wave line scanner
imager at 100 GHz: (a) printed silver ink on a Teslin paper substrate without rolling compression
treatment after printing; (b) printed silver ink on Teslin paper substrate with rolling compression
treatment after printing; (c) printed silver interdigital electrode ink on a thin polyethylene film
substrate. The hot red color indicates higher amplitude mm-wave signals transmitted through the
samples and the dark blue denotes lower amplitude signals transmitted through the samples.

The THz-TDS-based CCD imaging system can detect both amplitude and phase information due
to its unique coherent detection mechanism. However, its scanning area is limited by the size of the
ZnTe detector crystal, as it is used to acquire the wave front information of the THz electric field. In
our experiments, the inspection area was equal to the crystal size, i.e,, a 6 mm diameter circle area.
For the sample printed on the paper, a small scanning area was selected, while for the interdigital
silver electrode sample, the selected scanning area was photographed as shown in Figure 1f. The
acquired mm-wave absorption rate and phase images at 200 GHz are presented in Figure 5, which
are shown against the background reference signals, i.e., without printed ink samples in the system.
For the compressed paper substrate, the local uniformity was improved. This can be observed from
many larger patch-like imaging areas (Figures 5¢,d) as well as the increased absorption rate due to
the improved surface silver evenness after rolling treatment. Benefiting from quasi-near-field
imaging set-up, the CCD-based THz imaging method is able to supply sub-wavelength imaging
resolution [26] and the 363 um wide silver lines can be observed in their mm-wave images as shown
in Figures 5e,f, although some diffractions still exist. Comparing the results with those of the line
scanner system, the THz-TDS-based CCD imaging system is able to supply additional information of
the samples, i.e., the 2D permittivity (¢) distribution of the total effect of printed silver substrates and
electrodes. This can be calculated by ¢ = nZ — kZ, where n; and kg are the real and imaginary parts
of the refractive index of the samples. n; and kg can be calculated from the acquired amplitude
E(w) and phase ¢(w) by using Equations (1) and (2) [28,29]

n(@) = 1+ — () M
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where E(w) is the ratio of the received samples” amplitude against the background CCD imaging
amplitude and ¢(w) is the phase difference between the samples and the background. w is the
angular frequency, c is the speed of light in free space and [ the thickness of the samples. The
calculated permittivities are shown in Figure 6 and some consistent conclusions are drawn as well —
the rolling treatment significantly enhanced local permittivity values; the area with and without thin
silver interdigital electrodes showed clear contrast in permittivity values.

For the THz-TDS CCD-based imaging system, there is a balance between the measurement
speed and the achieved dynamic range of the system for the CCD-based imaging system. The THz
time domain signal is scanned by adjusting the optical path difference between the optical path of
the pump beam and the probe beam. Thus, it only takes a few tens of seconds to complete high-
quality spectroscopy. Compared with the conventional point-by-point 2D raster scanning system,
which needs hours to achieve half wavelength spatial resolution, the CCD-based quasi-near-field
imaging system has great time efficiency and spatial resolution. According to our measurements, it
takes less than 30 seconds to complete one THz-TDS spectroscopy process; from there the
transformed images cover a 6 mm diameter circle area. However, the CCD-based detection system
has one technical issue, i.e., poor signal to noise ratio. As the main areas of the samples are covered
by conductive silver, the poor signal to noise ratio will significantly destruct the imaging quality,
waste the useful wide band THz spectra and cut the validated transmitted signal down to 500 GHz.
In this work, the images at 200 GHz were used only to compare the results from the line scanner
system and the 363 um wide sliver lines can be roughly observed at 200 GHz. Certainly, operating
multiple scans could significantly increase the signal to noise ratio, which could make the system
dynamic range highly competitive in detecting the transmission of printed thin conductive metal
samples, albeit with the cost of a longer inspection time. The detailed comparison between these two
near-field imaging systems is listed in Table 1.
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Figure 5. THz-TDS-based CCD imaging results at 200 GHz: (a,b) printed silver on a Teslin paper
substrate without rolling treatment; (c,d): printed silver on a Teslin paper substrate with rolling
treatment; (e,f) printed silver ink electrodes on a thin polyethylene film substrate. The left plots are
the absorption rate (cm™) and the right plots are the phase angle (mr, —m).

70

Y (mm)

Y (mm)




Electronics 2019, 8, x FOR PEER REVIEW

8 of 10

Figure 6. Calculated permittivity of the three samples at 200 GHz: (a) printed silver on a Teslin paper

substrate without rolling treatment; (b) printed silver on a Teslin paper substrate with rolling

treatment; (c) printed silver ink interdigital electrodes on a thin polyethylene film substrate.

Table 1. Comparison of the two near-field scanning systems: the line scanner imager vs. the THz-TDS

CCD imager.
Line Scanner Imager THz-TDS CCD Imager
256 x 1 pixels without moving slider Dependent on the surface area of
Number of (in this work, 33 x 67 pixels with movin the ZnTe detector crystal and
Pixels ! . P & CCD camera (187 x 187 pixels in
slider) .
this work)
Pixel size 1.5 x 1.5 mm 32 x 32 um

Imaging area

384 mm in width; length can be infinite
with moving slider

Dependent on the area of the
ZnTe detector crystal

Dimension of

Source: 12 x7 x 7 cm

Bulk optical system

the system Detector: 45.2 x 17.5 x 4.5 cm
D
etect_o i 1.5 x 1.5 mm? 32 x 32 um?(CCD camera)
resolution
Operating 100 GHz 200 GHz-3 THz
frequency
Acquisition rate 1 second <30 seconds
Interface Python and Matlab Labview and Matlab
High d; high th hput and 1
' s-pee ’ _1g roughput anc. arge High spatial resolution; medium
area inspection; compact system that . .
Advantages ) . . speed; acquires both amplitude
conveniently integrates with . :
o and phase information
manufacturing line
Limited to mm-wave spatial resolution; Bulk system; screening area is
Disadvantages only amplitude information-based limited by the size of the detector

screening and lack of phase information

crystal

4. Conclusions

In this study, two quality inspection systems, i.e., a mm-wave IMPATT-HEMT array-based line
scanner system and a THz-TDS-based CCD imager, were implemented to inspect the quality (surface
uniformity and functionality) of printed antenna substrate boards and electrodes. Both systems
showed efficiency in reflecting the contrasted information due to printed surface unevenness. The
mm-wave line scanner is capable of large-area and high-throughput inspection by capturing
transmitted amplitude signals only, while the THz-TDS-based transmission CCD method showed
high spatial resolution up to hundreds of micrometers, albeit at the cost of a longer inspection time.
The TDS-based method is able to offer an additional electromagnetic parameter, 2D permittivity
distribution, which is an important parameter for high-frequency antenna design. The work
presented here on inspecting the impact of rolling treatment drew interesting conclusions;
specifically, it was found that compression treatment can significantly improve the local uniformity
of the printed surface as well as enhance the effective permittivity of the whole substrate boards. The
two mm-wave systems have great potential for applications in high-speed and large-scale quality
inspection in printing electronics manufacture industries.
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