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Abstract. The article considers the possibility of using the eddy current method of non-destructive testing for
the problems of measuring the electrical conductivity of thin metal films. As the object of measurement, we used
copper films of various thicknesses obtained by vacuum vapor deposition. A review of current trends in the use of
copper films in modern industry and science is presented, and an analysis is made of current methods of non-
destructive testing suitable for studying thin copper films. A brief description of the deposition method and the
hardware-software complex for measuring the electrical conductivity of the film is presented. A calibration curve
is presented, which makes it possible to restore the values of the electrical conductivity of the film from the value
of the signal of the eddy current transducer. GaAs samples were selected to construct a calibration curve. The
decision is explained by the proximity of the values of the electrical conductivity of this chemical compound to the
calculated indicators of the obtained thin films. The results of testing films with different characteristics are
presented and the distribution of the electrical conductivity of the films depending on the batch is shown. A series
of practical measurements of thin films demonstrated the existence of a relationship between the mass of the
initial substance that was subjected to deposition and the characteristics of the resulting films. According to
different values of electrical conductivity within the same batch, it was concluded that there is a difference in the
quality of deposition of different films.
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1. Introduction

Currently, in the research environment, there is a rapid development of a direction that studies the
production and application of thin layers of material, the thickness of which is in the range from fractions of
a nanometer (monoatomic layer) to several microns. Many branches of modern production have turned their
eyes towards thin metal films, in view of the prospects that such innovative materials open up. At the
moment, thin films are already being used in a wide range of industries, including microelectronics, optics,
microwave technology, metalworking, high vacuum technology, etc. These circumstances allow us to talk
not only about the improvement of technical characteristics, but also about new technological directions.
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Thin films are characterized by an extreme breadth of the spectrum of possible structures and
properties, the presence of which is determined by the thickness of such materials. In this regard, the
physical properties of thin films can differ significantly from the characteristics of a substance in a bulk state.
These circumstances increase the interest in these materials on the part of scientific research, since they can
be used to discover properties and regularities previously unknown to physics. In practical terms, the study
of thin films is essential in the development of innovative technologies and devices based on them.

At present, the electrical resistance determined by the film thickness is considered to be the key
parameter possessed by thin films. Practical developments allow us to make a conclusion that the regulation
of the electrical conductivity of thin films makes it possible to control their structure. According to the
results of the analysis of modern publications on this topic, the eddy current testing (ECT) is the most
optimal direction for continuous non-destructive testing in terms of ecology, ease of use, as well as
efficiency and productivity. This method is based on the phenomenon of eddy currents, the excitation of
which in the object under study (in this case, in thin metal films capable of conducting electric current)
makes it possible to reveal hidden inconsistencies (Figure 3).

As follows from the provisions that have been developed in modern publications, systems with
overhead and screen transducers demonstrate a stable efficiency of non-destructive testing using ECT.
Researchers focus on such parameters of thin films as specific electrical conductivity, thickness, as well as
the detection of violations of the structure of the substance and damage. The development of special
transducers and the optimization of existing ones will serve as the basis for creating general principles for the
implementation of the necessary control tools.

The use of non-destructive testing methods based on eddy current effects in relation to violations of the
structure of the substance of thin films has some specificity compared to typical test objects, which is
expressed in the breadth of the spectrum of manifestations. The thickness of thin films varies from fractions
of a nanometer to several microns; at the same time, the possible nature of violations of the structure of a
substance is diverse. In modern publications devoted to the problems of eddy current testing, some
conceptual directions can be traced, which can be recognized as common to the entire field of non-
destructive testing, including both the theoretical part and the measuring technique itself. In particular, the
emphasis is on improving measurement accuracy and expanding functionality.

Eddy current non-destructive testing systems have their own specificity, which consists in the need for
constant changes in the design of sensors in accordance with the conditions of a specific task. These
circumstances are due to the fact that the key informative indicator of this approach is the voltage directed to
the measuring winding of the converter. It correlates with the consolidated characteristic of the B, sensor,
which is a function of the nature of the substance, the type and parameters of internal disturbances in the
structure, parameters and structure of the converter, as well as the frequency of the exciting alternating
electromagnetic field. Also, when calculating the electrical characteristics of the sensor, it is necessary to
take into account the defect-sensitive material parameter, the location and parameters of possible violations
of the internal structure of materials, and the locality of the eddy current converter.

Electromagnetic non-destructive testing (NDT) is widely used for the evaluation of conductive
materials [1-3]. One common approach, ECT, employs a system of coils that induces eddy currents in a
conductive sample and subsequently monitors changes in the secondary magnetic field generated by the eddy
currents [2, 4]. Defects in the sample distort the eddy currents, resulting in a change in the magnetic field
detected by the coils. ECT has limitations, including shallow penetration depth, an inability to detect defects
with interfaces parallel to the surface, and the requirement that the probe maintain minimal lift-off from the
test material. Despite these limitations, ECT is widely used for NDT and inspection because of the
advantages offered in terms of cost, portability and ease of interpretation of results. Currently, the practical
utility of ECT is restricted to conductive materials. However, with the growing use of nonconductive
materials in industrial applications that require non-destructive evaluation, there is a need for an approach for
these materials with comparable advantages to ECT.

During ECT testing, the conductive or semiconductive material is excited by a coil with high frequency
alternating currents. Defects including cracks, voids or delamination alter the eddy current distribution
around the defect. ECT have been recently used for the inspection of composision materials [5-7]. For
example, Liang Cheng et al. [8] compared ECPT with ultrasound and flash thermography for the detection of
delamination in composites. However, to date, a quantitative comparison of the damage detection
performance of eddy-current method for composite and metallic materials is still missing [9]
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Copper (Cu) has become widely used as a connection material in very large integrated circuits due to its
low electrical resistance and high resistance to electromigration [10-12]. However, copper can diffuse into
silicon dioxide (SiO2) [13-15] and silicon (Si) at temperatures up to 200°C [16], which has a negative effect
on the stability of electronic devices. Recently, many materials have been studied that can be used to create a
thin metal film [17-19], but copper remains the most interesting of them, since it is difficult to form an
intermetallic compound with Cu/Si, which ensures a relatively stable interface between them. When the
thickness of the copper film is reduced to about 600-1000 nm, the measurement of the electrical conductivity
of the copper film becomes relevant, both to control the deposition process and to control the thickness.
Currently, there are several methods for monitoring electrical conductivity, including the four-probe method
(4PP) [20-—22], the optical method [23], and the eddy current method [24]. The 4PP method is a common
method for determining the thickness of a copper film in the semiconductor industry, but it requires contact
of the probes with the sample surface [25]. The optical method uses the principle of interference of a light
beam reflected from the surface and bottom of the film [26]. This method is well suited for transparent film,
but cannot be applied to metal. The eddy current method [27-29] is a non-destructive and non-contact
method with high sensitivity [30-31] that satisfies the requirements for measuring the electrical conductivity
of a copper film.

The current range of scanning devices using the principles of eddy currents has limited application to
the problems of measuring thin films. The thickness of such materials (100 - 500 nm) causes difficulties in
flaw detection and imposes increased requirements on eddy current transducers and other elements of the
scanning system. For example, the operating frequency required for efficient investigation of thin films is in
the range of 1 — 10 MHz [32].

Summing up the intermediate results, we have reason to speak with confidence about the relevance of
this area of research. This publication aims to describe the practice of using the eddy current method of non-
destructive testing in the study of the electrical conductivity of thin metal films. Measurements will be
carried out using the developed setup based on an ultra-compact transducer that uses the principles of eddy
currents and is capable of effectively localizing the electromagnetic field in small areas. According to the
scanning plan, the received signal from the eddy current probe will be subjected to hardware and software
processing aimed at data analysis using special algorithms.

The successful achievement of this goal necessitates addressing a comprehensive set of tasks:

1. Transducer Design: Develop an eddy current transducer optimized for the specific flaw detection
application. This requires selection of the core size and shape, alongside the number and turns of coils within
the core, to effectively focus the electromagnetic field onto the object under investigation.

2. Software-hardware system development: Create a dedicated software and hardware system based on
the designed transducer. This system should perform precise control of the eddy current testing (ECT)
process, encompassing:

» Generation of alternating current with variable frequencies

+ Coordinated current within the ECT windings

 Acquisition and clear visualization of the resulting signal

3. Rigorous experimental validation through controlled experiments investigated the electrical
conductivity of representative thin film samples, emphasizing accurate determination of their final values.

2. Materials and methods of research

In scientific research, the method of resistive heating of a substance with subsequent deposition from
the gas phase in vacuum on a glass substrate has proven itself well as a method for obtaining thin films. This
method is characterized by high efficiency, low cost of equipment, safety in operation and small overall
dimensions. Copper, which is widely used in science and technology due to the parameters of its electrical
conductivity, was chosen as the source of the film material. The evaporation of the substance was carried out
in the VUP-5 installation.

The scheme of operation of the vacuum universal post VUP-5 is shown in Figure 1 [33].

On Figure 1 under the symbols are: D1, D2 and D4 is low vacuum pumps, used to remove the main part
of the gas from the chamber, D3 is high vacuum pump - to maintain vacuum by removing gas flowing from
the surfaces, K is valves, K4 is high vacuum valve. WL is working volume, FP is foreline pump, FC is
foreline cylinder, DP is diffusion pump.



Eurasian Physical Technical Journal, 2024, 21, 1(47) Engineering 77

WL
D1
K3 K7
- 50
(
KL p—
Ké
K8

D4 D3 -FC D2
DP FP

Fig.1. Scheme of work of VUP-5.

Fig.2. Scheme of evaporation and deposition in a vacuum chamber.
1) evaporator, 2) evaporated substance, 3) substrate

The scheme of evaporation of the source of the film material, as well as subsequent deposition, is
shown in Figure 2. The calculated volume of copper is located on a thin tungsten plate, which acts as an
evaporator. An electric current is applied to the plate, as a result of which it is heated to high temperatures
and leads to the evaporation of the source of the film substance. Breaking away from the surface, the
particles of the substance propagate in a vacuum, forming a vapor, which subsequently settles on a glass
substrate. The glass plates used for the substrate had different areas.

Differences in the thickness of the final film is due to the different volume of the substance of the film
source subjected to evaporation. According to the study plan, the amount of copper increased as the lot
number increased. Within the same batch, the film samples also differ in thickness, since they were located
in the chamber at different distances from the center of the evaporator.

The transducer is positioned perpendicular to the plane of the film under study, so that the measuring
winding is at a minimum distance from the surface of the film, but the ECP is not in contact with it.

To control the operation of the developed converter, automate the measurement process and convenient
visualize the results obtained, a hardware and software complex is required.

The developed diagram of the software and hardware complex is presented in Fig. 2.

The control unit, executed on the basis of a personal computer (PC), generates and sends commands to
the generator (GEN) and the VTP positioning system. The generator, having received a control signal,
generates an alternating electric current of a given frequency, which, passing through the Amplifier, acquires
a given amplitude and is supplied to the exciting coil of the VTP.

The voltage on the measuring coil, passing through the Amplifier and Filter, is supplied to an analog-to-
digital converter and then, in the form of a digital signal, enters the processing and visualization unit (PC).
To move the ECP over the object of study, a positioning system based on Cartesian kinematics, based on a
Cartesian coordinate system, was developed; this technology operates on the basis of three axes is X, Y, Z.
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Fig.3. Scheme of the eddy current complex

The platform for securing the research object moves along the Y axis, and the sensor holder moves
along the X and Z axis. Each direction has its own motor, the Y and X axes have a belt drive, the Z axis is
driven by a screw system consisting of a stepper motor, a flexible coupling and a screw, the pitch of which
determines the step size along this axis. The maximum size of the probing area is 22 x 22 cm, the maximum
movement speed is 180 mm/s, the movement accuracy is 100 pm.

3. Results and discussion

To conduct direct measurements of electrical conductivity with the involvement of an eddy current
transducer, a scale was compiled in units of the measured value and equipped with a calibration curve
(Figure 4.). Approximation was carried out using the least squares method. Gallium arsenide GaAs samples
were selected to construct a calibration curve. GaAs samples were cylinders of various sizes, with different
types of conductivity (p, n), mobility (200-2400 cm?/s), carrier concentration (3,75-10'-3,3-10" 1/cm®) and
dislocation density (10*-3 10*). The solution is explained by the closeness of the values of the electrical
conductivity of this chemical compound to the calculated values of the obtained thin films. The operating
frequency during direct measurement was 7 MHz, the signal amplitude was 1.45 V. The results obtained are
shown in Table 1.

Table 1. Response amplitude from GaAs.

Electrical conductivity of 0.00138 | 0.001792 | 0.071808 | 0.09984 | 0.09216 | 0.11616 0.12144
the standard, MSm

Amplitude, V 0.02125 0.02247 0.08553 0.09716 | 0.09847 | 0.10520 0.10828

To compile a holistic picture of the studied parameters, the results of the responses of the scanning eddy
current system were collected and analyzed when measuring samples of thin films from different batches.
Several batches of films with different materials and thicknesses were obtained using the resistive
evaporation method. The thickness of the films in different batches varied from 100 to 800 nm, which was
achieved by using different amounts of the evaporated material. The substrate dimensions were 23 x 23 mm.
The films had a polycrystalline structure. Figure 5 shows the results of the measurement of the obtained
samples from the first batch. It can be observed how the distribution of the incoming signal from the eddy
current transducer shown in the image is uniform. Thus, we get grounds to speak about the uniformity of the
deposition of the film substance and, accordingly, the quality of the material obtained.
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Fig.4. Calibration curve based on GaAs.
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Fig.5. Results of measurements of films from batch No. 1.

Figure 6 shows the results of measuring films from the second batch. The nature of the incoming signal
from the ECP has changed significantly: we can confidently speak of the presence of two regions with
different signal amplitudes. This indicates the existence of some differences in the electrical conductivity of
different regions of the same sample. It is important to note that within the boundaries of these areas, the
signal is largely stable.
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Fig.6. Results of measurements of films from batch No. 2.
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Figure 7 shows the results of measuring films from the third batch of films. Judging by the nature of the
distribution of the signal coming from the transducer, the samples also contain regions with different
electrical conductivity (similar to the picture in the second batch). However, unlike the second batch, even
within the same region, the signal is not stable either, the limits of signal change are quite wide. Thus, the
electrical conductivity varies both in individual areas and throughout the sample.

Figure 8 shows the results of measuring films from the fourth batch of films. The picture demonstrates
the unsystematic nature of the distribution of the signal level from the eddy current transducer. This is
explained by the fact that the electrical conductivity of the samples varies significantly over their entire area
without the possibility of isolating relatively stable regions. This can be explained by a change in the
structure of conductive films and, accordingly, the mechanisms of movement of electric charges that create

an electric current.
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Fig. 7. Results of measurements of films from batch No. 3.
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Fig. 8. Results of measurements of films from batch No. 4.

The results of film measurements are shown in Table 2.

Table 2. Average conductivity by batch.

Sample No. Party 1 (1)

Party 1 (2)

Party 2 (1)

Party 2 (2)

Party 3 (1)

Party 3 (2)

Party 4 (1)

Party 4 (2)

Electrical
conductivity
MSm

0,28

0,23

0,084

0,087

0,138

0,22

0,80736

0,22469
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4. Conclusion

Summing up the results of the study, it is necessary to note some key provisions.

1. In particular, it was possible to work out the practical aspects of obtaining thin metal films with
various parameters, including thickness, electrical conductivity, and oxidation resistance. As part of the
study, a VUP-5 vacuum unit was used to create several batches of thin films by resistive deposition.

2. To measure individual parameters of thin metal films, which are of the greatest interest, a special
scanning setup was developed on the basis of an ultra-compact transducer using the principles of eddy
currents.

3. The measuring setup was successfully tested on thin copper films and proved to be effective in
establishing the values of the parameters of interest. The response from the measuring winding, which is part
of the ECT, which is the result of the interaction of the transducer field with the film, has sufficient
information content for subsequent analysis.

4. The method of calibration of the scanning setup using samples with known electrical conductivity
was used in the work. Both high and low electrical conductivity values were included in the system. This
made it possible to build a calibration curve, which can be used as a guide when obtaining the calculated
values of the conductivity of the current film.

5. Analysis of the amplitude values of the input signal, which by their nature are derivatives of the
interaction of the magnetic field of the transducer with the film, carried out taking into account the
calibration curve, makes it possible to draw conclusions regarding the electrical conductivity values of thin
films from different batches.

6. A series of practical measurements of thin films demonstrated the existence of a relationship between
the mass of the initial substance that was subjected to deposition and the characteristics of the resulting films.
This circumstance indicates that the stability of the values of the parameters of the final materials can be
achieved by increasing the accuracy of taking into account the mass of the initial substance.

The scientific and practical significance of the results obtained in the work are as follows:

1. For the first time, a design of an eddy current transducer with characteristics that enables thin metal
film analysis, including detecting and characterizing defects and inhomogeneities with an area of 10,000
umz2 and more, as well as determining the coordinates of film boundaries.

2. A dedicated software-hardware system based on the eddy current method was developed to enable
experimental investigation of inhomogeneities and defects in thin metal films with a thickness of 100 nm or
more and a specific conductivity of 14 MS/m.

3. The determined frequency range of the excitation signal of the eddy current transducer is 10-30
MHz, which allows for research of defects in the structure of films with a thickness of 100 nm and more.
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