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Abstract

Tantalum nitride (TaN) is a typical transition metal nitride with the characteristic of adjustable
resistivity over a wide range. Low-resistance TaN even exhibits a resistivity similar to that of metals.
Since the electrical resistance of the compound can influence the secondary electron emission (SEE)
behaviors, this study aims to investigate the relationship between the electrical resistivity and the
SEE regularities of TaN films. We prepared five groups of TaN films by varying the N, partial
pressure during sputtering. Microstructural analysis revealed that the film thickness ranged from
approximately 197 to 281 nanometers. Results obtained by X-ray photoelectron spectroscopy (XPS)
indicated that the Ta:N atomic ratio of the TaN films ranged from approximately 0.53 to 0.87.
Additionally, XPS results indicated the presence of non-adsorbed oxygen on the surface of the TaN
films, and Further accurate XPS analysis revealed that there was TaNO compounds formed on the
TaN surfaces under the influence of oxygen. Square resistivity tests show that the resistivity of the
TaN films ranges from 5.67x107 to 2.43 Q-cm. Furthermore, the lower the Ti:N atomic ratio is, the
lower the electrical resistivity of the TaN film becomes. SEE coefficient (SEEC) results indicate a clear
positive correlation between SEEC and electrical resistivity of the TaN films, meaning that smaller
SEEC can be acquired by film with lower electrical resistivity. When the N, gas flow rate was 16/0
sccm, SEEC of the TaN film was the smallest/largest, with a SEEC maximum of about 1.88/2.25. The
research provides valuable reference for expanding the application of TaN films in engineering
scenarios involving electrical resistivity adjustment and SEE applications.

Keywords: tantalum nitride; electrical resistivity; secondary electron emission; atomic ratio

1. Introduction

Tantalum Nitride (TaN) is a versatile, high-performance ceramic material that plays a vital role
in key technologies in areas as diverse as optoelectronic devices, integrated circuit manufacturing
and aerospace [1-4]. TaN possesses excellent physical properties including thermal stability,
chemical inertness, diffusion barrier, tunable resistivity and high stiffness, making it ideally suited
for film applications where reliability is critical under extreme conditions [3-5], as well as, TaN also
has applications in micro electromechanics and energy harvesting [5-7]. In the field of semiconductor
manufacturing, TaN films act as a diffusion barrier in copper interconnect technology to prevent the
rapid diffusion of copper atoms into the surrounding silicon, this advantage is a capability that is
critical for nanoscale feature sizes in advanced chips [8-10]. In addition, TaN is a key material for
metal gates in transistors, acting as a stable electrode and functional layer for power function tuning
in MOSFETs [10-12]. Besides, by combining the stability with metallic/semi-metallic conductivity of
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TaN in certain phases, TaN is considered to be an ideal candidate for electrodes in a variety of
miniature sensors used in harsh environments [13,14]. In coating engineering, TaN films excel as
protective coatings against high temperatures, thermal cycling, radiation exposure, friction and
oxidizing environments [15,16]. Besides, TaN coatings can be used as functional layers on electronic
components in satellites and spacecraft to protect them from the damaging effects of cosmic rays and
solar radiation, as well as, the chemical inertness and oxidation resistance of TaN ensure long-term
performance stability in challenging environments [16-18].

Many transition metal nitrides have physical and chemical properties similar to those of TaN
[3], among which, titanium nitride (TiN) is a nitride with extremely similar physical and chemical
properties to those of TaN, including adjustable metal-like conductivity [19], wear-resistant and high-
temperature-resistant physical properties [20-22], and good chemical stability that does not easily
react with other substances [22]. In addition, the low secondary electron emission (SEE) coefficient
(SEEC) property of TiN makes it widely used in scenarios where secondary electron multiplying
discharges are suppressed [23-26]. Typical scenarios where TiN is applied to reduce SEEC include,
suppressing electron cloud generation in particle accelerators[23], and mitigating multipactors in
space microwave systems [25,26]. Since TaN has similar physical properties with TiN, it is curious
for us to see if TaN can be used as a new SEEC modulating functional material in a variety of scenarios
involving electron emission. From previous studies, we know that the SEEC of films partly depends
on their resistance characteristics [27]. Although there has been very little research on the electron
emission phenomenon of TaN films, there have been reports on electrical resistance control on TaN
films [28-30]. For example, in 2004, Lal et al. investigated the resistive properties of TaN thin films
deposited by ion beam assisted deposition, and they found the non-metallic properties of TaN are
attributed to nitrogen-induced carrier localization effects, as well as, they also achieved a change in
resistivity from 789 uQ-cm to 2882 uQ)-cm by controlling the nitrogen content [28]. In 2018, by
employing the technology of 30 keV nitrogen ion implantation, Ramezani et al achieved a controllable
increase in the resistivity of TaN film from 182.7 m{)-cm to 272.6 mQ-cm, revealing the synergistic
control mechanism of nitrogen doping dose on TaN phase transformation, surface morphology, and
electrical properties [29]. In 2021, Jiang et al. researched the electrical resistance control characteristics
of TaN films under the influence of oxygen, it was concluded that the oxygen doping strategy enabled
precise control of the resistivity of cubic TaN thin films over seven orders of magnitude, namely,
from 5.3x104 S/m to 4.1x10% S/m [30]. The above studies show that TaN exhibits excellent resistive
tunability. Although there are few reports on electron emission of TaN, we expected that TaN would
also exhibit a unique SEEC regularity as TiN act as.

In this work, by controlling the process parameters, we investigated the composition, electrical
resistivity, and SEEC regularity for TaN, to reveal the tunability of electrical resistivity, and see
whether it can be used in certain applications involving electron emission. We conducted a systematic
study on the influence of gas flow rate on the physical properties of TaN films, including the effect
of N flow rate on the film composition. Additionally, we presented the experimental relationship
between the elemental composition and the electrical resistivity of TaN films, as well as,
experimentally explored the influence of film electrical resistivity on the SEEC. To theoretically
explain the experiment results, the potential physical mechanisms by which free electron
concentration affects the SEEC process was discussed. This research provides valuable insights for
expanding the application of TaN materials in the field of vacuum electron emission.

2. Results and Discussion

2.1. Surface and Fracture Surface Characterization of TaN Film Samples

Five TaN film samples, denoted as #1-#5, were fabricated by reacting sputtering process, and the
gas flow rate of #1-#5 TaN film samples were N2:Ar=0:16, 4:16, 8:16, 12:16, 16:16, respectively. Figure
1 shows the surface morphologies and fracture surfaces of TaN film samples characterized by
scanning electron microscopy (SEM) at the same magnification. Figure la-d are the SEM photos of
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top view for the #1, #2, #3, #5 TaN film samples, where Figure le-h are the corresponding fracture
surface images. Comparing the surface morphologies of the TaN film samples in Figure 1, it can be
seen that the gas flow rate of N2:Ar during the sputtering process has some effect on the surface
morphology of the TaN film samples. To be specific, as shown in Figure 1a, it can be found that when
N2 is not fed into the preparation process, namely N2:Ar=0:16, the surface of TaN film has many raised
irregular structures, the size of the crystal grains is about a few tens of nanometers and the crystal
boundaries between the crystal grains are pronounced. When the gas flow rate goes higher,
N2:Ar=4:16, as shown in Figure 1b, the crystal grain size becomes significantly smaller, and on closer
inspection, the crystal grain size is about tens of nanometers, and the boundaries between the crystal
grains are no longer obvious. As for the cases that gas flow rate of N2:Ar>8:16, no visible crystal grains
or crystal boundaries can be observed on the surface in Figure 1c-d, except for tiny contamination
particles. The above results indicate that the crystal grain size of the formed TaN films is large and
crystal grain boundaries are obvious when the N: gas flow rate is low in the process of this
experiment. Conversely, when the N2 flow rate is increased, the grain size of the formed TaN films
becomes smaller.

The thickness information of the TaN film samples can be obtained from the fracture surface
images in Figure 1le-h, which has been marked with a green line segment. Via the software embedded
in the SEM system, we acquire the approximate thickness values of #1-#5 TaN film samples, namely,
281 nm, 251 nm, 239 nm, 213 nm and 197 nm, respectively. Here, we find that for TaN samples #1-#5,
the thickness values of the prepared film samples become progressively smaller as the N2 gas flow
rate rises for the same period of time. This result suggests that the rise in N2 gas flow rate slows down
the sputtering rate. In fact, during the experiment, N is the main gas involved in the reaction, while
Ar atoms are the main actors involved in the ionization and collisional sputtering process, so the
decrease of Ar gas concentration slows down the sputtering rate, resulting in a decrease in the film
thickness in the same time.

(a)-#1, N;:Ar=0:16, top view (e) #1, N,:Ar=0:16, fracture surface

I 281.1nm

400 nm /

*_» Magnification=50 k NS Magnification=50 k (N

(b) #2, N,:Ar=4:16, top view (f) #2, N,:Ar=4:16, fracture surface

400 nm
Magnification=50 k NG Magnification=40 k (NN
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(c) #3, N,:Ar=8:16, top view B ©® #3, N,:Ar=8:16, fracture surface
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Figure 1. Surface morphology photos and fracture surface photos of TaN film samples characterized by SEM,
(a)-(d) are the top view of SEM photos for TaN film samples when N2:Ar=0:16, 4:16, 8:16 and 16:16, as well as

(e)-(h) are the corresponding fracture surface photos.

2.2. Elemental Content Characterization of TaN Film Samples

In addition to the surface morphology and fracture surface characterization using SEM, we have
also analyzed the surface elements of the prepared TaN films using energy dispersive X-ray
spectroscopy (EDS), an accessory hardware to SEM. Figure 2 demonstrates the EDS test results of the
TaN film samples, where Figure 2a shows the results of the EDS spectra of #1-#5 TaN film samples,
Figure 2b shows the morphology of the EDS test region of sample #3, and Figure 2c-e show the
distribution of the three elements, Ta, N, and O inside sample #3. Table 1 gives the elemental
proportions in different TaN films obtained from EDS analysis. Figure 2a indicates that the peak
intensity of each element in the EDS spectrum of sample #1 is significantly higher than other samples,
which is due to the fact that the thickness of #1 is greater than other samples and the depth of
detection of EDS is greater than the thickness of the films. Comparing the elemental distributions in
Figure 2c-e, it is clear that the elemental densities of Ta and N in sample #3 are significantly higher
than those of O. This indicates that the O content is very low within the detection depth range of EDS,
which is consistent with the results in Table 1. Besides, From Table 1, it can be seen that Si element
can be detected by EDS, and it comes from the substrate since the detecting depth of EDS is typically
on the sub-micron to micron scale, exceeding the thickness of the TaN film samples. Table 1 shows
that the Si element accounts for a considerable proportion of the direct EDS test results, and here, in
order to more accurately analyze the changes in the composition of the film elements, we need to
remove the Si element from the test results.
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Figure 2. (a) EDS results of #1-#5 TaN film samples, (b) the EDS testing area of TaN #3 characterized by SEM,
(c)-(e) the elemental distribution of Ta, N, and O inside the #3 TaN sample characterized by EDS.

Table 1. Tested atomic ratio of TaN film samples by EDS, including the substrate Si.

Sample N2:Ar Ta (At%) N (At%) C (At%) O (At%) Si (At%)
#1 0:16 14.3 19.4 27.5 26.1 12.7
#2 4:16 11.4 24.7 32.7 10.4 20.8
#3 8:16 9.8 28.8 25.6 3.6 32.2
#4 12:16 8.0 27.8 19.0 2.8 42.4
#5 16:16 6.7 26.3 20.0 2.6 44.4

By removing the element Si from the test results in Table 1, we obtained the ratios of the four
elements Ta, N, C, and O in Table 2. Table 2 shows that the sputtered TaN film samples are mainly
composed of four major elements, namely, Ta, N, C, and O, and the proportions of the various
elements change significantly with the change of the proportion of N2 in the gas mixture. The
presence of the C and O elements suggests that there is some gas adsorption and organic
contamination on the surface of the sample before it enters the XPS analysis chamber. Removing the
effects of C and O, we can see that for samples #1-#5, there is a significant increase in the content of
N element and a significant decrease in the content of Ta element in the films with the increase of N2
gas flow rate during the preparation process. The Ta:N atomic ratio data is given in the last column
of Table 2, which also shows the variation of the elemental ratios of Ta and N elements in the films,
namely, the Ta:N atomic ratio in the films is 0.739 when the N2 gas flow rate is 0, and the Ta:N atomic
ratio in the films decreases to 0.254 when the N2 gas flow rate is 16 sccm. The results of the above
analysis of the elemental ratio data show that the prepared films meet the expectations of our
designed experiments.

Table 2. Tested atomic ratio of TaN film samples by EDS, exclude the substrate Si.

Sample Nz:Ar Ta (At%) N (At%) C (At%) O (At%) Ta:N (At ratio)

#1 0:16 16.4 222 31.5 29.9 0.739
#2 4:16 14.4 31.2 41.3 13.1 0.462
#3 8:16 14.5 42.5 37.7 53 0.341
#4 12:16 13.9 48.3 33.0 4.8 0.288
#5 16:16 12.0 47.3 36.0 4.7 0.254

2.3. Accurate Composition Characterization of TaN Film Samples

X-ray photoelectron spectroscopy (XPS) is another precise method used for surface elemental
analysis, with detection depths typically in the range of a few to a dozen nanometers. XPS technology
is therefore well suited for the quantitative analysis of the most superficial elements for the prepared
TaN film samples. Figure 3 shows the XPS test results of the #1-#5 TaN film samples. From Figure 3a,
we are able to observe the binding energy positions corresponding to the various elemental
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characteristic peaks, as well as the intensity of the various characteristic peaks. In the XPS spectra in
Figure 3, the characteristic peaks at binding energies of about 396 eV, 25 eV, 283 eV and 530 eV are
corresponding to N 1s, Ta 4f, C 1s and O 1s respectively, as well as there are some other characteristic
peaks of Ta, mainly including Ta 4d and Ta 4p. Besides, the existence of two characteristic peaks of
C and O indicates the adsorption of organic contamination on the film surface. By observing the
intensity of the characteristic peaks in the XPS spectrum of Figure 3a, we know that as the N2 gas flow
rate rises, the proportions of the elements N and Ta also increase significantly, and there is a
significant decrease in the proportion of O. Meanwhile, the characteristic peak intensity of element C
does not change much, indicating that the amount of organic contamination on the surface of the five
film samples is relatively close. From the fine spectral analysis of elemental N in Figure 3b, Ta in
Figure 3c and O in Figure 3d, it can be seen that O not only exists in the form of organic contamination
and impurity gas adsorption, but also combines with elemental Ta to form compound Ta20s. The
results in Figure 3b-d indicate that the TaN film samples we prepared in this work are actually in the

form of TaNO.
3 fine sprectra of N 1s c) fine sprectra of Ta 4f
(a) XPS spactra of TaN film samples (®) 3 Nl:l:&r=8:16 . (©) e Nll:)Ar=8:16
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Figure 3. (a) XPS spectra of the #1-#5 TaN film samples, (b) N 1s fine spectra of TaN film when N2:Ar=8:16, (c)
Ta 4f fine spectra of TaN film when N2:Ar=8:16, (d) O 1s fine spectra of TaN film when N2:Ar=8:16, (e) C 1s fine
spectra of TaN film when N2:Ar=8:16.

For the XPS results of five TaN films, the atomic percentage data of all elements Ta, N, C, and O
tested by XPS are listed in Table 3. Comparing the XPS elemental test results in Table 3 with the EDS
elemental test results in Table 2, we can see that the proportion of O elements measured by XPS is
significantly higher. Since the detecting depth of XPS is in the range of a dozen nanometers from the
surface, the results of the comparison between Table 2 and Table 3 indicate that the oxidation of TaN
films to form TaNO thin layer just occurs at the outermost surface of the TaN film, as well as, the
thickness of TaNO is about several nanometers. In addition, the data in Table 3 show that the content
of elemental C in the five TaN films is similar, indicating that the degree of organic contamination on
the sample surfaces is approximate. Besides, for samples #1-#5, the Ta:N atomic ratio gradually
decreases with the increase of N2 gas flow rate, indicating that increasing the gas flow rate of Nz is
effective for the adjustment of film composition.

Table 3. Surface elemental composition of TaN film samples obtained by XPS tests.

Sample Nz:Ar Ta (At%) N (At%) C (At%) O (At%) Ta:N (Atratio)
#1 0:16 12.17 13.91 34.37 39.55 0.87
#2 4:16 13.81 18.23 35.67 32.29 0.76
#3 8:16 14.85 21.52 33.98 29.65 0.69
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#4 12:16 10.19 19.70 38.31 31.80 0.52
#5 16:16 12.26 23.13 34.76 29.85 0.53

2.4. Characterization of Electrical Resistivity Property for the TaN Film Samples

In addition to the microanalysis of the TaN thin film samples, we also performed a
characterization and analysis of the electrical resistivity property of the samples. It should be noted
that since Si is a semiconductor substrate, the accuracy of the test results will be affected when using
the four-probe method for square resistance testing. Here, in order to eliminate the effect of the
substrate on the test results, we use a glass sheet as the substrate for the square resistance test of TaN
film samples. The values of physical property parameters of five TaN film samples are given in Table
4, where the thickness of the films has been read out from the analysis results of SEM photos in Figure
1. The square resistance of the TaN film samples is measured by the four-probe method. Finally, the
electrical resistivity, p, of the TaN film samples can be calculated by the following equation,

P=Rxt (1)

Here, R is the square resistance, and t refers to the film thickness. The calculated film electrical

resistivity is given in the last column of Table 4.

Table 4. Square resistance and electrical resistivity information of TaN film samples.

Sample Nz:Ar Thickness (nm) Square resistance (2)  Electrical resistivity (Q-cm)

#1 0:16 281 8.65x10* 2.43x100
#2 4:16 251 2.89x10* 7.25x101
#3 8:16 239 2.05x103 4.90x10-2
#4 12:16 213 1.29x10? 2.75x103
#5 16:16 197 2.88x10? 5.67x103

From the data in Table 4, it can be seen that with the increase of N2:Ar gas flow rate during the
sputtering process, the electrical resistivity also tends to decrease. Merely, it is clear that gas flow rate
is not a direct factor that varying the film electrical resistivity. Through the analyses in Tables 2 and
3, we can see that the gas flow rate directly affects the elemental ratio of Ta and N during the
formation of TaN films, and according to the reference [29,30], it is known that the elemental ratio
inside the TaN film composition will greatly affect the film electrical resistivity. For this reason, we
plotted Figure 4 to depict the dependence of electrical resistivity on the film elemental composition.
Figure 4a-b demonstrate the effect of N:Ar gas flow rate and XPS-measured Ta:N atomic ratio on the
electrical resistivity of TaN films, respectively. From Figure 4b, it can be concluded that the element
proportions in TaN films has a very significant effect on film electrical resistivity, which varies by up
to three orders of magnitude over the range of process parameters used in this work. To be specific,
Figure 4b indicates that the lower Ta:N atomic ratio results in lower electrical resistivity of the TaN
films, and a lowest electrical resistivity of 2.75x10-% {)-cm was obtained at Ta:N=0.52 (XPS results)
when N2:Ar=12:16.
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= =
= =
£ 107 £ 10%
< <
= #SH = |
#40 |
3 1 1 1 1 1 3] 1 1 1 1 1
10 016 &6 &16 1216 16:16 05 0.6 0.7 0.3 0.9
N2:Ar gas flow rate during sputtering (sccm:sccm) Ta:N atomic ratio tested by XPS

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202507.0163.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2025 d0i:10.20944/preprints202507.0163.v1

8 of 13

Figure 4. Variation tendency of electrical resistivity for the prepared TaN film samples, (a) electrical resistivity

versus the N2:Ar gas flow rate, (b) electrical resistivity versus the Ta:N atomic ratio.

2.5. SEE Characterization of TaN Film Samples

SEE is an important physical phenomenon in vacuum environment. SEE phenomenon involves
a variety of vacuum scenarios, such as electron multipliers [32], space electrostatic discharge [33],
secondary electron multiplication discharge [34], space dielectric surface charging and discharging
[35], and other typical scenarios. SEEC is a physical parameter used to measure the number of
secondary electrons induced by collisions between electrons and solid surfaces. SEEC is defined as
the ratio of the number of secondary electrons induced by collisions between electrons and solid
surfaces to the number of initially incident electrons. Considering that the TaN films studied in this
work have similar electrical resistance tunable properties as TiN, as reported in reference [30], we
believe that the resistance tunable properties of TaN films may have applications in SEEC modulation
studies like TiN [23-26]. In addition, TaN films may have applications in low SEEC scenarios since
they have low electrical resistance properties similar to TiN films [27,30,31]. Based on the above
considerations, we believe that there is a large potential for the research targeting the SEEC of TaN
film samples.

The measured SEEC curves of TaN film samples are shown in Figure 5a. Figure 5 shows that as
the primary electron energy rises, the SEEC curve shows a tendency to rise and then fall, which is
due to the different abilities of primary electrons with different energies to excite internal secondary
electrons in their paths, as well as the different probabilities for these internal secondary electrons to
escape to the surface and eject as secondary electrons. In fact, when the primary electron energy is
low (tens of eV), the number of internal secondary electrons that can be excited by the incident
electrons is very small, resulting in a low SEEC. With the increment of the primary electron energy,
the primary electron enters the solid interior and generates energy loss on its motion path, and more
internal secondary electrons can be excited, resulting a SEEC increment. However, when the energy
of the primary electrons continues to rise, although it can excite more internal secondary electrons on
the motion path, these internal secondary electrons have longer distance away from the surface. This
long travelling distance leads to the fact that these internal secondary electrons do not easily travel
to the surface and escape to become outgoing secondary electrons, as a result, the probability of
electron ejection decreases in this case. Based on the above discussion, the phenomenon that the SEEC
curve shows a tendency of first increasing and then decreasing with the increase of incident energy,
is determined by a combination of both internal electron excitation and escape processes.
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Figure 5. (a) SEEC of TaN film samples versus the primary electron energy, (b) maximum of SEEC versus the
film electrical resistivity.

Figure 5a shows that as the Nx:Ar gas flow ratio increases, the SEEC of TaN film samples
gradually decreases and eventually tends to stabilize. Specifically, the SEEC maximum of the
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prepared TaN film sample is 2.23 when the N2 gas flow rate is 0, and the SEEC maximum of the
prepared TaN film sample decreases to 1.89 when the N2 gas flow rate reaches 16 sccm. In fact, the
decrease of the SEEC of the TaN film originates from the decrease of the film electrical resistivity due
to the rise of the N2 gas flow rate. In other words, as the N2 flow rate rises, the Ta:N atomic ratio in
the film decreases, as a result, the electrical resistivity decreases, and leading to the decrease of SEEC.
Via the perspective of the physical process of electron-matter interaction, the phenomenon of SEEC
decrease induced by electrical resistivity variation can be explained as follow. Since the motion of
excited internal secondary electrons is sharply affected by the scattering with internal free electrons,
then the probability that scattering occurs determines the probability that the internal secondary
electrons are ejected. Specifically, the greater the scattering probability of internal secondary electrons
is, the more severe the energy loss shows, and the lower its ejection probability is, which is
macroscopically manifested by a smaller SEEC. Therefore, the concentration of free electrons is an
important factor in determining the electrical resistivity of the TaN films, namely, the higher
concentration of free electrons means the lower electrical resistivity; conversely, the lower
concentration of free electrons means the higher electrical resistivity. Therefore, for #1 TaN sample
with relatively higher electrical resistivity, its SEEC is higher, while for #4 and #5 TaN samples with
relatively lower electrical resistivity, its SEEC is also lower. The results in Figure 5b show an
approximately linear increase in SEEC maximum for the exponential growth of TaN electrical
resistivity, which demonstrates that there may be an underlying mathematical relationship between
electrical resistivity and SEEC for TiN film samples.

3. Methods

3.1. TaN Film Preparation

TaN thin films were prepared in the laboratory by direct current magnetron sputtering, N-type
silicon wafers and glass sheets were employed as the substrates for film deposition. Prior to
preparation, the substrate surface was cleaned with acetone, alcohol and ultrapure water to remove
any contaminants that may be present on the substrate. The sputtering material used in the laboratory
is @ 99.99% pure TaN target with a diameter of 50.8 mm and a thickness of 3 mm. The gas pressure
inside the sputtering chamber is pumped to below 5x10-* Pa to reduce the negative influence of other
gases on the sputtering process. Before the process of sputtering, there are two gases introduced,
namely, high-purity Ar and high-purity N2. Here, high-purity Ar (99.99% purity) is indispensable for
the working gas of magnetron sputtering ionization glow, while high-purity N2 (99.99% purity) is
used as a reaction gas. In this experiment, the elemental percentage in TaN films is mainly changed
by adjusting the ratio of gas flow through N2 and Ar, so as to study the effect of elemental percentage
on the electrical resistivity and SEEC of TaN film samples. During the sputtering process, the partial
pressures of N2 and Ar in the vacuum chamber were controlled by two gas flow meters, the sputtering
time was controlled to be 120 min, and the substrate was not heated during the sputtering process.
Five samples were prepared according to the flow rate of N2 and Ar, from 0:16 to 16:16, during the
sputtering process. Other detailed experimental parameters have been given by Table 5.

Table 5. Statistical results of the process parameters for sputtering TaN film samples.

Sample Nz:Ar (sccm) Voltage (V)  Current (mA) Pressure (Pa) Duration (min)

#1 0:0 800 160 1.0 120
#2 0:4 800 160 1.0 120
#3 0:8 800 160 1.0 120
#4 0:12 800 160 1.0 120
#5 0:16 800 160 1.0 120

3.2. Physical Characterization Methods
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The surface morphology and thickness of the TaN films were characterized using a SEM (Zessi
Gemini 500, Oberkochen, Germany). The elemental composition of the coatings is analyzed by EDS
(Oxford Instrument, accessory of Gemini 500, Oberkochen, Germany). Additionally, the surface
element composition of the TaN films was characterized by XPS (Thermo Fisher ESCALAB Xi+, Al
Ko, Massachusetts, USA). The square resistance of TaN films was obtained by the technology of four-
probe test (Nuoleixinda, RTS-9, Tianjin, China).

SEEC is usually calculated by measuring the secondary electron current and incident current
due to the difficulty of counting the number of electrons. The SEEC test principle applied in this work
can be found in reference [36].The specific measurement principle and steps of the SEEC test
equipment can be briefly described as follows. Firstly, the primary electrons are incident
perpendicular to the sample, and the excited secondary electrons are captured by the positively
biased collector, at which time the secondary electron current Isz can be measured. For dielectric
samples with surface charge accumulation after SEE process, compare the sample surface potential
Vs with the ground potential Vs, if Vs>V, then the neutralizing gun 1 emits electrons to eliminate the
positive charge accumulated on the surface until Vs=Vs; otherwise, the neutralizing gun 2 is activated
and emits electrons with an energy of about 300 eV, at which time the secondary electrons are
released. About 300 eV of electrons, then the secondary electron emission process will lead to the
accumulation of positive charges on the surface, and the resulting positive charges are neutralized
with the electrons accumulated on the original surface until Vs>Vs, then neutralization gun 2 is
switched off, and neutralization gun 1 is activated and removes the positive surface charges until
Vs=Vs; after the surface potential neutralization is completed, the SEEC measurement of the next point
of the initial electron energy is initiated. Here, the test sample TaN film in this work is conductor, so
it does not involve the neutralization process mentioned above, and after the Ist is obtained from the
first step of the test, the SEEC can be calculated directly by combining with the incident electron
energy beam current Ir by

SECC = ]T @

P

4. Conclusions

In this work, we studied various physical properties of TaN films obtained by magnetron
sputtering, investigated the influence of sputtering N2 partial pressure on film composition, and
established the variation regularity in film resistivity and SEEC under the influence of film
composition. Through our research, we obtained the following three conclusions. (1) By adjusting the
N2 gas flow rate during the sputtering process, it is possible to control the thickness, deposition rate,
and elemental composition of TaN films. When the N ratio is relatively low/high during sputtering,
the film deposition rate is relatively fast/slow, resulting in TaN films with low/high N content. (2)
SEEC results indicate that TaN films prepared with an N, partial pressure of 0 exhibit the highest
SEEC, with a SEEC maximum of approximately ~2.25; TaN films prepared with an N partial pressure
of 16 sccm exhibit the lowest SEEC, with a SEEC maximum of approximately ~1.88. (3) Experimental
results show a positive correlation between the SEEC of TaN films and their electrical resistivity. This
can be attributed to differences in the probability of internal secondary electrons being scattered due
to varying concentrations of free electrons inside the film, resulting in increased/decreased SEEC as
electrical resistivity increases/decreases. This work has thoroughly investigated the variation
regularity of elemental composition in TaN films under different N, partial pressures, as well as the
trends in how composition affects electrical resistivity and SEEC. This research holds engineering
application value for expanding the use of TaN films in scenarios involving resistivity control and
SEEC control.
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