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a b s t r a c t

SiCN thin film is one of the most attractive silicon-based materials due to its excellent

electrical, mechanical and optical properties. In this study, SiCN thin films have been

prepared by the radio frequency reactive magnetron sputtering method under different

sputtering power, pressure, and substrate temperature. The microstructure, morphology,

and the optical and field emission properties of SiCN thin films were performed. The re-

sults indicated that the high-quality SiCN thin films have been successfully prepared and it

is proved that these properties can be tailored by the preparation conditions. A main near

ultraviolet light emission line at around 370 nm in SiCN thin films makes it suitable for the

development of optoelectronic devices. This study can provide novel guidance for the

controlled preparation of high-quality SiCN thin films by magnetron sputtering.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As a typical ternary compound material, SiCN films show

complex and uncertain microscopic structures, such as

various cluster forms, multiple phase structures and bonding

types, which are strongly dependent on elemental composi-

tion. SiCN films have excellent mechanical and optical prop-

erties, as well as field emission (FE) properties, which enables
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the films to be used in super-hard coatings, optical storage,

LED devices and optoelectronic devices.

As is well known, the performance of the film device is

mainly dependent on the quality of the films, which were

largely affected by the preparation method, the raw material

type and the treatment conditions [1e4]. It is possible to

tailor these properties by adjusting the parameters of the

deposition process. To obtain high-quality SiCN films, many

approaches have been adopted. Kozak A. O. et al. prepared
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Table 1 e Preparation parameters of SiCN films. Label TP-
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SiCN films by using plasma-enhanced chemical vapor

deposition (PECVD) at different nitrogen flow rates, and

found intensities of the main peaks in fluorescence spectra

increase with increasing nitrogen content at about 440 nm

[5]. Swain B. P. et al. prepared SiCN thin films by hot wire

chemical vapor deposition (HWCVD), and found carbon

network bonding change from sp2 to sp3 due to the intro-

duction of nitrogen [6]. Wrobel A. M. et al. synthesized SiCN

films by using microwave plasma chemical vapor deposition

(MPCVD) and investigated its microstructure and

morphology, and the results indicate that the SiCN films

could be used for optical and electronic devices [7]. All these

literature prove that the CVD-based method is the most

appropriate to prepare the SiCN thin films. However, the

hydrogen impurity was introduced into the SiCN films

inevitably by using these methods. At the same time, the

systematic study of controlled preparation of SiCN thin films

is also rarely reported. To prevent the introduction of im-

purity hydrogen, sputtering methods are a better option for

the preparation of the SiCN films. Particularly, the radio

frequency reactive magnetron sputtering is one of the can-

didates sputtering methods for the preparation of the SiCN

thin films. In this study, the SiCN films were synthesized by

radio frequency reactive magnetron sputtering method. The

relationship between the composition, morphology, optical,

FE properties, and the preparation parameters (including

sputtering power, sputtering pressure and substrate tem-

perature) have been systematically investigated. The results

show that the preparation conditions have considerable in-

fluence on SiCN thin films on the microstructure, PL, and FE

properties. Our present study will provide a reference for the

future development of high-performance SiCN thin films.
7, SP-3 and ST-1 are the same work, which are presented
three times for the convenience of data presentation.

entry power of silicon
nitride

target (W)

power of
graphite
target (W)

sputtering
pressure

(Pa)

substrate
temperature

(�C)

TP-1 100 80 7 RT

TP-2 100 90 7 RT

TP-3 100 100 7 RT

TP-4 100 110 7 RT

TP-5 130 80 7 RT

TP-6 130 90 7 RT

TP-7 130 100 7 RT

TP-8 130 110 7 RT

TP-9 160 80 7 RT

TP-10 160 90 7 RT

TP-11 160 100 7 RT

TP-12 160 110 7 RT

TP-13 190 80 7 RT

TP-14 190 90 7 RT

TP-15 190 100 7 RT

TP-16 190 110 7 RT

SP-1 130 100 3 RT

SP-2 130 100 5 RT

SP-3 130 100 7 RT

SP-4 130 100 9 RT

ST-1 130 100 7 RT

ST-2 130 100 7 500

ST-3 130 100 7 600

ST-4 130 100 7 700
2. Experimental

2.1. Materials and method

SiCN thin films were deposited by using radio frequency

magnetron sputtering method. High purity raw silicon nitride

target and graphite target with a diameter of 60 mm were

customized as source of silicon, carbon, and nitrogen ele-

ments. Argon gas was purchased with purity of 99.999% as

working gas. The Si/SiO2 wafers and quartzes were purchased

as substrates. The substrates were ultrasonically cleanedwith

acetone-tetrachloromethane solution, ethanol, and deioniza-

tion to remove contaminants from the surfaces. Before sput-

tering, the targets were pre-sputtered for 30 min to remove

surface oxide layer and absorbed. To investigate the influence

of target powers on the structure and properties of the SiCN

thin films, the target power of silicon nitride was set at 100 ~

190 W and the graphite target power was 80 ~ 110 W. The

distance between substrate and targets was fixed at 50 mm.

Argon gaswas continually introduced into the chamberwith a

flow rate of 30 sccm, and the gate valve of the chamber has

been adjusted so that the pressure in the chamber was 7 Pa.

The substrate holder was kept revolving during the sputtering

to ensure uniform distribution of composition on the sub-

strates. The SiCN thin filmswere deposited for 90min at room
temperature (RT). Details of deposition parameters are shown

in Table 1. In addition, some other experiments then set up to

investigate the influence of chamber pressure and substrate

temperature on the thin films as shown in Table 1.

2.2. Characterization

The crystal structure of the SiCN films was obtained by using

a SHIMADZU 6100 X-ray diffraction (XRD). The chemical

bonding structure of the films was determined by a Nicolet

Nexus 410 Fourier transform infrared spectroscopy spec-

trometer (FTIR) and a Kratos Analytical AXIS supra X-ray

photoelectron spectrometer (XPS). The carbon phase in the

films was analyzed by HORIBA Xplora plus Raman micro-

scopy. Surface morphology and roughness of the films were

obtained by a Carl Zeiss SIGMA scanning electron micro-

scope (SEM) and an Asylum Research Cypher S atomic force

microscope (AFM). The transmittance of the deposited films

on the quartz substrates was measured by a SHIMADZU UV-

3150 ultravioletevisible (UVeVis) spectrophotometer. The

photoluminescence (PL) properties of the films were

measured by HORIBA FluoroMax-4p fluorescence spectro-

scope. The field emission (FE) performance of the films was

measured by an apparatus with a two-parallel-plate config-

uration in a vacuum chamber, and a constant voltage source

was used to provide the dc voltage and an ammeter to

monitor the current value during the test.

https://doi.org/10.1016/j.jmrt.2021.08.043
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3. Results and discussions

3.1. Structure, chemical bonding configurations and
compositions of SiCN thin films

For studying the microstructure of as-deposited SiCN thin

films, the XRD spectra were tested. Fig. 1(aed) represent the

XRD patterns of the samples which sputtered with silicon

nitride target power ranged from 100 to 190 W, respectively.

The diffraction peaks located at about 38.1�, 44.4�, 64.8�, and
77.9� belonged to the nanocrystalline phase of SiC (JCPDS No.

49-1623). A segment of the spectra with 2q from 53� to 60� were

truncated, as the presence of an intense diffraction peak

centered at approximately 54.2� makes other pivotal peaks

unreadable. This peak could be corresponding to the SiO2

phase, which may be caused by the oxidation layer on the

surface. As seen from these graphs, the intensities of the

peaks increased at first and then decreased with the silicon

nitride target power increasing from 100 to 190 W. Similarly,

when the power of graphite target was changed, the intensity

of diffraction peaks had the same tendency. It was found that

the intensity of sample TP-7 was stronger than others, which

was deposited by the sputtering of silicon nitride and graphite

target with the power of 130 and 100 W, respectively. That

means, unbefitting sputtering power will be averse to the

formation of nanocrystals. The film would have the best

crystallinity when the sputtering power of silicon nitride and

graphite target is 130 and 100 W, respectively. Compared with

the XRD standard card, it is found that all the peaks were

shifted to higher angles. It is mainly caused by the entry of N
Fig. 1 e XRD patterns with target powers of silicon nitride are (a)

target power ranging from 80 to 110 W. XRD patterns of the film

substrate temperatures. The red vertical bars above the horizon

49-1623. (g) FTIR and (h) Raman spectra of SiCN thin film depos

graphite sputtering power of 100W (sample TP-7). XPS spectra: (
atoms into the SiC nanocrystal and replacing C atoms to form

N-doped SiC nanocrystals. The covalent radius of C atom is

0.077 nm, and the value of N atom is 0.075. Hence, the lattice

constant of SiC nanocrystal decreased due to the substitution

of N atoms for C atoms, which leads to the shifting [8]. Fig. 1(e

and f) exhibits the XRD patterns of the as-deposited thin films

prepared with different sputtering pressures and substrate

temperatures. It shows that the intensity of the SP-1 diffrac-

tion peaks is strongest among the films prepared with

different sputtering pressures, and the peak intensity dimin-

ished gradually with the pressure increased from 3 to 9 Pa. It

indicates that films with better crystallinity can be obtained at

low sputtering pressure (3 Pa). When the pressure is high,

there aremore argonmolecules in the chamber, and the target

atoms are more likely to collide with argon molecules in the

process of moving from the targets to the substrate. It reduces

the kinetic energy of the detached target atoms, which is not

conducive to the formation of bonds and leads to poor crys-

tallinity. The XRD spectra of the films prepared with different

substrate temperatures shows that the strongest peaks

appear in ST-2, and the peaks reduce distinctly when the

substrate temperature increases or decreases. When the

substrate temperature increases from room temperature to

500 �C, the crystallinity of the films becomes obviously better.

But with the increase of temperature (up to 700 �C), the crys-

tallinity becomes gradually worse. When the temperature

rises to 500 �C, the crystallinity of the film becomes better,

because the increase of temperature is conducive to crystal-

lization. But as temperatures rise, nitrogen is more likely to

replace carbon to form a chemical bond with silicon, making

the SieC bond less [9].
100, (b) 130, (c) 160 and (d) 190 W respectively, and graphite

s with (e) different sputtering pressures and (f) different

tal axes are the corresponding peak of the JCPDS card No.

ited with silicon nitride sputtering power of 130 W and

i) elemental survey, (j) Si 2p, (k) C 1s, (l) N 1s for sample TP-7.
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FTIRandXPS techniques are oftenused to verify thebonding

structure, while Raman is often used to confirm the presence of

carbon in thematerial.We have tested the bonding structure of

SiCN thin films with Fourier transform infrared spectroscopy

spectrometer, X-ray photoelectron spectrometer and Raman

microscopy. The spectra of TP-7 were shown in Fig. 1(g-l) as

obtained in the previous study [10]. The results show that the

structures of the prepared thin films are ternary systems, each

element in the ternary systemwas combinedwith theother two

elements to form a complex network with bonds of SieC, SieN,

SieC, CeC, CeN, CeO, NeSi, N^C, NeC and N]C.

3.2. Morphologies of SiCN thin film

Fig. 2(a) exhibits the surface SEM image of the sample TP-7 as

typical. The cross-sectional images (Fig. 2(b)) show that ho-

mogeneous films were deposited on the substrates. The thick-

nesses of the samples prepared by different graphite sputtering

powers (TP-5, TP-6, TP-7) are all about 120 nm except for TP-8

(138 nm). The thickness increases gradually from 111 to

159 nm as the sputtering power of silicon nitride target in-

creases from 100 W to 190 W. The deposition rate can provide

reference for preparing SiCN filmswith required thickness. The

deposition rates were determined to be 1.33e1.53 nm/min by

calculating the ratio of thicknesses to sputtering time as the

graphite sputtering power ranged from 80 to 110 W. Similarly,

the deposition rates of TP-3, TP-7, TP-11 and TP-15 were
Fig. 2 e Morphology characterization of SiCN thin film. (a) Verti

SEM images, the boundaries of SiCN thin films aremarkedwith t

scale bars: 200 nm. (c) 2D and (d) 3D AFM image of sample TP-7
calculated to be 1.23, 1.33, 1.52 and 1.76 nm/min, respectively.

The results indicate that higher sputtering power within a

reasonable range can accelerate the deposition. This is because

the energy of argon ions is causally related to sputtering power.

Higher sputtering power will increase the energy of argon ions,

so thatmore atoms of the targets can be bombarded away from

the targets, resulting in an increase in the thickness of the

deposited film. The image of TP-7 was repeatedly placed for

intuitively comparing the effects of different preparation con-

ditions on the film thickness.

The surface morphology of TP-7 was also investigated by

AFM. 2D and 3D AFM images with transverse dimension of

3.5 mm � 3.5 mm (Fig. 2(c and d)) show that the film surface is

composed of spiculate structure. These images were pro-

cessed and analyzed by software Igor Pro 6.37. The average

height of the spiculate structures above the surface as shown

in Fig. 2(e) is about 4.5 nm from the cross-sectional analysis at

the line position in Fig. 3(c). As the most widely used param-

eter for characterizing film surface roughness, the root-mean-

square roughness (RMS) of TP-7 was also calculated to be

2.2 nm. These values are small in relation to the thickness of

the film, indicating that the surface of as-prepared SiCN is flat.

3.3. Photoelectric properties of SiCN thin films

Fig. 3(a) exhibits the optical transmission spectra of SiCN

thin films deposited on quartz substrates which are labeled
cal view of SEM image of sample TP-7. (b) Cross-sectional

wo red lines in each graphwith the silicon substrate below,

. (e) Cross-sectional image analysis of TP-7.

https://doi.org/10.1016/j.jmrt.2021.08.043
https://doi.org/10.1016/j.jmrt.2021.08.043


Fig. 3 e Transmittance of samples deposited with (a) silicon nitride target power was 130 W, (b) graphite target power was

100 W, (c) different sputtering pressures and (d) different substrate temperatures. (eeh) Tauc plots versus photon energy

with linear fits (dash lines) for (aed). (iel) PL spectra of the SiCN thin films for (aed). XPS spectra: (m) elemental survey, (n) Si

2p, (o) C 1s, (p) N 1s for sample TP-15. J-E curves of samples deposited with (q) silicon nitride target power was 130 W, (r)

graphite target power was 100 W. The Fowler-Nordheim (FeN) plots of SiCN thin films prepared with (s) different sputtering

pressures and (t) different substrate temperatures.
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TP-5, TP-6, TP-7 and TP-8 with different graphite target

power, and absorption spectra of sample TP-3, TP-7, TP-11

and TP-15 with different graphite target power are shown

in Fig. 3(b). The transmittances of SiCN thin films deposited

on quartz plate substrates increase rapidly with the wave-

length from 200 to 400 nm and perform a transmittance over

70% in the visible region, indicating that these films have

potential applications as highly transparent coatings in op-

tical devices. The optical band gap of SiCN thin films could be

effectively studied by optical absorption spectral analysis.

This is because some basic electronic properties of the

crystal state, such as the allowed bands and the energy gap,

can be preserved due to the existence of the short-range

ordered in the film [11].

Optical band gaps of the SiCN thin films can be estimated

based on the Tauc equation as,
ðahnÞ2 ¼A
�
hn�Eg

�
where a ¼ �ln(T%)/d is the absorption coefficient, hn, A, Eg, T

and d are the photon energy, constant, optical band gap,

transmittance and thickness, respectively. (ahn)2 versus hn in

coordinate system was plotted as shown in Fig. 3(e and f).

Optical band gaps of the samples can be determined by the

linear fits of the curves' straight part. It can be known from

the intersections of linear fits and horizontal axis that the

optical band gap is between 4.7 and 5.1 eV. Besides, the op-

tical band gap of SiCN thin films tend to increase as the

graphite sputtering power increases, and an opposing ten-

dency appears with an increasing sputtering power of silicon

nitride. This is considered to be caused by the formation of

Si3N4 and SiC, which has a band gap of 5.0 and 2.86 eV,

https://doi.org/10.1016/j.jmrt.2021.08.043
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respectively. From the results, it can be deduced that the

ratio of SiC/Si3N4 in the as-deposited SiCN films increases

with an increasing sputtering power of the graphite/silicon

nitride target, respectively. So, the optical band gap changes.

Fig. 3(c and d) shows the optical transmittance of SiCN films

prepared at different sputtering pressures and substrate

temperatures. Both factors have a great influence on the

transmittance of the film. The transmittance increases

significantly with the sputtering pressure increasing from 3

to 9 Pa, whereas the value gradually decreases with the

temperature increasing from room temperature to 700 �C.

The optical band gap varies in a wide range due to their large

differences in transmittance as shown in Fig. 3(g and h). The

optical band gap increases from 3.0 to 5.1 eV as the pressure

increases and decreases from 5.1 to 3.6 eV as the temperature

increases from room temperature to 700 �C. Similarly, the

difference in pressure and temperature leads to the different

values of SiC/Si3N4. This result is consistent with XRD.

The PL spectra of SiCN thin films were also measured at

room temperature with an excitation wavelength of 325 nm.

Fig. 3(i) shows the PL spectra of the sample TP-5, TP-6, TP-7

and TP-8; and Fig. 3(j) displays the spectra of samples TP-3,

TP-7, TP-11 and TP-15. Two PL peaks at around 370 and 425

nm can be seen in all the spectra. The PL peak at 370 nm in

near ultraviolet region can be considered as the existence of

an emission center, which may be caused by intrinsic defects

in SiOx (x < 2) [12,13]. While, the peak located at 425 nm was

attributed to the SiC crystallite [12]. The result shows that the

intensity of PL peaks increases with the sputtering power of

graphite target enhancing from 80 to 100 W. However, the

intensity decreases as the power continues increasing to 110

W. As the sputtering power of silicon nitride target increases

from 100 to 190 W, the intensity of the PL peak located at 370

nm kept growing. The high sputtering power leads to insuffi-

cient bonding between atoms, resulting in an increase in the

number of dangling bonds. Therefore, when the thin films

were placed in air, more oxygen molecules would be attached

to the dangling bonds. PL spectra in Fig. 3(k and l) show that

the PL intensities of the SiCN films decrease by 14 and 7.5

times when the sputtering pressure increased from 1 to 9 Pa

and temperature raised fromRT to 700 �C, respectively. Hence,

for better PL performance, lower pressure and/or temperature

should be used in sputtering.

Considering that the sample has insensitive PL yield (TP-

15) which is prepared with high sputtering power of silicon

nitride target (190W), the XPS spectra of the sample TP-15was
Table 2 e Binding energy and intensity ratio for each related c

Element line Chemical bond Binding energy (eV

Si 2p SieN 101.9

SieO 102.6, 102.7

C 1s CeC 284.6

CeN 285.5, 286.0

CeO 288.3, 288.5

N 1s NeSi 398.0

N^C 398.6

NeC 399.5, 399.8

N]C 400.3, 401.6
measured as shown in Fig. 3(m-p). For comparison, binding

energy and intensity ratio of both sample TP-7 and TP-15 for

each related chemical binding states are listed in Table 2. The

Si 2p peak of the TP-15 was deconvoluted into a peak centered

at about 102.6 eV as shown in Fig. 3(n), which is corresponded

to SieO bonds. The peak of C 1s can be assigned to peaks at

284.6, 286.0 and 288.5 eV as shown in Fig. 3(o), which are

attributed to CeO, CeC and CeN bonds, respectively. The N 1s

was deconvoluted into peaks centered at about 398, 399.8 and

401.6 as shown in Fig. 3(p), which are attributed to NeSi, NeC

and N]C bonds, respectively.

The relative concentrations of the bonds in sample TP-7 and

TP-15 are listed in the last two columns of Table 2. The results

showed that the concentrationof SieObond inTP-15wasmuch

higher than that in TP-7 (about 2.5 times). The energy of

Arþ increased as the sputtering power of silicon nitride target

increased, so thatmore particleswere detached from the target

and more Si dangling bonds were formed on the film surface.

The oxygen in the air will be absorbed to the surface of the film

when the film is exposed to the ambient atmosphere.

The AFM image in Fig. 2(d) shows that many microtips

appeared on the surface of the as-prepared SiCN thin film.

Therefore, the FE performance of SiCN thin film is worth

studying. Fig. 3(q and r) shows the emission current density (J)

as a function of applied field (E) of partial SiCN thin films. The

curves of films bring out exponential functions. The J-E curves

of all samples are relatively smooth and consistent, indicating

that SiCN thin films exhibit good stability in FE. The turn-on

field indicates the level of an electron to be emitted from a

material by an external electric field and it was defined as the

value of E when J is 10 mA/cm2. According to the J-E curves in

Fig. 3(q), the turn-on fields of samples TP-5, TP-6, TP-7 and TP-

8 are 13.83, 13.21, 11.24 and 9.80 V/mm, respectively. The turn-

on fields of TP-3, TP-7, TP-11 and TP-15 are decreased from

12.09 to 7.67 V/mmas the silicon nitride target power increases

from 100 to 190 W (Fig. 3(r)). Obviously, the turn-on fields of

the SiCN thin films shrink with the sputtering power of

graphite or silicon nitride target increasing. The maximum

emission current density Jmax of samples TP-5, TP-6, TP-7 and

TP-8 are 19.7, 25.6, 50.0 and 45.2 mA/cm2. While the Jmax of

samples TP-3, TP-7, TP-11 and TP-15 are 39.4, 50.0, 45.8,

94.4 mA/cm2, respectively. The Jmax of SiCN thin films tends to

increase as the sputtering power of graphite or silicon nitride

targets increasing. The minimum turn-on field is 7.67 V/mm

and maximum emission current density Jmax is 94.4 mA/cm2

when the sputtering power of silicon nitride and graphite
hemical binding state [14e18].

) Relative intensity (%)
In sample TP-7

Relative intensity (%)
In sample TP-15

9.27 0

6.77 16.85

28.71 39.30

14.78 16.34

15.12 9.16

2.61 3.50

3.26 0

12.54 14.09

6.94 0.76
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target is 190 and 110 W, respectively. In conclusion, a higher

target power can improve the FE performance of SiCN thin

films. Although the FE performance of as-prepared SiCN thin

films is weak, the surface morphology with dense tips can be

obtained by changing the preparation method and/or prepa-

ration conditions to enhance the performance. To better study

the FE property of SiCN thin film, the Fowler-Nordheim (FeN)

curves were rendered by plotting ln(J/E2) versus 1/E to show

the characteristics of IeV (Fig. 3(s and t)). The ratio of the local

electric field of microtips to the applied electric field is defined

as the field emission enhancement factor. This factor repre-

sents the degree of field emission enhancement on the surface

of the SiCN thin film, which can be obtained by calculating the

slope of the FeN curves. According to the FeN formula (as

follows), the slope of the linear part of the plot is proportional

to � f
3
2=b. That is, b is inversely related to the absolute slope.

J¼AðbEÞ2
f

exp

 
� Bf3=2

bE

!

where A and B are constants, b is field enhancement factor, E

is applied electric field, f is work function of the material.

Since the work function of the prepared SiCN thin film has not

been determined, the value of b cannot be calculated. How-

ever, we could derive the trend of b caused by the change of

preparation conditions from FeN plots. In general, the abso-

lute value of the slope of FeN plot decreases as the sputtering

power of the target increases. Therefore, the field enhance-

ment factor b shows an increasing trend.
4. Conclusions

Thehigh-quality SiCN thin filmswere successfully deposited on

the silicon and quartz substrates by radio frequency reactive

magnetron sputtering method with the graphite and silicon

nitride target in an argon atmosphere. We found that the

structure and photoelectric properties of the films can be

controlled by tailoring the target power, sputteringpressure and

substrate temperature. Theeffectiveness of different sputtering

power, sputtering pressure and substrate temperature on pre-

pared thin films have been investigated. The results show that

the films are composed of elements Si, C and N, which formed

chemical bonds in pairs. The thicknesses of as-deposited films

are in the rangeof 111~159nm.Sputteringpowerhas little effect

onthetransmittanceofthefilms,anditperformsover70%inthe

visible region. From the comparison, the higher sputtering

power, lower pressure, or lower substrate temperature can

make the PL performance of SiCN thin film better. The FE per-

formance of the film becomes better with the increasing sput-

tering power of either silicon nitride or graphite target. Blue-

violet light emitting properties of the SiCN thin films make

them suitable for application in optoelectronic devices.
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