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Abstract: Nitride films such as tantalum nitride (TaN), titanium nitride (TiN) and boron
nitride (BN) are widely used in aerospace and vacuum electronics. The electron emitting
properties of these nitride films are of great interest due to the phenomenon of surface
electron emission when the films are irradiated, leading to surface modification. In this
study, we have prepared three kinds of thin films, TaN, TiN and BN, by sputtering. Then the
effect of the nitrogen component on the film formation quality and the dependence of the
electron emission coefficient (EEC) on the film’s physical properties were investigated. The
results of elemental analysis show that by rising the nitrogen gas flow during sputtering,
the N elemental ratios inside the TaN and TiN films can be increased, and the film resistivity
decreases follow, while BN films do not show such a tunable characteristic of the elemental
ratios or resistivity. The conductivity test results show that TaN and TiN films exhibit
conductive properties like those of semiconductor materials. The proportion of N elements
inside the films has a significant effect on the film conductivity, namely, the conductivity of
the film shows an upward trend with the increase in the proportion of N elements. The
EEC test shows that TaN and TiN films with good conductive properties have relatively
low EEC values, which are generally lower than 2.10. For TaN and TiN, the test results
show that the EEC decreases with the increase of the conductivity. The EEC peak values
are 1.92 and 1.56 for TaN and TiN films when their resistivities are 1.45 x 107> Q-m and
7.26 x 107% O)-m, respectively. The EEC values of BN are larger than TaN and TiN, with an
EEC peak value higher than 2.49, and the electron energy to obtain the peak value is about
250 eV. The results are instructive for revealing the electron emission regularity of nitride
thin films.

Keywords: tantalum nitride; titanium nitride; boron nitride; electron emission coefficient

1. Introduction

Nitride films have a wide range of industrial applications due to their excellent
physical and chemical properties. For instances, transition elements of nitrides, known as
metal-type nitrides, own excellent physical properties like high hardness, a high melting
point and high chemical stability. Tantalum nitride (TaN) and titanium nitride (TiN) are two
typical transition metal nitrides. Therefore, TaN has applications in micro electromechanics
and energy harvesting [1-4], and titanium nitride (TiN) is widely used in electronics and
functional coatings [5-7]. Unlike TaN and TiN, boron nitride (BN) ceramic possesses a
covalent structure, known as covalent nitrides, and is generally very stable, so BN has some
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superiority in microelectronics and optical devices [8,9]. In addition, parts of nitride films
play an important role in vacuum systems and vacuum electronic devices involving particle
motion processes. For example, TiN shows a poor ability in secondary electron emission, so
it can be used in particle accelerators to reduce the risk of the electron cloud effect [10,11].
In addition, in space high power microwave systems, TiN films can be used as functional
layers to significantly reduce the electron emission coefficient (EEC), further reducing
the risk of discharge induced by secondary electron avalanche [12,13]. BN, as a typical
ceramic with a low sputtering rate, can be used as a material for the discharge chamber of
the thruster, and has the characteristics of a small oscillation and stable amplitude of the
discharge current in the discharge chamber [14-16]. In the devices or systems involving
particle motion, the EEC of functional ceramics or functional coatings is an important
covariate that affects the performance of the system in many aspects; therefore, research on
the electron emission properties of nitride materials is needed. From above discussion, we
know that the EEC characteristics of various materials are of significant distinctions, and
for different working occasions, the suitable materials ought to possess a certain EEC level
to match the working environment [17-20].

In the past few decades, the electron emission properties of TiN and BN have received
a lot of attention since the secondary electron emission in applied systems may lead to
some reliability problems. For TiN functional films, scholars have worked to seek its
application in mitigating discharges induced by secondary electron avalanche. During
1990s~2000s, Michizono et al. systematically researched the reliability issues (including
surface charging, flashover and multipacting) of alumina ceramic used in radio-frequency
dielectric windows [21-25], and finally, they demonstrated the practical value of TiN
functional coating in suppressing electron emission [25]. In 2007, Montero et al. reported
a kind of TiN:O film with the extraordinary property of low EEC [26]. Therefore, by
employing the treatment of Ar+ cleaning, carbon ion implantation and high temperature
annealing, the TiN:O film showed an EEC below 0.97. Also in 2007, Ruiz et al. achieved
the fabrication of TiN film with an ultralow EEC, and they researched the dependence of
the EEC on storage duration [27]. In the work, the mechanism that the EEC of TiN films
increased with extending the storage duration was revealed, and the EEC of TiN became
stable after 59 days’ exposure had been demonstrated. In terms of TaN, although there are
few reports on its electron emission properties, since TaN has similar physical properties
to TiN, we expected that TaN would also exhibit a unique EEC regularity. Therefore, in
this work, we also investigate the EEC for TaN, and see whether it can be used in certain
applications involving electron emission. As for BN, its EEC property is of great significance
since it is always utilized in Hall thrusters as a support material for discharge channels.
The previous literature has demonstrated that the power losses of thruster wall material
decreased as the inner wall material’s EEC decreased [28,29], further leading to higher
propulsion efficiency. In 2023, Yao et al. reported the EEC characteristics of BN bulk and
explored the effect of constructing microstructures on the surface EEC of the bulk surface,
achieving an effective reduction in the surface EEC of BN bulk [30]. In 2024, Lian et al.
achieved an EEC of less than 1 by plating a TiN film on the microstructured BN surface [31].
In addition, they verified the regularity of the charge accumulation effect for the BN surface
on the EEC by simulation. Even so, research on the properties of the EEC in a wide range
of scenarios is sorely lacking and requires further in-depth study since the EEC affects the
discharge characteristics in many occasions for various vacuum structures, devices and
systems [28,32,33]. For systems applying nitride as a functional layer and involving an
electron emission process, the electron emission properties of the surface for the nitride
functional layer need to be further investigated.
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In this work, we prepared TaN, TiN and BN thin films by sputtering process and inves-
tigated their electron emission properties. By the adjustment of N, partial pressure during
sputtering, we quantified the effects of gas flow of Nj on the quality of film formation,
and we evaluated the composition of the prepared three kinds of films. By measuring the
surface EEC, positive correlation between film resistivity and the EEC is evaluated for TaN
and TiN. At the same time, the physical properties and EEC of the BN films were measured
and shown to be of a completely different regularity compared to TaN and TiN films.

2. Experimental Methods
2.1. Film Preparation by Magnetron Sputtering

Compared with other thin film deposition processes, magnetron sputtering is charac-
terized by low cost, convenient operation and easy control of experimental parameters. The
disadvantages of magnetron sputtering are that it is not possible to precisely control the
thickness of film growth as in atomic layer deposition, and the stair coverage of sputtered
coatings is poor for the surfaces of micro- and nanostructures. In this experiment, we
applied the advantage of easy control of the reaction gas for magnetron sputtering, which is
very effective for the preparation of oxide and nitride thin films, especially for researching
the effect of the ratio of O and N elements in the films on the physical properties of the
films. This work focuses on nitride films, so by controlling the ratio and flow rate of N,
during the sputtering process, it is possible to achieve control of the ratio of the N element
during film formation.

In the preparation experiments, thin film deposition was carried out using radio
frequency magnetron sputtering. The high-resistivity intrinsic monocrystalline silicon
wafers of 2 inches are utilized as substrates (crystal orientation 100, resistivity higher than
1 x 10* Q-m). All silicon substrates were sequentially cleaned with acetone, alcohol and
ultrapure water to remove possible contaminants from the substrate surface. The sputtering
source used in the experiments was a circular flake compound target (76.2 mm in diameter
and 5 mm in thickness), and the purity of the TaN, TiN and BN targets was 99.99%. Prior
to the experiment, the gas in the sputtering chamber needs to be pumped to less than
3 x 10~* Pa to minimize the influence of other residual gases on the sputtering process.
High-purity argon (Ar, 99.999%) was used as the working gas for ionization. At the same
time, to modulate the proportion of elemental N in the film layer, we introduced different
flow rates of high-purity nitrogen (N, purity 99.999%) as the reaction gas according to the
different experimental conditions. During the sputtering process, two gas flow meters were
used to control the flow of Ar and Nj in the chamber. During the sputtering process, the
substrates were not heated, the sputtering time was 120 min and the gas pressure in the
chamber was controlled at 1.2 Pa by controlling the gas out-in balance. In the experiments,
the sputtering power of TaN and TiN was 100 W, the sputtering power of BN was 80 W, the
gas flow rate of Ar was set at 15 sccm and the flow rate of N, was set at 0 sccm, 7 sccm and
14 sccm according to the plan, respectively.

2.2. Physical Characterization

In the characterization experiments, the surface morphology and the cross-sectional
images of the prepared film samples were characterized using a scanning electron mi-
croscope (SEM, Zessi Gemini 500, Oberkochen, Germany). The information about the
film thickness can be read out from the SEM images of the sample cross-section. For the
characterization of the surface element composition of the fabricated BN film, X-ray photo-
electron spectroscopy (XPS, made by Thermo Fisher, ESCALAB Xi+, Waltham, MA, USA)
was employed. In order to obtain the resistivity of the film, firstly, we obtain the square
resistance Rg of the film by four-probe test, and then we combine it with the thickness ¢
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obtained from the SEM observation of the film cross-section, and then, the resistivity of the
film can be calculated by the following equation:

film resistivity = Rg X f, (1)

2.3. Electron Emission Coefficient Characterization

A self-developed EEC measurement system [34] equipped with two neutralization
guns is employed to finish the EEC measurements for all sputtered nanofilms. Here,
the exact principle of the EEC measurement method can be illustrated as follows. The
EEC is defined as the ratio of secondary electrons to incident electrons, and the EEC
is usually calculated by measuring the electron emission current and primary electron
current due to the difficulty of counting the number of electrons. The system uses a
three-gun neutralization method for EEC testing, where two neutralization guns are set
up in addition to the primary electron gun to remove the surface charge. Before the test
starts, the neutralization guns 1 and 2 are at the same potential with the sample holder. At
the beginning of the test, the primary electron gun emits electrons, and at the same time,
completes the detection of the primary electron current. Then, the neutralization guns 1 and
2 are turned on, and at this time, if the sample surface accumulates a positive charge, due
to the existence of a potential difference, the neutralization guns 1 and 2 automatically emit
electrons to carry out the neutralization. On the contrary, if the surface accumulates negative
charge, the cathode of the neutralization guns 1 and 2 is lower than the sample surface and
cannot emit electrons. In this case, the neutralization gun 2 obtains a bias voltage (about
300 V); at this time, the electron beam emitted by the neutralization gun 2 bombards the
surface, and the positive charge generated on the surface can neutralize the accumulated
electrons. After the electrons on the sample surface are neutralized, the negative bias
applied on the neutralizing gun 2 is withdrawn, and the residual positive charge on the
surface is neutralized again by the neutralizing guns 1 and 2. After completion, the sample
surface is at the same potential as the sample primary state, and the neutralizing guns 1
and 2 are stopped. Then, the EEC test at the next energy point is started. During the test,
the detected currents include two kinds of currents: the sample current Is and the collector
current Ic. According to Kirchhoff’s current law, the sum of the two kinds of currents is the
primary electron current Ip, and the current of the collector is the electron emission current.
On the basis of the measurements to obtain the two kinds of currents, it is possible to use
Equation (2) to carry out the EEC calculation:

EEC =Ic/Ip = Ic/(Ic + Ig), 2)

3. Results and Discussion
3.1. Morphology, Surface Components and EEC Results of TaN Films

Figure 1 gives the surface morphologies and cross-section images of three sets of TaN
films obtained using SEM characterization. From the surface morphology in Figure 1a, it
can be seen that there are a very large number of crystal grains on the TaN film surface
when there is no N, introduced during sputtering, and the boundaries between the crystal
grain boundaries are relatively obvious. These crystal grains are of different sizes, with
dimensions on the order of tens of nanometers. For this sample, the thickness of the film is
observed to be about 176 nm through the subfigure in Figure 1a, and the film deposition
rate is known to be about 1.47 nm/min based on the deposition time of 120 min. In addition,
crystal grain boundaries are again evident on the fracture surface of the film, as is also
evident through the inset in Figure 1la. With the passage of N, during the sputtering
process, as shown in Figure 1b, when the Ny flow rate is 7 sccm, only a few crystal grains
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(a) TaN (N, flow =0)

of slightly larger sizes can be observed at the observed magnification, and no obvious
crystal grain boundaries can be seen in other regions. A closer look reveals that only small
grains with very little color differentiation can be seen, which are on the order of a few
nanometers. The subfigure in Figure 1b shows that the film thickness is about 168 nm,
and the film deposition rate is 1.40 nm/min. The surface and cross-section of the TaN film
obtained by sputtering with a Nj flow rate of 14 sccm are shown in Figure 1c. As can be
seen from Figure 1c, almost no crystal grain boundaries can be observed on the surface
of the film under this deposition condition, and the surface appears to be very smooth,
which is corroborated by the characterization results of the cross section in the subfigure
in Figure 1c. Besides, the subfigure in Figure 1c shows that the thickness of the film is
about 151 nm, and the film deposition rate is about 1.26 nm/min. From the cross-section
characterization results, namely, the subfigures in Figure 1a—c, we know the thicknesses
of the three groups of TaN films are 176 nm, 168 nm, and 151 nm, which indicates that
the sputtering rate decreases slightly with the increase in the partial pressure of N in the
sputtering chamber, due to the decrease in the partial pressure of the working gas, Ar, and

the concentration of ionized Ar" decreases.

(b) TaN (N, flow = 7) - (c) TaN (N, flow = 14)

|- 168nm

Figure 1. Surface morphologies and cross-sectional images of three Si-based TaN nanofilms acquired
by using SEM characterization.

The XPS test results of the three TaN films are presented in Figure 2. In the test
spectra, the characteristic peak of Ta 4f corresponds to a binding energy of 24.75 eV, and
the characteristic peak of N 1s corresponds to a binding energy of 395.14 eV. In fact, after
XPS fine spectroscopy analysis, it is clear that the characteristic peak of Ta 4f is a double
peak, with a 23.67 eV binding energy corresponding to Ta 4f7 and a 25.54 eV binding
energy corresponding to Ta 4f5. The spectral analysis results show that the elemental N
in the formed films is significantly increased with the increase in the N, gas flow in the
experiment; the corresponding film contents of elemental N in the films at a N, gas flow of
0 sccm, 7 scem and 14 scem are 5.92%, 15.87% and 19.27% and the content of elemental Ta
is 16.89% 20.41% and 18.19%, respectively. This result shows that the elemental content
of N and Ta in the film gradually increases with increasing N, gas flow. In addition, the
test results include a C 1s peak at 283.80 eV and an O 1s peak at 530.16 eV, indicating
the presence of gas adsorption via CO,, water vapor and organic contamination on the
sample surface.

Through the four-probe test, the square resistances, Rg, of the three groups of TaN films
were tested and obtained as 3.94 x 10° /[0, 1.66 x 10° /0 and 96 /[, respectively.
Combined with the film thicknesses obtained from the tests in Figure 1, the resistivities of
the three groups of TaN films can be obtained as 6.94 x 1072 Q'm, 2.79 x 10~* Q-m and
1.45 x 107° Q-m, respectively. Considering the results of the elemental content analysis
for Figure 2, it is obvious that for the TaN films prepared in this work, the resistivity of the
films decreases gradually with the increase in the percentage of N elements in the films.
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N TaN (Nz flow=0)
TaN (Nz flow=7)

L Ta 4p'
[ “l ‘W TaN (Nz flow=14)

500 400 300 200 100 0
Binding energy / eV

Figure 2. Surface elemental component analysis of three Si-based TaN films acquired by using
XPS characterization.

The EEC data of TaN films are given in Figure 3. The statistical results of the feature
parameters in the EEC curves, the EEC peak value and its corresponding PE energy, are also
given in Figure 3. The EEC test results in Figure 3 show that the EEC peak value of the TaN
films ranged from 1.92 to 2.10. Additionally, with the increase in N, gas flow, the EEC of
the TaN films has a decreasing trend in the measured PE energy range. When the PE energy
exceeds 400 eV, the difference between the adjacent EEC curves is basically stable at about
0.1. The comparison of the resistivity data shows that the N, flow increases, resistivity
decreases, and the EEC decreases. It has been theorized that the electrons receiving energy
inside the material during electron emission are affected by the scattering of free electrons
in the material during their movement [35]. Applying this theory to this experiment, we can
think that there is the following influence relationship between each physical parameter:
The sample with low resistivity has a relatively high concentration of free electrons, which
leads to an increase in the chance of the inner excited electrons to be scattered, which,
further, leads to a high rate of energy loss of the excited electrons, and a decrease in the
probability of emission, which macroscopically manifests itself as a decrease in the EEC.

22r —a—TaN (N2 flow=0)

—e—TaN (N2 flow=7)
—a—TaN (N2 flow=14)

20F

1.8

EEC peak Corresponding

[ ST value PE energy
1.2 _ TaN (N, flow=0)  2.10 380 eV
1.0 TaN (N, flow=7)  2.04 285 eV
TaN (N, flow=14) 1.92 374 eV

0.8

0 200 400 600 800 1000 1200 1400
PE (eV)

Figure 3. Measured EEC data of the sputtered TaN nanofilms with three different N, flows applied.



Coatings 2025, 15, 55

7 of 12

(a) TiN (N, flow = 0)

3.2. Morphology, Surface Components and EEC Results of TiN Films

Similarly, by SEM characterization, we obtain the surface morphologies and cross-
section images of the three sets of TiN films obtained, just as shown in Figure 4. From the
surface morphology in Figure 4a, it can be seen that when no N was introduced during
the sputtering process, similar to the TaN films, the TiN films have a very large number of
crystal grains on the surface, but the size of the grains is very small, around the nanometer
scale, and the crystal boundaries between the grains are not obvious. The subfigure in
Figure 4a shows that the film thickness is about 219 nm, and a deposition rate of about
1.83 nm/min can be deduced. In Figure 4b, when N3 is introduced during the sputtering
process at a flow rate of 7 sccm, no obvious grain boundaries can be seen in the observation
area at the magnification, and only small grains with very small differences in color can
be seen under close observation. The subfigure of Figure 4b shows that the thickness of
the film is about 203 nm, which gives an extrapolated film deposition rate of 1.69 nm/min.
Figure 4c shows the surface and cross-section of the TiN film obtained by sputtering at a
Ny flow rate of 14 sccm. As can be seen from Figure 4c, no grain boundaries are observed
on the surface of the film under these deposition conditions and the surface is very smooth.
The subfigure of Figure 4c shows that the thickness of the film is about 191 nm and the
film deposition rate is about 1.26 nm/min. From the SEM cross-sectional characterization
shown in subfigures in Figure 4a~c, we know the thicknesses of the three sets of TiN films
are 219 nm, 203 nm and 191 nm, respectively, which is consistent with the TaN films in
Figure 1, namely, the sputtering rate decreases slightly with the increase in the N, partial
pressure in the sputtering chamber.

(b) TiN (N, flow = 7) (c) TiN (N flow = 14)

T A9 I Am

300 nm
—

Figure 4. Surface morphologies and cross-sectional images of three Si-based TiN nanofilms acquired
by using SEM characterization.

Figure 5 presents the XPS test results of the three TiN films with increasing N, gas
flow. From the spectra shown in Figure 5, we observe that the characteristic peak of Ti 2p is
a double peak, corresponding to the binding energies of 455.42 eV for Ti 2p3 and 461.05 eV
for Ti 2p1, and the characteristic peak of N 1s corresponds to a binding energy of 395.14 eV.
Similar to the results analyzed for TaN films, the spectral analysis results from Figure 5
indicate that the elemental N in the formed films is significantly increased with the increase
in the N; gas flow during the experiment; the corresponding film contents of elemental
N in the films at N gas flow of 0 sccm, 7 sccm and 14 scem are 6.74.%, 7.95% 18.05% and
the content of elemental Ti is 22.47%, 20.70% and 19.81%, respectively. This result is also
similar to TaN’s analysis, namely, the elemental content of N and Ti in the film gradually
increases with an increasing N, gas flow. In addition, the gas adsorption via CO,, water
vapor and organic contamination on the sample surface is also presented, since the peaks
including C 1s of 282.97 eV and O 1s of 528.31 eV are shown in three spectra.
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O1s =——TiN (N2 flow=0)
Ti 2p3 =—TiN (N2 flow=7)
=—TiN (Nz flow=14)
N1s A
AL
Ti 2p! C1s
3e A Tisp

A Ti 3s

500 400 300 200 100 0

Binding energy / eV

Figure 5. Surface elemental component analysis of three Si-based TiN films acquired by using
XPS characterization.

The same resistivity test was performed on TiN films by employing the four-probe
technology. The square resistances, Rs, of the three TiN films were 8.78 x 10* /0,
1.21 x 10* /0 and 38 O/, respectively. Combined with the film thicknesses obtained
from the tests in Figure 4 of the three TiN films, 219 nm, 203 nm and 191 nm, then,
the resistivity values of the three TiN films are calculated, namely, 1.92 X 1072 Q'm,
2.46 x 107* Qm and 7.26 x 107 Q2-m, respectively. Combined with the analytical results
in Figure 5, it can be concluded that the TiN film resistivity decreases with the increase in
N content in the film.

Figure 6 presents the measured EEC data for the TiN films with increasing N, gas flow,
as well as the statistical results of the feature parameters of the EEC curves. From Figure 6,
we see that the EEC peak value of the TiN films ranged from 1.56 to 1.72. It is obvious
that the EEC of TiN films is remarkably lower than that of TaN films, which indicates that
TiN film is more suitable for the surface requiring a relatively lower EEC. In addition, as
the N, gas flow increases, the EEC of the TiN films also shows a decreasing trend within
the measured PE energy range. Specifically, an obvious EEC distinction is revealed from
200 eV to 400 eV, while the EEC distinction in other PE energy ranges decreases. Taking
into account the variation regularity of the resistivity and EEC at different N, gas flow, we
are able to establish a positive correlation between the resistivity and EEC. Similarly, we
observe a significant decrease in the EEC with decreasing resistivity of TiN films, and here,
we can still explain this phenomenon using the theory that free electrons affect the EEC,
which is illustrated in Section 3.1.

—=—TiN (N: flow=0)
—o—TiN (N2 flow=7)
—+—TiN (N2 flow=14)

14
1.2
(&)
w 1.0
Sample EEC peak Corresponding
0.8 value PE energy
TiN (N, flow=0) 1.72 260 eV
0.6} TiN (N, flow=7) 1.66 300 eV
TiN (N, flow=14)  1.56 384 eV
04}

0 200 400 600 800 1000 1200 1400
PE (eV)

Figure 6. Measured EEC data of the sputtered TiN nanofilms with three different N, flows applied.
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(a) BN (N, flow = 0)

200 nm

3.3. Morphology, Surface Components and EEC Results of BN Films

Figure 7 demonstrates the SEM characterization results of three sets of BN films.
Unlike TaN and TiN, BN is an insulating dielectric with poor electrical conductivity, so
it is more difficult to characterize the surface and cross-section by SEM, even in the case
of sputtering an ultrathin conductive layer on the surface (e.g., gold spraying). This is
evidenced by the SEM test results in Figure 7, which show no visible particles on the
surface, and the characterization results of the cross-section do not show any obvious film
morphology. In addition, the subfigures in Figure 7a~c show the probable cross-sectional
photos of the BN films. However, the thickness characterization results in Figure 7 are only
the parts that we observed in our experiments that are likely to be film layers, and these
results in the subfigures in Figure 7a—c do not represent the thickness of the real film layer.

(b) BN (N, flow =7) (c) BN (N, flow = 14)

200 nm

200 nm 200 nm
I S

Figure 7. Surface morphologies and cross-sectional images of three Si-based BN nanofilms acquired
by using SEM characterization.

Figure 8 demonstrates the XPS test results of three sets of BN films. In the XPS
spectrum of Figure 6, the binding energy corresponding to the characteristic peak of N
1s is 398.68 eV, and the binding energy corresponding to the characteristic peak of B 1s is
190.56 eV. The analyzed results in Figure 6 show that the contents of B and N in the three
groups of BN thin films are relatively low, even with a N, gas flow of 14 sccm. Specifically,
the enhancement of B and N content in the film with increasing N, flow rate can still be
significantly observed, especially for the element N. The corresponding film contents of
elemental N in the films at a N; gas flow of 0 sccm, 7 sccm and 14 sccm are 4.74%, 7.68%
and 10.91%, and the content of elemental B is 3.16%, 5.43% and 7.83%, respectively. This
phenomenon indicates that for sputtered BN films, the N, gas flow has little effect on
the adjustment of the elemental ratio of B to N inside the films, but it can enhance the
sputtering efficiency of BN films. Furthermore, the intensities of the characteristic peaks of
C 1s at the binding energy of 284.17 eV and of O 1s at the binding energy of 531.22 eV are
very high, which suggests the presence of very severe CO, and water vapor adsorption on
the film surface, as well as the generation of a large amount of organic contamination. In
addition, the characteristic peak of Si 2p can be detected at 101.55 eV, which indicates that
the quality of film formation is poor due to the XPS detection depth below 10 nanometers.

For the BN films prepared here, whether it is the highly insulating BN film or the high-
resistivity intrinsic Si substrate, the square resistance is beyond the range of the four-probe
test. Therefore, the resistivity of BN film samples cannot be obtained by four-probe testing.

The EEC measurement results of the BN film samples are given in Figure 9, and
the corresponding feature parameters of the EEC curves are also displayed. As can be
seen from Figure 9, there are obvious differences among the EEC curves of the three BN
films, and the peak values of the EEC curves are ranging from 2.49 to 2.76. The PE energy
corresponding to the acquisition of the peak value is around 250 eV. Since the transmission
depth of PE is about a dozen nanometers in the PE energy range we tested, which is similar
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to the detection depth of XPS, the elemental and atomic structure within the detection
depth of XPS in Figure 8 also happens to be the key factor that affects the EEC in Figure 9.
In fact, referring to the XPS surface composition analysis results in Figure 8, we can know
that the EEC test results in Figure 9 are affected by three factors at the same time, including
the gases adsorbed on the surface and contaminated organics, the sputtered BN film and
the high-resistance Si as the substrate. Combined with the XPS results in Figure 8, it can
be seen that when the sputtering N; gas flow is low, there is more serious CO, adsorption
and organic contamination on the surface, and the EEC of the BN surface is lower, with
a EEC peak value of 2.49. When the N gas flow is increased, the quality of the BN films
is high, and the proportion of C and O contaminated on the surface is obviously reduced.
The EEC peak values are 2.63 and 2.76 for the films with N flows of 7 sccm and 14 sccm,
respectively. The EEC test results in Figure 9 demonstrate that BN films containing more
BN molecules have a higher EEC; they also indicate surface gas adsorption and organic
contamination, which reduce the EEC of the BN films.

i O1s ~—— BN (N2 flow=0)
= C1s =——BN (N2 flow=7)
BN (N2 flow=14)

500 400 300 200 100 0
Binding energy / eV

Figure 8. Surface elemental component analysis of three Si-based BN films acquired by using
XPS characterization.

—=—BN (N2 flow=0)
—e—BN (Nz flow=7)
—+—BN (N2 flow=14)

VI sampe  EECpuk oresondng |
1.2 BN (N, flow=0) 2.49 258 eV
0.9 - BN (N, flow=7) 2.63 242 eV

BN (N, flow=14)  2.76 239 eV

0.6 |
0 200 400 600 800 1000 1200 1400
PE (eV)

Figure 9. Measured EEC data of the sputtered BN nanofilms with three different N, flows applied.
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4. Conclusions

In this work, we prepared three kinds of thin films, TaN, TiN and BN, by RF sput-
tering. The influence regularities of N, partial pressure on the film quality and EEC was
investigated by controlling the N, gas flow. The following conclusions were obtained
from the study. (1) For TaN and TiN films, the elemental composition of the films can
be adjusted by controlling the N, gas flow during sputtering, while the BN films do not
have such a characteristic. (2) The conductivity test results show that TaN and TiN films
have a conductive property like that of semiconductor materials, and the film conductivity
varies when there are differences in the elemental composition of the films. (3) The EEC
tests show that the EEC of TaN and TiN films is positively correlated with their resistivity;
the lower the resistivity, the lower the EEC, which is not the case for BN. In this study,
the film-forming properties and EEC regularities of sputter-prepared TaN, TiN and BN
films are fully investigated, which is of engineering significance for practical scenarios of
applying nitride films as functional layers.
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