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Abstract

Accurate measurement of sheet resistance is essential for the electrical characterization of thin metallic
films and foils, particularly when sample dimensions and thickness approach the limits of conventional
probe-based techniques. In this study, a voltage-divider-based probe method was developed for
measuring the sheet resistance of copper samples over micrometer- and nanometer-scale thicknesses. The
proposed system combines a controlled electrical measurement circuit with a digital data-acquisition unit
and was designed to reduce the sensitivity of the measurement to probe spacing and sample geometry
under defined dimensional conditions. Copper foils with thicknesses from 20 to 100 um and thermally
evaporated copper films with thicknesses of approximately 32-529 nm were investigated. The sheet
resistance and electrical resistivity obtained using the proposed method were compared with
measurements performed using a conventional four-point probe. For micrometer-thick copper foils, the
two methods produced closely comparable resistivity values, demonstrating the reproducibility of the
proposed approach. At the nanometer scale, the proposed method remained capable of measuring samples
thinner than 100 nm, for which the four-point probe measurements were not obtained under the
experimental conditions used in this study. The measured resistivity increased with decreasing film
thickness, consistent with enhanced electron scattering associated with size-dependent transport. The
results demonstrate that the proposed voltage-divider-based method can provide a simple and
reproducible approach for sheet-resistance characterization of small copper foils and thin films, while its
applicability to ultrathin and non-uniform samples should be considered within the assumptions of the
measurement model.

Keywords: Sheet resistance, Electrical resistivity, Voltage division, Copper thin film, Single-point
probe

* Corresponding author

E-mail address: abbasimarzieh@gmail.com



1. Introduction

Thin metallic films and foils are widely used in electronic and optoelectronic technologies, where
electrical properties such as sheet resistance and electrical resistivity directly influence device
performance, current transport, interconnect reliability, and functional behavior [1-3]. In thin-film
systems, the electrical response can differ substantially from that of the corresponding bulk material
because the reduction in film thickness changes the relative contribution of surface, interface, grain
boundary, and defect-related scattering mechanisms [4-6]. Consequently, reliable measurement of sheet
resistance is an important part of the electrical characterization of thin films and thin metallic layers [1].
For a homogeneous film of thickness (t), sheet resistance (Rs) is related to electrical resistivity (p) through
(Rs = p /t) [8]. Although this relationship is straightforward, accurate determination of Rs and p can
become challenging when the film thickness, lateral dimensions, or electrical uniformity of the sample
are reduced. In particular, the measured electrical response may be affected by probe geometry, probe
spacing, sample boundaries, contact resistance, surface morphology, and thickness non-uniformity. [9-
12] These factors become increasingly important for nanoscale metallic films, where the film thickness
can approach characteristic electron transport length scales [4,5,13].

The linear four-point probe is one of the most widely used techniques for sheet-resistance and resistivity
measurements of conductive thin films. In this configuration, two outer probes supply the current while
two inner probes measure the resulting voltage, minimizing the influence of contact resistance on the
measured voltage. [7,14] The method provides reliable measurements when the sample dimensions,
thickness, probe spacing, and probe positions satisfy the assumptions associated with the analytical model
[9-11]. However, finite sample dimensions and probe placement may require geometric and thickness
correction factors. Alternative configurations, including square four-point probes and the Van der Pauw
method, can extend the applicability to different sample geometries, but they also impose specific
requirements on probe arrangement, sample dimensions, contact configuration, or sample uniformity.
Recent thin-film studies continue to employ four-point probe and Van der Pauw configurations as
standard approaches for electrical characterization. [10-12,15]

Despite their established reliability, conventional probe techniques can become less convenient when the
available sample area is small, the sample geometry is non-standard, or measurements are required over
a wide thickness range. For ultrathin metallic films, additional complications arise from thickness non-
uniformity and size-dependent electron scattering. [10-12] Therefore, a measurement approach that
combines a simple electrical configuration with controlled data acquisition and reduced sensitivity to

probe arrangement could be useful as a complementary technique for thin-film characterization.



The thickness dependence of electrical resistivity is also of fundamental importance in metallic thin films.
When the film thickness becomes comparable to characteristic electron mean-free-path or grain
dimensions, surface and grain boundary scattering can make significant contributions to electron
transport. The resulting increase in resistivity with decreasing thickness has been described using classical
size-effect models and has been experimentally observed in Cu thin-film systems. Recent studies of
metallic thin films have likewise demonstrated the importance of film thickness in determining electrical
resistivity and sheet resistance. These effects make copper a suitable model material for evaluating a
measurement method over both micrometer and nanometer thickness regimes. [16-18]

Despite the availability of established contact-based and contactless techniques, there remains practical
interest in simple measurement configurations that can provide reproducible sheet-resistance data while
reducing the dependence of the measurement on probe arrangement and sample geometry [11, 12, 19]. In
particular, a measurement approach that combines a simple electrical circuit, controlled data acquisition,
and a theoretically defined relationship between probe spacing and sample dimensions could provide a
useful complementary method for conductive foils and thin films.

In the present work, a voltage-divider-based probe measurement system is developed for the
determination of sheet resistance and electrical resistivity of copper foils and thin films. The measurement
system combines a controlled voltage-divider circuit, signal amplification, and digital data acquisition to
obtain the electrical response of the sample. Copper foils with micrometer-scale thicknesses and thermally
evaporated copper films with nanometer-scale thicknesses are investigated. The proposed method is
evaluated by comparison with a conventional four-point probe measurement for samples for which the
reference technique provides measurable results. In addition, the influence of sample thickness on the
measured electrical resistivity is examined to assess the applicability of the proposed approach to
nanoscale copper films. The theoretical basis of the proposed measurement configuration is established
using the electrical potential distribution in a conductive sheet, and the resulting dimensional conditions
for its application are experimentally evaluated. The study therefore focuses not only on the development
of a measurement device, but also on the validation, operating conditions, and practical limitations of the

proposed sheet-resistance measurement approach.

2. Experimental details

2.1. Sample preaparation and characterization

To investigate the performance of the proposed measurement method over different dimensional scales,
copper samples with micrometer- and nanometer-scale thicknesses were prepared. Copper foils with

different thicknesses were produced by cold rolling. A rolling mill with a roller diameter of 80 mm was
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operated at a speed of 30 rpm using a lubricant during the rolling process. The initial copper foil had a
thickness of 100 um and was progressively reduced to nominal thicknesses of 85, 70, 65, 60, 55, 50, 40,
30, and 20 um. The thickness of the rolled foils was determined using three independent methods: a
precision thickness gauge (PTG100), a micrometer with an accuracy of 1 um, and an optical microscope
(MDS) operated at a magnification of 400x. Measurements at different positions of the foils were
performed to evaluate the thickness uniformity.

Copper thin films with nominal thicknesses of approximately 32, 53, 90, 213, and 529 nm were deposited
on glass substrates using vacuum-assisted thermal evaporation. Prior to deposition, the glass substrates
were ultrasonically cleaned using alcohol and acetone and subsequently dried. During deposition, the
vacuum level was maintained at 4*10- Pa. The thickness of the deposited copper films was determined
from cross-sectional field-emission scanning electron microscopy (FE-SEM; Sigma 300-HV). Cross-
sectional images obtained from different positions were analyzed using ImageJ, and the average film
thickness was determined from the measured values. The uncertainty or variation in film thickness was
subsequently considered in the analysis of the electrical properties.

The electrical resistance of the copper foils and thin films was characterized using both a conventional
four-point probe and the proposed voltage-divider-based method. For the reference measurements, a
commercial Jandel four-point probe device with a probe spacing of 1-3 mm was employed. The probes
were positioned approximately at the center of the copper samples. The two outer probes were used to
supply the measurement current (I), while the two inner probes were used to measure the voltage drop
(V) across the sample. This four-terminal configuration separates the current and voltage contacts and
consequently reduces the contribution of contact and lead resistances to the measured voltage. The four-
point probe technique and the influence of probe geometry on resistivity measurements have been
extensively discussed in the literature [2,20].

Because the measured resistance in a four-point configuration depends on the sample geometry, probe
spacing, thickness, and probe arrangement, appropriate geometric correction factors may be required
when the sample dimensions are not sufficiently large compared with the probe spacing. Recent analyses
have also demonstrated that correction factors can depend on the geometry and non-ideal dimensions of
the sample [3, 21]. Therefore, in the present work, the four-point-probe measurements were used as a
reference measurement under the same sample and experimental conditions rather than assuming that the
four-point-probe result is completely independent of sample geometry.

For each sample, twenty measurements were performed at different locations within the central region of

the sample, and the arithmetic mean was used as the reported value.



2.2. Design of the sheet resistance measurement circuit

A dedicated measurement system was designed and constructed to determine the electrical resistance of
conductive samples using a voltage-divider configuration. The flowchart of the design procedure and the
manufacturing steps of the measurement device are shown in Fig. 1. The electrical circuit was first
simulated using Proteus software, and the control algorithm was subsequently implemented using the

Arduino development environment.

AVR
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Fig. 1. Flowchart of the design process and manufacturing steps of a single-point probe device for sheet resistance
measuring.

The proposed measurement circuit is based on a series voltage-divider configuration. The unknown
resistance of the sample, (Rs), is connected in series with a reference resistance, (R;), across the input
voltage (Vi). The voltage developed across the sample is measured as (V,). Therefore, for the circuit
shown in Fig. 2, the output voltage is given by
R
V,=Vix——— (1)
R +R,

Accordingly, the resistance of the sample (Rs) can be obtained from the measured voltage [22]. The
voltage-divider relationship is a standard electrical measurement principle. Thus, the accuracy of the
calculated resistance depends on the accuracy and stability of the reference resistance (R), the input

voltage (V;), and the measured output voltage (Vo).
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Fig. 2. Voltage divider circuit for sheet resistance measurement.

In the proposed system, the effective value of (Ri) was determined independently before the
measurements by short-circuiting the two electrical contacts that normally connect to the sample. This
procedure provides an experimental estimate of the resistance associated with the electrical measurement
path and contacts. The experimentally determined value was subsequently used in the resistance
calculations. This calibration procedure was employed to reduce systematic errors associated with the

electrical connections between the measurement circuit, probes, and sample.

Because the output voltage of the voltage-divider circuit can be relatively small, an amplification stage
was incorporated before analog-to-digital conversion. The amplifier was configured for differential
voltage measurement with a sufficiently high input impedance so that the voltage-measurement stage
would have a limited effect on the voltage-divider circuit. The amplified voltage signal was subsequently
digitized for numerical processing. The use of an appropriate electrical characterization and measurement
configuration is particularly important when the measured resistance is affected by parasitic and contact

resistances. [23]

The electrical resistivity of a conductor is temperature dependent. Therefore, a relay was incorporated
into the measurement circuit to control the duration for which current was applied to the sample. A 5-V,
five-terminal relay was used to connect and disconnect the measurement circuit during the measurement
sequence. By reducing the duration of current flow through the sample, the relay operation was intended
to minimize possible Joule-heating effects during resistance measurement. This procedure is particularly
relevant for thin conductive samples because temperature changes can influence their measured electrical

resistance.



The measured electrical resistance was subsequently related to the sheet resistance through the theoretical
model described in Section 2.4. The electrical resistivity was then calculated from the sheet resistance

and the independently measured sample thickness.

2.3. Signal acquisition and control system

The measurement system was controlled using an Arduino UNO board based on the ATmega328P
microcontroller. The Arduino platform was used for relay control, acquisition sequencing,
communication with the display module, and data-processing operations. The hardware specifications of

the Arduino UNO and its ATmega328P controller are documented by the manufacturer [24].

To improve the resolution of the voltage acquisition, an ADS1115 analog-to-digital converter (ADC) was
incorporated into the measurement system instead of relying solely on the internal ADC of the Arduino
UNO. The ADSI1115 is a 16-bit, four-channel delta-sigma ADC equipped with a programmable gain
amplifier (PGA) and an I?C digital communication interface. [25] The use of the external ADC provides
a higher nominal voltage resolution than the 10-bit ADC integrated into the Arduino UNO and is therefore
particularly useful for measuring the relatively small voltage variations generated by the voltage-divider

circuit.

The amplified output voltage from the measurement circuit was applied to the ADS1115 input and
converted into a digital signal. The ADS1115 communicated with the Arduino UNO through the I>C
interface, and the acquired voltage data were transferred to the microcontroller for subsequent resistance
calculation. The measured output voltage (V,), together with the input voltage (V;) and the experimentally
determined reference resistance (R;), was then used in the voltage-divider relation to calculate the sample

resistance.

The measurement sequence was programmed so that relay switching, voltage acquisition, and resistance
calculation were performed in a controlled and repeatable order. The use of an external high-resolution
ADC and a programmable acquisition sequence allowed the voltage measurement and subsequent

resistance calculation to be performed under identical conditions for repeated measurements.

2.4. Calculation of resistance between two points on an infinite conductive plane of conductor

As described, the proposed measurement method determines the electrical resistance from the voltage
response of the sample. To establish the relationship between the measured voltage, current, sample

conductivity, and the dimensions of the measurement region, the electric potential distribution between
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two hypothetical points on an extended conducting plane was considered. The analysis is based on the

Laplace equation (V*V = 0) for the electric potential in a homogeneous conducting medium. The same

type of potential-field formulation is commonly used in electrical characterization and resistivity analysis.

[26]

For a two-dimensional conducting plane in Cartesian coordinates, the Laplace equation is written as

oV o
+

=0 2
ox* oy’ @

The differential equation can be solved by the method of separation of variables, assuming that V = V,/1j,,
i.e. the spatial dependence of V in the x and y directions can be represented by independent functions.

Substitution of this expression into Eq. (2) gives

V.V, +VYV, =0 3)

This relationship holds under the following condition:

vV

X — Y = aZ
V. v
S 4)

where a is a constant. To solve the above equation, the homogeneous equation Vx / V.= o’ is first solved;
it has real roots. Then the homogeneous equation Vy + any =0 is solved; the roots of this equation are
complex.

_ ax —-ax
V.=A4e" +A4e

V, =A;cosay+A,sinay 5)

The general solution of the equation is obtained as

V= ( Ae”™ +A,e™ )(A3 cosay + A, sin (xy) ©)

Time and space-dependent boundary conditions are used to determine the constants (Fig. 3). The potential
function for X > 0 is abotained as
V(x=+0,y)=0—> A, =0

x,y=0)=0—> 4,=0

't : (7
V( X,y ) A, Ae“ sinay
(

V(x,y)=Ae *“sinay



d Vid) =V,
|
—d V(-d) =V,

Fig. 3. Two hypothetical points on the infinite plane of the conductor to calculate the resistance.

Where, 4,4, = A. The following relations are also obtained for the boundary conditions x=0 and y=+d:
V(x=0,y=d)=V,
Asinad =V

e N ®)
V(x—O,y——d)——Vo
Asin(-ad)=-V,

where V; is the maximum electrical potential and -V, is the minimum electrical potential, with ad = —

,and A =V, . Finally the solution of the equation is obtained as

V(x, y) = Voe_% siniy
(12)

Having obtained the function V, the electric field is calculated from E =—-VV:

E=-VV= (_GV —avj: [ﬂa +ﬂa j
X ay y

ox 0oy [8) )
=( 0 e_%sinﬂ,_ " 2 osﬂ]
d 2d  2d 2d (10)
E= me_2d (sinﬂax cos 2 a
2d 2d 2d (11)



When an electric field E is applied to a material, it produces an electric current. The electric current

density per unit area is given by J = oE, where o is the conductivity.

J:csE:GEe_ﬁ EsinﬂaX —cos2a j
2d 2d 2d 7

(12)
Thus, the current density along the x-axis is obtained as
Vom 53
J(y=0)=0 e 2 (—aq,
2d ( ’ ) (13)
Finally, the current in the plane x > 0 for a conductor of thickness A is
1=[ J(y=0)ds = JdxA(-ay) i
w _m -™ oo
I= Iocme 2dxA = GE(Z—dje A
2d 2d \—= 0 (15)
I=0cV,A (16)

According to the symmetry of the conducting plane, the same current flows through the corresponding

region on the (x<0) side. Therefore, the total current is

1 =21 =20V,A (17)

The resistance between the two hypothetical points can consequently be expressed as

1

R=—
oA (18)

As can be seen, the value of R is independent of D, where D denotes the dimensions of the conductor
plate. This follows from the assumption, made in solving the problem, that the plane is infinitely large,
with the value of infinity placed at the boundary D/2 (Fig. 4). For this assumption to be valid, the
following relations must hold

n D

c 242 D e_w =0 (19)
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D/2

dxA(—ay) =ds

Fig. 4. The area element (ds) to calculate the cross-sectional area of electric current.

A practical condition for this approximation is

n D,y
2d"2
16

>
T

D (20)
d
D

25

Accordingly, the distance between the measurement points should be less than approximately one-fifth
of the characteristic dimension of the sheet. Here, (D) represents the relevant lateral dimension of the
finite sample and (d) represents the distance parameter used in the theoretical model. Therefore, the
proposed method does not require an assumption of an infinitely large sample in the actual experiment;

rather, the infinite-plane solution is used when the dimensional condition in Eq. (20) is satisfied.

The proposed approach is not intrinsically limited to copper. For another conductive or semiconductive
material, the conductivity in Eq. (12) changes according to the material, while the geometrical derivation
remains applicable provided that the assumptions of homogeneous conductivity and the adopted boundary

conditions are reasonably satisfied.

For the experimental measurements, the resistance obtained from the voltage-divider circuit was therefore
combined with the geometrical relation derived above to determine the sheet resistance. The electrical
resistivity was subsequently calculated using the independently measured thickness of the sample.
Repeated measurements were performed under identical conditions to evaluate the repeatability of the
proposed method. For the copper foils, 20 repeated measurements were obtained for each selected

thickness. The results were compared with the corresponding four-point-probe measurements. The

11



influence of sample thickness and the distance between measurement points was then evaluated using the

experimental results and the dimensional condition given by Eq. (20).

3. Results and discuttion

3.1. Measurement of copper sheet resistance in micrometric dimensions

Figure 5(a) presents the sheet resistance of the rolled copper foils with thicknesses of 100, 85, 70, 65, 55,
50, 40, 30, and 20 pum, as measured using both the proposed single-point probe method and the

conventional four-point probe method. For each sample, twenty measurements performed at different

positions. The maximum measurement variation was obtained 5x107° €, which is sufficiently small that
the corresponding error bars are not clearly visible in the graph. This relatively small variation indicates

good repeatability of the proposed measurement procedure under the conditions used in this study.

The electrical resistivity calculated from the measured sheet resistance and independently measured
sample thickness is presented in Fig. 5(b). For the proposed single-point probe method and the four-point
probe method, the electrical resistivity was calculated using the corresponding sheet-resistance relations
given in the theoretical model and the sample thickness. The two methods show generally consistent
trends over the investigated micrometer-scale thickness range. The differences between the two methods
are relatively small compared with the measured values, indicating that the proposed voltage-divider-
based approach can provide comparable sheet-resistance and resistivity measurements for the rolled

copper foils under the experimental conditions used in this work.

The four-point probe is a widely used reference technique for determining sheet resistance. however, the
measured value can be affected by probe spacing, sample dimensions, thickness, probe position, and the
associated geometrical correction factors [3, 15, 27]. These effects become particularly relevant when the
dimensions of the sample are not sufficiently large compared with the probe spacing. In the present work,
the proposed method was derived using an extended-plane approximation, and Eq. (20) provides a
dimensional condition under which the effect of the finite sample boundary can be considered sufficiently
small. Therefore, within the dimensional range satisfying Eq. (20), the measured resistance of the

proposed method is expected to show reduced sensitivity to the distance between the measurement points.

12
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Fig. 5. (a) Sheet resistance and (b) electrical resistivity as a function of thickness measured by single-probe and
four-point probe methodes.

The experimental results support this theoretical consideration. When the distance between the
measurement points was maintained within the dimensional condition obtained from Eq. (20), no
substantial systematic variation in the measured sheet resistance was observed. This behavior should not
be interpreted as complete independence from probe spacing; rather, it indicates that the effect of probe
spacing is sufficiently small within the geometrical range investigated in this study. This distinction is
important because both the proposed method and conventional four-point measurements are ultimately

affected by the finite dimensions and electrical uniformity of the sample.
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The sheet resistance and electrical resistivity both increase as the thickness of the copper foil decreases,
as shown in Fig. 5. This trend is consistent with the relation between sheet resistance, resistivity, and

thickness, R=p/t.

For the rolled copper foils, however, the change in resistivity cannot be attributed solely to the geometrical
reduction in thickness. Cold rolling modifies the microstructure of the material, including grain structure,
dislocation density, residual stress, and defect population. These microstructural changes can influence
electron scattering and consequently the measured resistivity [28]. Previous investigations of rolled and
thin copper structures have similarly reported a relationship between thickness, microstructure, grain

structure, and electrical transport properties. [10,28]

The measured results therefore indicate that the proposed method is capable of following the expected
thickness-dependent electrical response of copper foils in the micrometer range. The agreement between
the two measurement techniques also provides an experimental validation of the proposed voltage-
divider-based measurement approach for samples satisfying the geometrical assumptions of the

theoretical model.

To further investigate whether the measured sheet resistance can be used to estimate the thickness of an
unknown copper foil, a calibration relationship between sheet resistance and thickness was established
using the samples with known thicknesses, as shown in Fig. 6. The experimental data were fitted using

the regression relation reported in Fig. 6.

¥y =-110756x+15.07
R*=0.9962

p/p(0)

]
00.E+00 20.E-06 40.E-06 60.E-06 80.E-06 01L.E-04 0LE-04

Thickness (m}

Fig 6. Variation of p/p, as a function of thickness.
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The coefficient of determination obtained from the regression was 99.62%, indicating a strong correlation
between the measured sheet resistance and the thickness of the investigated copper foils. It should be
noted that this calibration relationship is specific to the material, preparation procedure, and measurement
conditions used in this study and should not be regarded as a universal thickness—resistance relation for

copper.
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Fig 7. Calculation of unknown thickness with measured surface resistance R =0.002358 (a) Iteration p/p, , (b)

Iteration of thickness.

The calibration curve was subsequently used to estimate the thickness of two copper samples for which
the thickness was treated as unknown during the electrical measurement. The thickness values obtained
from the proposed method were approximately 45 and 60 pm, respectively. These values were

subsequently compared with independent measurements obtained using the PTG100 precision thickness

15



gauge (see Figs 7 and 8). The agreement between the electrical calibration and the independent thickness
measurement demonstrates the potential of the proposed method for indirect thickness estimation when
the material resistivity and sample preparation conditions are sufficiently controlled. Similar approaches
based on sheet-resistance measurements have previously been investigated for thickness determination

of conductive thin films [5].
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Fig 8. Calculation of unknown thickness with measured surface resistance R =0.003765 . (a) lteration p/p, ,
(b) Iteration of thickness.

3.2.Measurement of copper sheet resistance in nanometer dimensions

To evaluate the performance of the proposed measurement method at the nanoscale, five thermally
evaporated copper films with nominal thicknesses of approximately 32, 53, 90, 213, and 529 nm were

investigated. The measured thicknesses, together with their experimental variations, were approximately
16



32 + 4%, 53 £ 4%, 90 £ 5%, 213 + 6%, and 529 + 7%, respectively. Figures 9(a)-9(d) show the cross-
sectional FE-SEM image of copper deposited thin films with different thicknesses. The sheet resistance
and electrical resistivity obtained using the proposed single-point probe and four-point probe methods are
summarized in Table 1. The values obtained using the proposed method represent the average of 20
repeated measurements. The relatively small variations observed between repeated measurements

indicate good repeatability of the proposed measurement system for the investigated samples.

For the 90, 213, and nm films, both measurement methods produced measurable values. The difference
between the two methods was approximately 5%, 20%, and 28%, respectively. For the 32 and 53 nm
films, however, the four-point-probe system used in this study did not provide measurable sheet-
resistance values under the experimental conditions employed. This observation should be interpreted as
a limitation of the measurement configuration used in the present study rather than as an intrinsic lower-
thickness limit of the four-point-probe technique. Four-point measurements can be affected by contact
quality, probe geometry, sample continuity, sheet resistance magnitude, and the electrical properties of

ultrathin films [1,2].

The measured sheet resistance obtained using the proposed method increases substantially with
decreasing film thickness. A corresponding increase in electrical resistivity is also observed. This trend
is consistent with the well-established size effect in metallic thin films. When the film thickness becomes
comparable to characteristic electron transport length scales, electron scattering at surfaces and grain
boundaries contributes increasingly to the total resistivity [3,29]. For copper, the electron mean free path
is of the order of several tens of nanometers; a value of approximately 39 nm has been reported at room
temperature depending on the definition and calculation approach used. [30,31] Recent experimental
studies of Cu films with thicknesses ranging from tens of nanometers to several micrometers have also

demonstrated increased electron scattering as the film thickness decreases. [10,11]

The thickness dependence observed in the present work is therefore physically reasonable. For the
thickest films, the film thickness is substantially larger than the characteristic electron mean free path,
and the relative contribution of surface scattering to the total resistance is reduced. As the thickness
decreases toward the nanoscale, the probability of electron interaction with film surfaces and grain
boundaries increases, resulting in higher electrical resistivity. This behavior has been reported

experimentally for Cu thin films over a wide range of thicknesses. [10,11,30]

17



226.6 nm

Fig 9. Cross-sectional FESEM image of the cross-sectional surface of pure copper coating with the thickness of
about (a) 34 nm, (b) 53 nm, (c) 90 nm, (d) 213 nm, and (e) 529 nm.

Table 1. Sheet resistance and electrical resistivity of nanometer samples measured by single-
point probe and four-point probe methods.

Thickness Sheet resistance Electrical resistivity
(nm) (L) (Qm)

Four-probe Single-probe Difference ~ Four-probe Single-

percentage probe
32+4% — 3047.24 £ 0.01% — 9.75x10°°
53+4% — 1226.9 + 0.03% — 6.50x10°
90+5% 173.67 182.22 £ 0.2% 5% 1.56x10° 1.63x10°
213+6% 5.56 6.93+0.9% 20% 1.18x10°¢ 1.47x10°¢
529+7% 1.98 2.75+0.5% 28% 1.05x10°¢ 1.45x10°¢
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Surface morphology can further influence the electrical transport of ultrathin Cu films. Timalsina et al.
demonstrated that nanoscale surface roughness contributes to the residual resistivity of ultrathin epitaxial
copper films [13], while more recent work has also shown that surface morphology and film continuity
can strongly influence the electrical resistance of thermally evaporated ultrathin Cu films [31]. Therefore,
the relatively nonuniform surface observed in the thicker evaporated films may contribute to the
difference between the two measurement methods. However, because the present study does not include
an independent quantitative measurement of surface roughness, the contribution of roughness cannot be

separated from the effects of thickness variation, probe contact, and measurement geometry.

Figure 10 also shows the variation of surface resistance and specific resistance as a function of thickness
for nanometer samples related to single-point probe method. According to both diagrams, with the

decrease in thickness, an increase in surface resistance and specific resistance has occurred.
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Fig. 10. Sheet resistance and electrical resistivity as a function of thickness measured by single-point
probe method in nanometer thicknesses.

Interestingly, the 213 and 529 nm samples exhibited relatively high repeatability in the proposed
measurement, with the reported measurement variation remaining below approximately 1%. Although
the surfaces of these films were not perfectly uniform, their thicknesses were considerably larger than the
electron mean free path. Consequently, small-scale surface nonuniformities are expected to have a smaller
relative influence on the overall electrical transport than in ultrathin films. At the same time, the
differences between the proposed and four-point-probe measurements for these two samples were larger
than those observed for the 90 nm film. Rather than assigning these differences exclusively to

measurement error in the four-point probe, they should be considered as the combined result of probe
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geometry, sample uniformity, contact conditions, thickness uncertainty, and the different measurement

configurations.

For the films with thicknesses below 100 nm, the proposed method provided measurable and repeatable
values, whereas the four-point-probe system used in this study did not provide measurable results for the
32 and 53 nm films. The increased sensitivity of electrical resistance to thickness and surface condition
in this thickness regime is consistent with previous investigations of ultrathin Cu films. The results
therefore demonstrate the practical capability of the proposed method to extend the electrical
characterization performed in this work to film thicknesses for which the reference four-point

measurement was not successful under the same experimental conditions.

The difference between the proposed and four-point methods for the measurable nanometer-scale samples
was below 30%. Although this difference is larger than that observed for the micrometer-scale copper
foils, it should be considered in relation to the substantially greater sensitivity of nanoscale electrical
transport to thickness uncertainty, surface morphology, grain structure, and contact conditions. Recent
studies have similarly shown that electrical transport in Cu films becomes increasingly sensitive to surface

and grain boundary scattering as the characteristic dimensions approach the nanoscale [3,11,17,31].

The role of grain boundaries in the measured resistivity can be understood in terms of electron scattering
at internal interfaces. Experimental investigations have shown that grain boundary scattering can make a
substantial contribution to the resistivity of nanometric metallic structures [17]. For Cu conductors, the
contribution of grain size, impurity scattering, geometry, and electron—phonon interactions has also been
investigated, demonstrating that several scattering mechanisms can contribute simultaneously to the
measured resistivity [18]. Therefore, the increase in resistivity observed in the present nanometer-scale
Cu films should be regarded as a combined size-dependent transport effect rather than being attributed to

a single scattering mechanism.

In addition to grain boundary scattering, surface roughness and impurities can affect the resistivity of
nanoscale copper. [13,18] The presence of impurities or deviations from ideal stoichiometric purity can
introduce additional electron-scattering centers, while surface roughness modifies the probability of
electron—surface scattering. The contribution of these mechanisms is particularly important when the film
thickness approaches the characteristic transport length scale [13,30]. Because the present study does not
include independent quantitative characterization of impurity concentration, grain size, or surface
roughness, these mechanisms are discussed as possible contributors rather than as independently

quantified sources of the measured resistance.
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Overall, the nanometer-scale measurements show that the proposed voltage-divider-based method
reproduces the expected increase in sheet resistance and electrical resistivity with decreasing Cu film
thickness. The agreement with the available four-point-probe measurements, together with the
repeatability of the proposed method, supports its use as a complementary electrical measurement
approach for thin conductive films. Nevertheless, the larger differences observed at the nanoscale
emphasize that the accuracy of the method is increasingly affected by film uniformity, thickness

uncertainty, surface morphology, grain structure, and contact conditions.

4. Conclusion

A voltage-divider-based measurement method was developed and experimentally evaluated for
determining the sheet resistance of copper foils and thermally evaporated copper thin films. The proposed
method determines the electrical resistance from the measured voltage response of a series voltage-divider
circuit and subsequently obtains the sheet resistance and electrical resistivity using the theoretical and

geometrical relations developed in this study.

Copper foils with thicknesses in the range of 20—-100 pm and thermally evaporated copper films with
thicknesses of approximately 32—-529 nm were investigated. For the micrometer-scale copper foils, the
proposed method produced sheet-resistance and electrical-resistivity values that were generally consistent
with those obtained using a conventional four-point probe. The 20 repeated measurements performed for

each foil thickness also demonstrated good measurement repeatability.

The theoretical analysis shows that the proposed method can be treated using an infinite-plane
approximation when the distance between the measurement points satisfies the dimensional condition
derived in Eq. (20). Under this condition, the influence of the finite sample boundary and the
measurement-point separation is sufficiently reduced. Therefore, the proposed method should not be
considered completely independent of probe spacing; rather, its sensitivity to probe spacing is reduced

within the specified geometrical range.

The calibration relationship obtained from the micrometer-scale copper foils showed a coefficient of
determination of 99.62%. The calibration curve was successfully used to estimate the thickness of two
copper samples, yielding values of approximately 45 and 60 um, which were subsequently compared with
measurements obtained using an independent precision thickness gauge. This result indicates that the
proposed electrical measurement can also be used for indirect thickness estimation when a suitable
calibration relationship is established for a given material and measurement condition.
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For the nanometer-scale copper films, the measured sheet resistance and electrical resistivity increased
with decreasing film thickness. This behavior is consistent with the size-dependent electrical transport of
metallic thin films and can be associated with the increasing contribution of surface, grain boundary, and
other defect-related scattering mechanisms as the film thickness approaches characteristic electron
transport length scales. For the 90, 213, and 529 nm films, the proposed and four-point-probe methods
gave comparable results, with differences of approximately 5%, 20%, and 28%, respectively. For the 32
and 53 nm films, the four-point-probe system used in this study did not provide measurable values under

the experimental conditions, whereas the proposed method provided repeatable measurements.

The proposed method therefore provides a simple and experimentally reproducible approach for sheet-
resistance characterization of conductive samples over micrometer- and nanometer-scale thickness
ranges. Its principal advantages are the relatively simple electrical configuration, controlled voltage
acquisition, reduced sensitivity to probe spacing within the theoretical dimensional condition, and
applicability to samples for which conventional four-point measurements may be difficult under specific
experimental conditions. At the same time, the method relies on assumptions concerning sample
homogeneity, thickness, conductivity, and boundary conditions. Consequently, its accuracy can decrease

for highly nonuniform, discontinuous, or microstructured ultrathin films.

The present results demonstrate the feasibility of the voltage-divider-based approach as a complementary
sheet-resistance measurement method rather than as a universal replacement for established four-point-
probe techniques. Further improvement of the method should include a quantitative uncertainty analysis,
systematic investigation of contact resistance and surface morphology, and validation using additional

conductive materials and sample geometries.
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