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Abstract

In this paper the problem of resistance measurement of ultrathin conductive lines on dielectric substrates
dedicated for printing electronic industry is discussed. The measured line is transformed in a non-invasive
way into a resonance circuit. By using a magnetic coupling between the source line and the tested line, the
resistance measurement can be performed non-invasively, i.e. without a mechanical contact. The proposed
contactless resistance measurement method is based on the resonance quality factor estimation and it is an
example of the inverse problem in metrology.
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1. Introduction

In growing inkjet printing electronic industry many quality tests of printing lines are con-
ducted [1]. To define the quality of manufactured printed lines many tests are conducted, such
as resistance measurements, which have to meet certain norms depending on their technological
application. To measure the inkjet printing lines resistance specialist probe stations which consist
of advanced microscopes, micromanipulators and precise measurement needle probes are used
[2]. Figure 1 illustrates an example of a resistance measurement setup.

Measurements with such a probe station require a well-qualified operator. The current con-
ductive lines printing techniques enable the production of micron-scale lines [3]. Development
of this technology is related to the Flat Panel Displays industry advancement. It turns out n-ow
that the manufacturing of display matrices is very sensitive to various mechanical as well as
environmental factors. As a result, a lot of displays do not pass the final quality test [4]. The
inkjet printing electronics technology makes it possible to repair damaged display matrices at
the production stage and lower the manufacturing costs, reducing both the number of potential
electronic waste and the environmental pollution [5].
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Fig. 1. MPS150 probe station by Form Factor company [2].

To meet the industrial requirements the research centers which develop the inkjet printing
lines techniques need to constantly test their new technologies. As mentioned earlier, the line
resistance is one of the fundamental parameters to be evaluated during the production process.
To measure the resistance of a line which is several microns wide it is necessary to use very
thin probes to puncture into opposite ends of a measured line. Figure 2 shows the needle probe
connection process using the four point resistance measurement method.

Electrical

microprobe

Fig. 2. (a) SEM image of experimental configuration for 4-wire electrical measurements. (b) SEM image of one deposited
line (magnification) [7]
(Reprinted by kind permission of Dr Amalio Fernandez-Pacheco).

Probe manipulation requires a lot of skill from the operator. Furthermore founding the mea-
sured line under the microscope and then placing the probes carefully with adequate force into
the line is time-consuming. The probes used for such measurements are disposable and expen-
sive. In addition, such micro-scale measurements are accompanied by a constriction resistance
which reveals itself especially at small contact area and probe distortion during measurements [6].
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The constriction resistance problem can be reduced by a four-point Kelvin resistance measure-
ment method, however, it leads to an increase in the complexity of the measurement system by an
additional pair of probes [7]. What more, either the line or the substrate can be scratched when the
operator accidentally moves the probe during the clamping process. This can happen as a result
of a high thrust point action on a tested line. What more, careless operation by the operator, who
can move the probe during its clamping, may scratch the line or substrate.

Development of the printing process is preceded by a validation which relies on various elec-
trical (e.g., resistance measurements) as well as non-electrical tests (e.g., adhesion analysis [8]).
As the samples produced this way are expensive, reducing the possibility of damage is very
desirable at the early stage of this process. In this manuscript a non-invasive method for printing
line resistance measurements is proposed and discussed in which the risk of careless damage is
reduced. For this reason, in the proposed approach I delimit the specialized probe station usage
in printing line testing process to the case of lines which meet the method requirements.

This paper presents a contactless resistance measurement method in which the mechanism
of magnetic coupling between the tested line and the source line is used. The tested sample
is transformed into a resonant circuit in a non-invasive way by placing the conductive surface
beneath the dielectric substrate which creates a flat capacitor whose electrodes are tested line and
a conductive surface beneath the substrate, respectively. The created capacitor is characterized
by series inductance and measured resistance which are the line parameters. The resistance
measurement is based on amplitude-frequency characteristic mapping of new resonant circuit
by measuring current changes during frequency sweeping. The capacitance and inductance of a
tested sample are calculated on the basis of the line and substrate parameters. This measurement
process is an example of an inverse problem in metrology [9].

2. Line and substrate parameters determination

Special test paths are developed in research centers which deal with printing electronic
technology to assess the quality of printing methods. Tested lines are characterized by certain
geometric parameters such as width, height and length. From electrical point of view the line
is characterized by some resistance and inductance. These properties are related to geometric
and material parameters including the resistivity. Figure 3 shows a cross-sectional view of the
measured line on the dielectric substrate. The conductive lines printing process uses conductive
inks, based on e.g., silver [10]. To achieve a conductive crystalline structure, the lines are subjected
to a sintering process [11]. Furthermore, the conductive ink after the sintering process cannot
reach the resistivity like its bulk equivalent [12], hence a resistivity of the material cannot be

Measured line

hy

& Dielectric substrate

H

Fig. 3. The cross-section of the inkjet printed conductive line — the examined sample.
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defined accurately. Also, during the sintering process the tested line can be damaged. Due to the
above facts the line resistance must be measured rather than only calculated.

The proposed method requires a definition of inductance of the examined line. The inductance
of a line segment depends on its geometry [13]. All geometric parameters can be measured with
no physical contact with the line under the test by using, e.g., the image processing methods
embedded in modern microscopes [14] or by using a scanning electron microscope (SEM) [15].
Having the dimensions of the examined line it is possible to define its inductance using the
following formula [16]:

L[uH]=2-107% [m( 2 , 1)
w +

h) +0.5+0.2235 (W+ h)

where w [cm] is the line width, / [cm] is the line length and the & [mm] — is the line thickness.
Assuming the following line dimensions for the further considerations / = 20 cm, w = 20 um,
h = 100 nm and using the formula (1) the considered line inductance is about 416 nH. The
formula (1) is also used to calculate e.g. microstrip lines inductance and can be applied a wide
range of frequencies, due the fact that the straight line has no parasitic capacitance and magnetic
core loses.
To determine the measurement error of the inductance the general propagation of uncertainty

formula is used:
AL = oL Al ’ + oL A ’ + oL Ah ’ 2)
“\\a aw " ah ’

where Al = £1073 [cm], Aw = £107* [cm], Ak = £2 - 107> [mm], are the measurement errors
which are related to the length, width and thickness of examined line measurement respectively.
The errors above are related to the quality of the optical instruments of the modern microscopes
and the image processing methods embedded in them. The image processing methods capabilities
in the modern microscopes were discussed in [17] in details.

In order to calculate inductance measurement error all of the partial derivatives values were
calculated (3) to (5).

(')L -3 _3 2[

— =31 2107 In|——| = 0.0227

3l 3.107° + 0 n(w+h) 0.0227, 3)
oL 4.47x- 1074 =2y - 1073 +4.47z7 - 107
ow xX+z

= —19.047, 4)

AL  447x-107* -2y -107° +4.47z- 107
oh x+z

R

—-19.047. (5)

After the calculation it turns out that the dL/0w and dL/0h are equal. However, the final
formula (2) cannot be simplified due to this fact. This is caused by different measurement errors
and different units in the inductance formula for each derivative. Subsequently by substituting all
of the errors and partial derivatives values into formula (3) the resultant inductance measurement
error will be 3.8 nH. Hence the final inductance value can be described as L = (416 + 3.8) nH.

The proposed method requires the sample under test must to be transformed into a flat
capacitor. This can be achieved by placing the conductive surface, e.g. a copper plate, beneath the
dielectric substrate in a non-invasive way. This transformation is illustrated in Fig. 4. Assuming
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that the substrate is made of 100 pm thick silicon, the capacitance, of a parallel plate capacitor

from Fig. 4 is:

gy-& S

C= = 4.14 pF, 6)

where S [m?] = w [m]-/ [m], H is the substrate thickness, £ is the permittivity of free space equal
to 8.854 - 10712 [F/m] and &, = 11.68 is the relative permittivity of a silicon surface. According
to (6), the sample capacity is about 4.14 pF.

Measured line

H = & Dielectric substrate

Placed conduclive surface

Fig. 4. Flat capacitor sample. A thin conductive path under test is placed on the top of a silica substrate with
an electrode film from the bottom. The dashed line represents the equivalent element formed in the circuit.

In accurate capacitance estimation the relation between substrate material permittivity and
frequency at which the measurement takes place should be taken into consideration as this may
cause capacitance change at some frequency ranges. However. the materials, such as silicon
are characterized by good stability of permittivity over the frequency range that is used in the
examined case. A noticeable change occurs when the frequency reaches dozens of gigahertz [18].

In order to determine the capacitance measurement error the general propagation of uncer-
tainty formula is used:

ac > (ac > (oc \ o (ec |\
AC = — AH| +|— A +|—Al| +|— " A¢e], 7
Vs (] (s o (3o o
where Al = £107° [m], Aw = +107° [m] are the measurement errors which are related to the
length and width of the examined line measurement respectively. AH, is the substrate thickness
measurement error equal to +107% [m] and Ae = +1.034 - 10~!2 [F/m], is the silicon dielectric
permittivity uncertainty estimation.

In order to calculate capacitance measurement error all of the partial derivatives values were
obtained (8) to (11).

oC e-w-l

= = 1078, ®)
Z_fi = %l =2.07-1077, ©)
%_f =X w0710 (10)
3_52%24.10—2. (11)
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Having all the partial derivatives, the final value of the measurement error, according to
formula (7) is 0.22 pF. Hence the final capacitance value can be described as C = (4.14+0.22) pF.

Based on calculated capacity and inductance, the input data for proposed method was ob-
tained. In the next chapter the operation principle of contactless resistance measurement will
be described. The calculated inductance and capacitance measurement errors were used sub-
sequently as the tolerances of components value in a Monte Carlo analysis and the resistance
uncertainty propagation analysis.

3. Measurement method

By short-circuiting one of the ends of the tested line with the ground of the circuit from
Fig. 4, a resonant circuit is formed consisting of a parallel connection of the capacitor and
inductor, through the measured resistance. The idea of measurement setup is illustrated in Fig. 3.
A function generator is connected to the source line (L) through the impedance matching circuit
which provides impedance matching between the output of a generator and the source line. One
of the ends of L, is connected to the conductive substrate which acts as the capacitor electrode in
secondary circuit, via low impedance flat plate.

The measurement method is based on the magnetic coupling between the source line (L1)
and the measured line (L;). Due to the fact that the resonant frequency of the tested circuit is
independent of mutual inductance M and depends on the secondary circuit parameters, it can be
described by the following formula:

12)

where L [H] is the considered line inductance, C [F] is the capacitance between measured line
and the conductive surface.

Figure 6 illustrates the equivalent circuit of the measurement setup from Fig. 5. The circuit
was drawn using the Tina Ti software. The circuit from Fig. 6 is characterized by some quality
factor related to its bandwidth. The quality factor depends on the measured resistance and it is

described by the following formula:
1 /L
= —4/=, 13
0=z \ c 13)

where R is the resistance of measured line.

Impedance
marching
circuit

Function
Generator

Source line Measured ling |

Current
Measurement

Dielectric
subsiraie

&

T g Placed conduciive surface

Low impedance H
lat plate

Fig. 5. Diagram of the measurement system, illustrating the idea of contactless resistance measurement
by using the magnetic coupling.
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Fig. 6. Equivalent circuit of the proposed measurement system.

C1 4,14 pF

The quality of the resonance circuit can be also described by the resonance frequency to
bandwidth ratio:
Q= Jo (14)
Af°
where fy is the circuit resonance frequency, A f is the —3 dB bandwidth which is the difference
between upper and lower frequencies:

Af =fu—-fL 15)

where f is the circuit upper frequency and fy, is the circuit lower frequency. By combining (13)
with (14) and rearranging, the following formula for R may be derived:

= Af L . (16)

fo VC

Apart from the inductance and capacitance, the upper, center, and lower frequency values
are necessary to calculate the line resistance. Due to the fact that at the resonance frequency
no current flows through the parallel circuit, it is possible to define this frequency indirectly
by measuring the current in source line L. In practice, the measured current value will be at
its lowest in resonance. The circuit center frequency value estimation comes down to finding
a minimum current value.

In order to find the minimum value of the circuit current the sweeping mode of the generator
should be used. The sweeping starting point is the theoretical resonance frequency value calculated
in Section 2. The measured current value at the resonance frequency is the starting point to
determine lower and upper circuit frequencies. This value is now the starting point to determine
the lower and upper circuit frequencies. The expected amplitude-frequency characteristic of the
measured circuit will be symmetric around the center frequency. Due to this fact, the measured
current values at lower and upper frequencies will be 3 dB higher than the current value at the
resonance frequency. The flowchart in Fig. 9 illustrates the proceeding in definition of upper,
lower and center frequencies of measured circuit. By following the algorithm instructions all the
necessary data for the measured line resistance estimation can be obtained.

Figure 7 shows the gain of the circuit from Fig. 6 as a function of frequency. According to
Fig. 7, the resonance, upper and lower frequency values are: fy —120.98 MHz, fr —113.91 MHz,
fr —129.12 MHz. The circuit bandwidth is thus:

R

Af =129.12 MHz - 113.91 MHz = 15.21 MHz. a7
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Fig. 7. Amplitude-frequency characteristics of the tested resonance circuit (R;j=40 Q).

For R, L, C values from Fig. 6 the assumed resistance (R;) value on which the simulation
was based is 40 Q per 20 cm line and 20 um width. The printed line resistance depends on both
geometric parameters as well as material parameters which are both related to the ink properties
such as composition, concentration and size of nanoparticles affecting its resistivity. In [19]
different line resistances can be found depending on line width and ink properties described as a
unit resistance, often as [Q2/um].

To investigate the accuracy of the proposed method R; value must be assumed as unknown
and subsequently calculated on the basis of the line inductance [L = (416 = 3.8) nH], circuit
capacitance [C = (4.14 + 0.22) pF] and the frequencies obtained from the circuit simulation, fj
—120.98 MHz, Af — 15.21 MHz.

-50.00—

-55.00]

-60.00—

Gain (dB)

-65.00

-70.00

T T ]
90M 110M 130M 150M
Frequency (Hz)

Fig. 8. Amplitude-frequency characteristics of the tested resonance circuit (R; = 40 Q) — Monte Carlo analysis mode.
Number of Monte Carlo runs (n = 40); percent of population (o = 95%).

By substituting the data above to (16) the estimated line resistance (Rj) is:

15.21 416
Ry = 4 ~39.85Q, 18
1712098 * YV 0.00414 (18)

where R; is the real resistance value and the Ry; is the calculated line resistance based on the
simulation results.
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A Monte Carlo analysis [20, 21] was performed to determine the measurement error of the
resistance Rgj. The following tolerances were applied to parts in the schematic in Fig. 6: C;
(£5.2%) and L, (£0.91%). The circuit response was analyzed by performing an AC sweep from
90 MHz to 150 MHz. The number of Monte Carlo runs (n) was 40 and the percent of population
(o) was 95%. The distribution of components tolerances was Gaussian. Figure 8 shows the
amplitude-to-frequency characteristics for the circuit form Fig. 6 performing a Monte Carlo
analysis. Each curve was subjected to analysis in order to determine the resonant (characteristic)
frequencies as well as the 3 dB bandwidth. To characterize deviations between predicted and
observed values the root-mean-square errors of both the resonant frequency (19) and bandwidth

were calculated (20).
n

> (10 -To)

i=1

n-—1

o= = 1.3-10° Hz, (19)

where fo, is the mean value of resonant frequency of all (n) simulation results and fy, is the
subsequent frequency value.

n

> (a5 -57)

i=1

oaf = ~ 8.4-10% Hz, (20)

n-1
where A_f, is the mean value of bandwidth of all (n) simulation results and A f; is the subsequent
bandwidth value. The root-mean-square errors values from (19) and (20), were subsequently used
in order to calculate the resistance measurement error.

By knowing the inductance, capacitance and both frequencies errors, the measurement error
of the line resistance (AR) can be estimated:

R .\ (0R > (4R > [ OR g
AR =\[| 7= AL| +| = -AC| +|——" + " , 21
\/(éw ) (3¢ 2] + (57 o) (a7 o) ey
where: AL = 3.8-107° [H], AC = 2.15-107"3 [F], error o7, = 1.3-10° [Hz], o'as = 8.4-10* [Hz],
are the inductance, capacitance, resonant frequency and bandwidth measurements measurement
errors, respectively.

In order to calculate the resistance measurement error, all the partial derivatives values were
calculated (22) to (25).

AR VL
o% _ =2.62-107°, (22)
IAf  foNC
OR  —-AfVL =
— =L " ~329.107, (23)
dfo  f2NC
9R _ ‘Af‘/l:‘ =~ -1.397 - 10%, (24)
AR Af ;
—=—"2  ~381-10". (25)
oL Zfo\/z‘/a

For the combination of the above partial derivatives, the line resistance measurement error
following (21) is 0.7 Q.
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'
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Capacitance calculation of the
created capacitor based on
formula (2)

Note the measured
current at real
resonance frequency

v

v

Calculation of the resonance
frequency of the tested circuit
based on formula (3), taking
into account the line
inductance and capacitance of
the formed capacitor

Decreasing the frequency
until the measured
current is higher by 3dB
than the current at the
resonance frequency (2x)

A

v

Definition of upper and lower
frequencies for the sweeping
generator

Lower cutoff frequency
has been defined

v

v

Definition of frequency
sweeping step based on circuit
parameters

Setting the resonance
frequency on the
generaotr

Y

v

Setting calculated resonance
frequency on the generator

Increasing the frequency
until the measured
current is higher by 3dB
than the current at the
resonance frequency

¢ (2x)
Note the measured current at
the calculated resonance v
frequency
Upper cutoff frequency
has been defined
\ 4
Gradient search of the current
” minimum

Does the current approach
the minimum value?

Fig. 9. The algorithm flow chart for the upper, lower and center frequencies definition in tested circuit.
4. Summary

The presented contactless resistance measurement method determines the resistance of ultra-
thin printed and conductive lines commonly used in flat panel display technology. The main
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advantage of the proposed method is elimination of the tested line damage done during measure-
ments. The probe measurement stations use high accuracy and resolution multimeters [22] which
are characterized by the precision higher than that achieved in the proposed method. Using the
commercial probe station for measuring the samples with a limited adhesion causes a risk that the
manufactured line can be damaged by a high pressure caused by point action of a needle probe.
The proposed method cannot replace the specialized probe stations in all of their applications.
However it can be used especially during the early development stages of a printing technology
where the samples manufacturing is expensive and vulnerable.

The final measurement error of the considered line resistance was evaluated at 1.75%. This
error was estimated using mathematical modelling and computer simulations. In accuracy eval-
uation, a number of physical parameters of the equivalent electrical circuit such as inductance,
capacitance, resonant frequency and bandwidth were taken into account. The resonant circuit pa-
rameters described above are determined indirectly. Hence, the line resistance error value depends
on the accuracy of estimation of the resonant circuit parameters above.

The accuracy of the line inductance and capacitance estimation depends on a precise deter-
mination of the line and substrate dimensions. The estimated measurement errors for the line
inductance and capacitance were 0.91% and 5.2% respectively. These error values were evaluated
by using the propagation of uncertainty formula.

The numerical error value evaluation for the resonant frequency and bandwidth of the tested
circuit were 1.08% and 0.55%, respectively. These error values were determined on the basis
of the Monte Carlo analysis. The root-mean-square errors of both the resonant frequency and
bandwidth were calculated based on the deviations between predicted and observed values. It
should, however, be noted that the computer simulations do not take into account many factors
that may occur in a practical application. As discussed in Section 2, it is possible to determine
the geometrical dimensions of the tested line accurately and thus its inductance. On the other
hand, the capacity estimations require a precise determination of the dielectric constant of the
substrate as a function of frequency [23]. It is worth noting here that depending on substrate
type and line dimensions the resultant resonant circuit components values will be different. For
shorter lines and a substrate having lower lower dielectric permittivity, the resonance frequency of
analyzed circuit may occur at a frequency higher by an order of magnitude. Hence the presented
measurement errors values should be considered as a reference point for accuracy the proposed
method. To apply the proposed method it is necessary to use both a very stable function generator
[24] as well as wide frequency range current measurement system.

In consequence, the obtained resistance measurement error of the examined line, equal to
1.75% should be considered as reference accuracy of the proposed method, rather than as universal
and constant error value.

The topics related to a practical application of the contactless resistance measurement method
are reserved for future work. Some practical tasks such as maximization of the magnetic coupling
between the source inductance and the tested line, as well as its influence on the resonance circuit
frequency will be taken.
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