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Abstract: Conductive nanomaterials are widely studied and used. The four-point probe method has
been widely used to measure nanomaterials’ sheet resistance, denoted as Rs. However, for materials
sensitive to contamination or physical damage, contactless measurement is highly recommended if
not required. Feasibility of Rs evaluation using a one-port rectangular waveguide working on the
microwave band in a contact-free mode is studied. Compared with existed waveguide methods,
the proposed method has three advantages: first, by introducing an air gap between the waveguide
flange and the sample surface, it is truly contactless; second, within the specified range of Rs,
the substrate’s effect may be neglected; third, it does not require a matched load and/or metallization
at the sample backside. Both theoretical derivation and simulation showed that the magnitude
of the reflection coefficient S1; decreased monotonously with increasing Rs. Through calibration,
a quantitative correlation of 511 and R; was established. Experimental results with various conductive
glasses showed that, for R; in the range of ~10 to 400 Ohm/sq, the estimation error of sheet resistance
was below ~20%. The potential effects of air gap size, sample size/location and measurement
uncertainty of S1; are discussed. The proposed method is particularly suitable for characterization of
conductive glass or related nanomaterials with R; in the range of tens or hundreds of Ohm/sq.

Keywords: microwave reflection; sheet resistance; noncontact; conductive glass

1. Introduction

With the development of functional materials, applications for conductive nanomaterials were
found in people’s daily lives, industry and scientific research. Specially, transparent conductive
materials attract much attention due to their wide range of applications such as touch screens [1],
displays [2], electromagnetic shielding [3], RE/microwave [4], glass heaters [5], solar cells [6], flexible
electronics [7], OLED [8] and so on. In both science and engineering, sheet resistance R is widely used
to characterize a nanofilm’s electrical conductivity, and it is usually measured using the four-point
probe method [9-12]. In this method, one major drawback is that good contact should be formed
between the probes and the sample under test. This requirement may increase measurement cost and
time, reduce efficiency and pollute or damage the nanomaterial under evaluation. Other contactless
methods such as the eddy current method [13,14] and microwave method [15-19] were proposed as
potential alternatives for sheet resistance evaluation.

Compared with the microwave method, the eddy current method is more widely accessible: one
may find several commercially available instruments based on the principle of eddy current. It has
been used in industry for decades. The microwave method usually works at a much higher frequency,
e.g., from hundreds of MHz to hundreds of GHz or even THz (the eddy current method usually works
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in the KHz or low MHz band). The proposed method would be particularly suitable if one wants to
study high-frequency conductivity.

There are two major categories for the sheet resistance measurement method based on microwave
technology: the resonant method [18,19] and the nonresonant method [16,17]. In the resonant method,
some kinds of resonant cavity can be used, such as a cylindrical resonator, dielectric resonator,
or quasi-optical resonator, and a frequency-sweeping test is usually conducted to obtain the resonator’s
quality factor. The publications of J. Krupka et al. are good references on this topic [20-23]. The sheet
resistance of a nanofilm may also be measured by the nonresonant method, namely the transmission
and/or reflection method. In this method, microwave transmission lines (such as waveguides or
coaxial lines) or antennas (free space method) are used to detect the transmitted and/or reflected
electromagnetic energy, which are quantitatively related to the sample’s sheet resistance.

Sheet resistance evaluation using waveguide has been proposed for decades, and it is still
a research interest in which progress is being made. In the beginning, samples were needed to cut into
specific dimensions to fill the waveguide cross-section [24,25]. Later, in the improved measurement
setup, the samples were placed outside of the waveguide, but they needed good contact with the flange
for easy parameter extraction [26-29]. Contactless measurement is possible by introducing an air gap
between the sample and the flange. However, the backside of the sample should be metallic [30,31],
or a matched load with a metal flange or dielectric flange is required [26].

In [16], a transmission method based on the dielectric waveguide was studied. However, it is more
suitable for a millimeter wave frequency band such as that above 100 GHz. In [17], the authors correlate
the transmission coefficient of the metallic waveguide to the metallic nanofilm’s sheet resistance.
Although the method can work at a low frequency such as ~10 GHz, the major drawback is that it
requires that the film should remain in good contact with waveguide flange. Otherwise, electromagnetic
leakage induced by a small air gap may make the transmission coefficient much higher than in the case
without leakage. Compared with the method described in [17], the proposed microwave reflection
method in this work has the advantages of a sheet resistance measurement range (that is particularly
suitable for transparent conductive materials), a simpler setup and a noncontact mode.

2. Materials and Methods

Several commercially available ITO conductive glasses were used as samples under test. All of the
samples were of square shape with sides that were 100 mm in length (in fact, measurement accuracy
of the proposed method may depend on the sample’s size relative to wavelength at the working
frequency). Most of the samples had a thickness of 1.1 mm. To observe the possible effect of the
substrate on the measurement results, samples with different thickness were also used. All of these
samples were measured using a standard four-point probe (RTS-8, Guangzhou 4probes Technology,
Inc., Guangzhou, China) and, for each sample, nine points in total were measured and averaged.
The detailed information regarding the samples is summarized in Table 1. One can see from the
four-point probe measurement results that most of the samples were quite uniform (sheet resistance
varied ~1% across the whole surface; see the relative deviation column). A schematic view and photo
of the measurement system used in this work are shown in Figure 1. A standard coaxial to waveguide
transition (XB-WA284, Xibao Electronic Technology Co. Ltd., Beijing, China) was used as a transceiver.
The waveguide was a standard WR284 waveguide with a standard flange. Microwave power was fed
into the waveguide through the N type coaxial connector and it radiated onto the material under test.
Depending on the sheet resistance of the nanomaterial, part of the microwave power will be reflected,
as it was here. A network analyzer (ZND, Rohde & Schwarz GmbH & Co. KG, Munich, Germany) was
used to measure the normalized reflection coefficient, namely S1; when transparent conductive glass
was placed on the waveguide flange. Before sample measurement, the network analyzer was calibrated
using a one-port reflected OSM routine to make the reference plane align with the coaxial connector of
transition. Other parameters for VNA setup were: start frequency fsw;r = 2.2 GHz, stop frequency
fstop = 4.5 GHz; the input power was set to 0 dBm; the IF bandwidth for all the measurements was
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adjusted to 10 kHz; the averaging factor was 10. To restore the integrity of the signals reflected by the
waveguide, the “Reduce Noise” option of the VNA was utilized.

Table 1. Sheet resistance (Rs) of ITO samples measured using the four-point probe method and the

microwave method.

Thickness of Averaged Sheet Standard Deviation Re.lat}ve 2 Sheet Resistance Relatn;e
Sample # Glass (mm) Resistance R. (Ohm/sq) Deviation R, (Ohm/sq) 3 Error
R; (Ohm/sq) ! s g (%) s ! (%)

1 1.1 2.841 0.029 1.02 4.593 61.7
2 1.1 6.531 0.041 0.62 - -

3 11 14.53 0.109 0.75 12.70 -12.6
4 1.1 43.70 0.527 1.21 - -

5 1.1 85.56 0.688 0.80 96.63 12.9
6 1.1 166.3 1.528 0.92 188.7 13.5
7 1.1 276.0 4.123 1.49 336.2 -9.16
8 1.1 293.7 2.500 0.85 300.7 2.40
9 1.1 346.0 6.500 1.88 - -

10 1.1 4414 7.986 1.81 359.8 -18.5
11 0.5 3.291 0.064 1.94 3.835 16.5
12 1.8 2.250 0.014 0.63 3.905 73.6
13 1.8 6.019 0.028 0.46 7.596 26.2
14 1.8 10.19 0.142 1.39 11.81 15.9
15 1.8 296.4 18.07 6.10 240.5 -18.9
16 1.8 380.8 8.105 213 255.4 -32.9
17 2.0 2.129 0.026 1.23 3.939 85.0

! Four-point probe test. 2 Relative deviation is equal to standard deviation divided by average value. 3 Microwave

test. 4 Relative error is obtained by comparing the microwave test with the four-point probe method.
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Figure 1. (a) Schematic of measurement setup; (b) photo of whole setup; (c) photo of waveguide sensor
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Some theoretical formulation and simulation may be helpful for interpretation of measurement
results. The case considered in the theoretical derivation is shown in Figure 2a and the other two cases
shown in Figure 2b,c are considered in simulations. For the ideal case, the sample under test is embedded
in a rectangular waveguide. Two methods are available for deriving the transmission/reflection
coefficient for this case: the boundary condition method and network theory [25,27,28]. For the
ideal case, starting from the boundary condition (one may refer to [17]), one can obtain the reflection

coefficient as follows:

R [A1(1=B1/B2) + A3(1+ B2/p1)]C1 + [A2(1 = B2/p1) + As(1 + B2/B1)]C2 1)
[A (14 B2/B1) + A3(1 = P2/P1)|C1 + [A2(1 4 B2/ 1) + As(1 = B2/B1)]Co”
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Here, A = (1+Bs/Ba)exp[j(B2—B3)ta], Az = (1= Bs/B2)explj(B2 + B3)t2],
Az = (1-Bs/polexp[~j(B2+B3)ta], Ay = (1+Bs/Ba)exp[~j(f2—Ps)ta], C1 =

(14 B1/B3)explj(Bs — 1) (t2 + t3)], C2 = (1 = B1/B3)exp[=j(Bs + p1) (t2 + t3)], pr = \/—(5)2 + w?poéo,

2 2
B = \/—(%) + @y — jopoo, Pz = \/—(g) + w?upeger aup(1 — jtand), a is the width of the
waveguide, w is the angular frequency, pp and ¢y are the vacuum permeability and permittivity,

respectively, o is the conductivity of the conductive nanofilm and ¢, ,,, and tan¢ are the relative
dielectric constant and the loss tangent of the substrate, respectively. If the substrate can be neglected,
then Equation (1) can be simplified to

o= A=B1/2) +As(1+p2/P1)

= : 2
A1(1+p2/B1) + As(1-pa/B1)
Conductive nano- N I \
material
N> >
. B N> By N>
(a) (b) ()
Figure 2. (a) Ideal model; (b) nonideal model for contact case; (c) nonideal model for contactless case.
Furthermore, assuming that f; <  and f2t2 < 1, then
(o)
®)

R=——t0
2B1Rs + wpo

Here, R; = 1/(ot) is the sheet resistance of the nanomaterial which is determined by the
conductivity o and thickness ¢. Thus, it is expected that one can estimate sheet resistance by measuring
the reflection coefficient. Equation (2) can be written as

S1148 = 20 1og(“’—“°) 4)
11,4B 26:R; + who |

According to [17] (in this publication, it is claimed that the transmission method is suitable
for samples with sheet resistance ranging from ~50 to 500 mOhm/sq), the simplified transmission
coefficient can be represented as:

2
ZIL R,

521,48 = 201log a)ilo : ®)

The calculation results of the ideal case shown in Figure 2a are presented in Figure 3a. The inset
figure shows the reflection coefficient for the sheet resistance below 10 Ohm/sq. It can be seen
for both the transmission and reflection coefficients that the simplified equation agrees with the
rigorous formula when the sheet resistance is below ~100 Ohm/sq and ~500 Ohm/sq, respectively.
Considering the measurement accuracy of S11, one may expect that the reflection method is most
suitable for samples with sheet resistance in the range of ~10 to 1000 Ohm/sq. Furthermore, if one
wants to exclude the possible effect of the substrate, the measurement range may be confined in the
range of ~10 to 400 Ohm/sq. The curve denoted as “0.1 MS/m” agrees well with the curve denoted as
“Equation (1)” (the used conductivity of nanofilm is 1 MS/m), indicating that it is indeed the sheet
resistance determining Sq;. It can then be expected that the proposed measurement method should be
feasible for a variety of conductive thin film materials but not limited to the ITO samples mentioned
above. It can be seen from Figure 3b that: 1. for all of the cases considered, the sheet resistance may
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be extracted from Sq; due to their monotonous correlation; 2. there is some difference between the
case “sample embedded in waveguide” (denoted as “Equation (1)”) and the case “sample out of
waveguide but contact with flange” (denoted as “simulation: contact case, 1.1 mm glass”) only when
the sheet resistance is larger than ~200 Ohm/sq; 3. when the sheet resistance is larger than ~100 Ohm/sq,
the substrate’s thickness has an effect on Sy;. Thus, if one would like to neglect the substrate’s effect
and S;; can be measured accurately, it can be expected that the proposed method may work well for
nanomaterials with sheet resistance in the range of ~1-1000 Ohm. However, as described later, due to
uncertainties in S;1 measurement, the size of the air gap and other factors, experimental results in this
work demonstrate a narrower measurement range of sheet resistance.

T T T 40

S11 (dB)
$21 (dB)
S11 (dB)

[ ] - 3
m - - =S, equation (4)
L] * S, equation (1):c=1MS/m',  1-40

.

20 a"

ol
equation (1) >§

10F o simulation: contact case, 1.1 mm glass

r ; o= \
25k S, equation (EI.).G 0.1 MS/m 60 2L X simulation: 1 mm air gap, 1.1 mm glass ]
S,y full analytical formula . o simulation: 1 mm air gap, 0.5 mm glass
30 m S, equation (5) 14
1 1 1 -80 - 1 1 L
1 10 100 1000 10000 1 10 100 1000
Sheet Resistance (Ohm/sq) Sheet Resistance (Ohm/sq)
(a) (b)

Figure 3. (a) Analytical calculations for ideal case; (b) simulations for nonideal cases. Default
conductivity for nanofilm is 1 MS/m, glass thickness is 1.1 mm, and working frequency is 2.5 GHz.
The curve, denoted as “S;1, full analytical formula”, can be obtained using Equation (12) from [17].

The measurement results of the samples with thickness of 1.1 mm are shown in Figure 4; the contact
case is shown in Figure 4a and the noncontact case (an air gap of 1 mm was introduced between
waveguide flange and sample) is shown in Figure 4b. It should be noted that, for the contact case,
we just placed the sample on the flange without any additional applied load. The measured S;; when
no sample is presented is also shown. This curve may be seen as the noise floor, and it can be seen in the
measured frequency band that the S;; is almost below —10 dB. This is because the WR284 waveguide
has a characteristic impedance Z close to air. Namely, according to the theory of the rectangular
waveguide, Zg = nbZowpo/ (2aB), here, a and b are the waveguide width and height, respectively, w is
the angular frequency, o is the vacuum permeability and f is the propagation constant. For example,
at 2.5 GHz, the waveguide used here has its characteristic impedance of about 500 Ohm, which is
close to the air impedance, 377 Ohm. For both the contact case and the noncontact case, the reflection
coefficient decreases with increasing resistance. Namely, a higher sheet resistance results in lower
reflection. This can be attributed to higher transmission and absorption of high resistance samples.
One may also notice that dependence of S;; on sheet resistance is influenced by the working frequency.
However, a consistent correlation between Sq1 and sheet resistance can be established at almost any
frequency point in the measured frequency band.



Materials 2020, 13, 5240 6 of 10

S11 (dB)
S11 (dB)

e i
16 -#T
et R
[= -H9 ] "
only waveguide ) air gl%llx Omm ] -20 f=——only waveguide X air gap: 1 mm
25 3.0 35 4.0 4.5 25 3.0 35 4.0 4.5

Frequency (GHz) Frequency (GHz)

e G
[-—-#7

(@ (b)

Figure 4. Measured normalized reflection coefficient (S11) for all of the samples with glass thickness
1.1 mm: (a) without air gap; (b) with 1 mm air gap.

Due to electromagnetic field leakage between the waveguide flange and the sample as well as
possible setup assembly error, the measured S;; of our experimental setup was slightly different from
that of the above theoretical results. Compared with simulations in which a standard rectangular
waveguide transmission line was used, our experimental setup was based on a coaxial-to-waveguide
transition. Thus, comparing them directly was not rigorous. However, if one calibrated the VNA with
Through-Reflect-Line (TRL) techniques, then the reference plane could be positioned at the waveguide
flange. In this case, one could compare the simulation with the measurement. From the measurement
point of view, if a quantitative correlation could be established between the sheet resistance and Syy,
then it was possible to estimate the sheet resistance from the measured S;;. Through mathematic fitting,
we found that the power function S11 45 = co1Rs™ + co3 was suitable for this purpose. Since three
unknowns were presented in the power function, we selected three samples of thickness 1.1 mm as
calibration sample as shown in Figure 5, and the obtained fitting coefficients were:

Si148 = —0.3615R%51%7 4-0.3038. ©)

observation frequency is 3.5 GHz |

o

I T

2k ‘g i

s, (dB)
»

6k ? e
= calibration sample ;'QA
= = = equation (6) .
A verification sample (thickness equa to 1.1 mm) |
e verification sample (thickness inequal to 1.1 mm)j
-10 1 1
1 10 100

Sheet resistance (Ohm/sq)

Figure 5. Measured dependence of S; on sheet resistance at 3.5 GHz for all of the samples. The fitting
curve calculated using Equation (6) is also shown for comparison.

It should be noted that Equation (6) was obtained based on S;; observed at 3.5 GHz (we also
tried with other frequencies and similar results were obtained). Using Equation (6), we predicted
other samples’ (including samples with thickness of 1.1 mm or other thickness) sheet resistance values
and compared them with the four-point probe measurements, as shown in the last two columns of
Table 1. It can be seen that, for all of the samples with thickness of 1.1 mm, except for samples #1 and
#10, the prediction error was below 15%. The relatively large error for sample #1 may be attributed
to the measurement uncertainty of Sq; as described later. For sample #10, it was on top of the fitting
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curve and caused the whole measurement curve to exhibit a saturate tendency. This agrees with the
results shown in Figure 3. Namely, when sheet resistance is large, the substrate’s effect will become
obvious, or it can be claimed that S;1 is determined by the substrate’s properties such as permittivity
and thickness. Thus, it may be concluded that the proposed contactless method is suitable for samples
with sheet resistance in between ~10 to ~400 Ohm/sq. For samples with thickness other than 1.1 mm,
we also observed that the total estimation error can be below 20% if sheet resistance is between ~10 to
~400 Ohm/sq (see, for example, samples #14 and #15). Sample #16 had a relatively large estimation error
which may be attributed to its large sheet resistance. For industry application, since nanomaterials are
produced in large volume with the same substrate, mathematic fitting can be applied for each special
substrate to improve estimation accuracy.

Regarding uncertainty analysis, several potential factors were considered. First, the air gap size
was controlled manually in our experiment. The error of the air gap size could have been ~100 microns.
To observe the potential effect of air gap on measured S;1, we conducted a group of measurements with
a tuned air gap size. S1; measurement results are shown in Figure 6a and we also used the three curves
in Figure 6a to calculate the standard deviation of the magnitude of S1; as shown in Figure 6b. It can
be seen that when the air gap size change was +/— 0.1 mm, the change of S;; was almost below 0.1 dB.
This may have had some effect on the estimation result of the sheet resistance. In fact, the measurement
accuracy of Sqj is claimed to be 0.1 dB by the network analyzer supplier. Thus, the observed standard
deviation may have also been partly caused by the analyzer itself. Anyway, with controlled assembly
accuracy, one may construct a setup with higher precision to minimize measurement uncertainty
induced by air gap size error.

10}k | 0.12 T T T T
-15F ]

sample: #5 .
20} - — airgap: 0.9 mm | aQ
— —air gap: 1.0 mm =
% -25F © o+ -airgap: 1.1 mm | 2
=~ &
= >
n -30F he]
2
153
-35F =
S
40} 7

-4.5 L L L L 0.00 . ) \ .

2.5 3.0 35 4.0 45 25 3.0 35 4.0 45
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 6. Measured effect of air gap: (a) S1; vs. frequency; (b) standard deviation of Sq;.

Using Equation (6), we analyzed the effect of measurement uncertainty of S;; on the sheet
resistance prediction accuracy as shown in Figure 7a. It can be seen that: 1. measurement accuracy
increased with decreasing S1; uncertainty; 2. measurement accuracy was better for higher resistance
samples. These observations are helpful for understanding the measurement results of samples with
sheet resistance below ~10 Ohm/sq. In Figure 7b, we present the measured effect of the horizontal
place position of the sample on S1;. We moved the sample along the x- and y-axes with 1 mm steps
and 3 mm total displacement. With these nine measurements, we calculated the standard deviation.
It can be seen that the change of S1; was below 0.1 dB. Thus, the result indicates that the proposed
method is, to some degree, insensitive to placement locations. This shall be helpful for real application.
It should be noted that the proposed method has a minimum requirement on sample size; this will
be studied in near future. To summarize, the above uncertainty analysis may indicate that the major
contribution of sheet resistance estimation error is coming from S;; measurement.
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Figure 7. (a) Effect of the measurement uncertainty of S1; on sheet resistance evaluation; (b) effect of
the horizontal position of samples on measured Sy;.

4. Conclusions

A noncontact sheet resistance measurement method based on microwave reflection was proposed
and verified. Both theoretical derivations and simulations showed that the sheet resistance correlates
well with the magnitude of reflection coefficient. Demonstrations with an open-ended waveguide
also showed that the proposed method is suitable for contactless sheet resistance evaluation in the
range of ~10 to 400 Ohm/sq; this makes the proposed method especially suitable for ITO samples.
This will be particularly suitable for industry’s online evaluation or in situ monitoring of the thin
film deposition process. In future, the effect of the substrate and the sample’s size will be studied
systematically. Possible directions for performance improvement include use of a precise setup and a
high-performance network analyzer or optimal analyzer setup parameters with higher measurement
accuracy (e.g., use TRL calibration). Experimental verifications with other materials and waveguides
working at higher frequency bands will be conducted in near future. The potential effects of the
environmental conditions (such as humidity, air pressure and temperature) and the effect of the surface
roughness of the thin film on measurements will also be included in future work.

Author Contributions: Conceptualization, M.Y. and Y.-N.H.; methodology, M.Y., X.-L.Z. and W.-D.L.; software,
M.Y,; validation, M.Y., R.U.T. and W.-D.L.; formal analysis, M.Y.; investigation, M.Y.; resources, M.Y. and Y.-N.H;
data curation, R.U.T.; writing—original draft preparation, M.Y.; writing—review and editing, M.Y., R.U.T. and
X.-L.Z.; visualization, M.Y. and R.U.T.; supervision, Y.-N.H.; project administration, Y.-N.H.; funding acquisition,
M.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. U1832190) and
State Key Laboratory of Millimeter Waves (No. K201814).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hong, CH,; Lee, ]JM.; Kim, Y.-H.; Cheong, W.-S. Effect of Inductively Coupled Plasma on Multilayer
Electrodes for Flexible Single-Layer Touch Screen Panels. ACS Appl. Mater. Interfaces 2019, 11, 25495-25499.
[CrossRef] [PubMed]

2. Su, Y.C; Chiou, C.C,; Marinova, V,; Lin, SH.; Bozhinov, N.; Blagoev, B.; Babeva, T.; Hsu, K.Y,
Dimitrov, D. Atomic layer deposition prepared Al-doped ZnO for liquid crystal displays applications.
Opt. Quantum Electron. 2018, 50, 205. [CrossRef]

3. Zhu, X; Xu, J; Qin, E; Yan, Z.; Guo, A.; Kan, C. Highly efficient and stable transparent electromagnetic
interference shielding films based on silver nanowires. Nanoscale 2020, 12, 14589-14597. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/acsami.8b20781
http://www.ncbi.nlm.nih.gov/pubmed/31276355
http://dx.doi.org/10.1007/s11082-018-1469-1
http://dx.doi.org/10.1039/D0NR03790G
http://www.ncbi.nlm.nih.gov/pubmed/32614025

Materials 2020, 13, 5240 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Poliks, M.D.; Sung, Y.-L.; Lombardi, J.; Malay, R.; Dederick, J.; Westgate, C.R.; Huang, M.-H.; Garner, S.;
Pollard, S.; Daly, C. Transparent antennas for wireless systems based on patterned indium tin oxide and
flexible glass. In Proceedings of the 2017 IEEE 67th Electronic Components and Technology Conference
(ECTC), Orlando, FL, USA, 30 May-2 June 2017; pp. 1443-1448. [CrossRef]

Zhu, X,; Xu, Q.; Li, H,; Liu, M.; Li, Z.; Yang, K.; Zhao, ].; Qian, L.; Peng, Z.; Zhang, G.; et al. Fabrication of
High-Performance Silver Mesh for Transparent Glass Heaters via Electric-Field-Driven Microscale 3D
Printing and UV-Assisted Microtransfer. Adv. Mater. 2019, 31, €1902479. [CrossRef]

Pandey, M.; Wang, Z.; Kapil, G.; Baranwal, A.K.; Hirotani, D.; Hamada, K.; Hayase, S. Dependence of
ITO-Coated Flexible Substrates in the Performance and Bending Durability of Perovskite Solar Cells.
Adv. Eng. Mater. 2019, 21, 1900288. [CrossRef]

Sibin, K,; Srinivas, G.; Shashikala, H.; Dey, A.; Sridhara, N.; Sharma, A.K.; Barshilia, H.C. Highly transparent
and conducting ITO/Ag/ITO multilayer thin films on FEP substrates for flexible electronics applications.
Sol. Energy Mater. Sol. Cells 2017, 172, 277-284. [CrossRef]

Kumar, P.; Woon, K.L.; Wong, W.S.; Saheed, M.S.M.; Burhanudin, Z.A. Hybrid film of single-layer graphene
and carbon nanotube as transparent conductive electrode for organic light emitting diode. Synth. Met. 2019,
257,116186. [CrossRef]

Han, F; Zhao, W,; Bi, R,; Tian, F; Li, Y.; Zheng, C.; Wang, Y. Influence Mechanism of Cu Layer Thickness on
Photoelectric Properties of IWO/Cu/IWO Films. Materials 2020, 13, 113. [CrossRef]

Malm, V.; Seoane, F.; Nierstrasz, V. Characterisation of Electrical and Stiffness Properties of Conductive
Textile Coatings with Metal Flake-Shaped Fillers. Materials 2019, 12, 3537. [CrossRef]

Nateq, M.H.; Ceccato, R. Enhanced Sol-Gel Route to Obtain a Highly Transparent and Conductive
Aluminum-Doped Zinc Oxide Thin Film. Materials 2019, 12, 1744. [CrossRef]

Jen, Y.-M.; Huang, J.-C. Synergistic Effect on the Thermomechanical and Electrical Properties of Epoxy
Composites with the Enhancement of Carbon Nanotubes and Graphene Nano Platelets. Materials 2019,
12, 255. [CrossRef] [PubMed]

Tohmyoh, H.; Ishikawa, S.; Muraoka, M. Non-contact evaluation of the electrical conductivity of thin metallic
films by eddy current microscopy. Sutf. Interface Anal. 2012, 44, 1294-1298. [CrossRef]

Yu, Y.; Zhang, D.; Lai, C.; Tian, G. Quantitative Approach for Thickness and Conductivity Measurement
of Monolayer Coating by Dual-Frequency Eddy Current Technique. IEEE Trans. Instrum. Meas. 2017, 66,
1874-1882. [CrossRef]

Poo, Y.; Wu, R.-X,; Fan, X,; Xiao, J.Q. Measurement of ac conductivity of gold nanofilms at microwave
frequencies. Rev. Sci. Instruments 2010, 81, 64701. [CrossRef] [PubMed]

Lee, M.-H.; Collier, R. Sheet Resistance Measurement of Thin Metallic Films and Stripes at Both 130 GHz and
DC. I[EEE Trans. Instrum. Meas. 2005, 54, 2412-2415. [CrossRef]

Wang, L.; Ye, M.; Zhao, X.L.; He, Y.N. Theory and verification of a microwave transmission method of
measuring sheet resistance of metallic thin film. Acta Phys. Sin. 2017, 66, 208801. [CrossRef]

Krupka, J.; Nguyen, D.; Mazierska, J. Microwave and RF methods of contactless mapping of the sheet
resistance and the complex permittivity of conductive materials and semiconductors. In Proceedings of the
6th Conference on Microwave Materials and Their Applications, Warsaw, Poland, 1-3 September 2010.

Ye, M.; Wang, L.; He, Y.; Daneshmand, M. In Situ Test of Thickness and Sheet Resistance of Conductive
Nanomaterial Using Microwave Cavity. IEEE Microw. Wirel. Components Lett. 2017, 27, 942-944. [CrossRef]
Krupka, J.; Klinger, M.; Kuhn, M.; Baryanyak, A.; Stiller, M.; Hinken, J.; Modelski, ]. W. Surface resistance
measurements of HTS films by means of sapphire dielectric resonators. IEEE Trans. Appl. Supercond. 1993,
3, 3043-3048. [CrossRef]

Krupka, J.; Strupinski, W. Measurements of the sheet resistance and conductivity of thin epitaxial graphene
and SiC films. Appl. Phys. Lett. 2010, 96, 082101. [CrossRef]

Krupka, J.; Mazierska, J. Contactless Measurements of Resistivity of Semiconductor Wafers Employing
Single-Post and Split-Post Dielectric-Resonator Techniques. IEEE Trans. Instrum. Meas. 2007, 56, 1839-1844.
[CrossRef]

Krupka, J. Contactless methods of conductivity and sheet resistance measurement for semiconductors,
conductors and superconductors. Meas. Sci. Technol. 2013, 24, 062001. [CrossRef]

Sarabandi, K.; Ulaby, F. Technique for measuring the dielectric constant of thin materials. IEEE Trans.
Instrum. Meas. 1988, 37, 631-636. [CrossRef]


http://dx.doi.org/10.1109/ECTC.2017.314
http://dx.doi.org/10.1002/adma.201902479
http://dx.doi.org/10.1002/adem.201900288
http://dx.doi.org/10.1016/j.solmat.2017.08.001
http://dx.doi.org/10.1016/j.synthmet.2019.116186
http://dx.doi.org/10.3390/ma13010113
http://dx.doi.org/10.3390/ma12213537
http://dx.doi.org/10.3390/ma12111744
http://dx.doi.org/10.3390/ma12020255
http://www.ncbi.nlm.nih.gov/pubmed/30646568
http://dx.doi.org/10.1002/sia.5005
http://dx.doi.org/10.1109/TIM.2017.2669843
http://dx.doi.org/10.1063/1.3436450
http://www.ncbi.nlm.nih.gov/pubmed/20590255
http://dx.doi.org/10.1109/TIM.2005.858536
http://dx.doi.org/10.7498/aps.66.208801
http://dx.doi.org/10.1109/LMWC.2017.2745490
http://dx.doi.org/10.1109/77.234839
http://dx.doi.org/10.1063/1.3327334
http://dx.doi.org/10.1109/TIM.2007.903647
http://dx.doi.org/10.1088/0957-0233/24/6/062001
http://dx.doi.org/10.1109/19.9828

Materials 2020, 13, 5240 10 of 10

25.

26.

27.

28.

29.

30.

31.

Goémez-Diaz, ].S.; Perruisseau-Carrier, J.; Sharma, P.; Ionescu, A. Non-contact characterization of graphene
surface impedance at micro and millimeter waves. J. Appl. Phys. 2012, 111, 114908. [CrossRef]

Feng, Y.-R.; Wei, X.-C.; Yi, D.; Gao, R.X.-K. An Enhanced One-Port Waveguide Method for Sheet Resistance
Extraction. IEEE Trans. Electromagn. Compat. 2019, 62, 1822-1829. [CrossRef]

Costa, F. Surface Impedance Measurement of Resistive Coatings at Microwave Frequencies. IEEE Trans.
Instrum. Meas. 2013, 62, 432-437. [CrossRef]

Wang, X.; Diaz-Rubio, A.; Tretyakov, S.A. An Accurate Method for Measuring the Sheet Impedance of Thin
Conductive Films at Microwave and Millimeter-Wave Frequencies. IEEE Trans. Microw. Theory Tech. 2017,
65,5009-5018. [CrossRef]

Costa, F.; Borgese, M.; Degiorgi, M.; Monorchio, A. Electromagnetic Characterisation of Materials by Using
Transmission/Reflection (T/R) Devices. Electronics 2017, 6, 95. [CrossRef]

Wang, M.; Bhimnathwala, H.; Yao, S.; Borego, ].M. Sheet resistance measurements of implanted layers on
silicon wafers using a microwave resistivity probe. In Proceedings of the 1991 IEEE MTT-S International
Microwave Symposium Digest, Boston, MA, USA, 10-14 June 1991; pp. 1137-1140. [CrossRef]
Bhimnathwala, H. Measurement of the sheet resistance of doped layers in semiconductors by microwave
reflection. J. Vac. Sci. Technol. B Microelectron. Nanometer Struct. 1994, 12, 395. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1063/1.4728183
http://dx.doi.org/10.1109/TEMC.2019.2956543
http://dx.doi.org/10.1109/TIM.2012.2217661
http://dx.doi.org/10.1109/TMTT.2017.2714662
http://dx.doi.org/10.3390/electronics6040095
http://dx.doi.org/10.1109/MWSYM.1991.147217
http://dx.doi.org/10.1116/1.587134
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

