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Abstract: Zr-Si-N films were prepared by radio frequency powered reactive magnetron sputtering at different N2 partial pressures. 

The influences of N2 partial pressure on the microstructure and properties of Zr-Si-N films were studied. The results reveal that the 

Zr/Si ratio decreases and the sheet resistance increases as the N2 partial pressure increases. The microstructures of Zr-Si-N films are 

composed of nano-crystallite ZrN embedded into amorphous matrix of SiNx phase and a small quantity of Zr2Si produced at low N2 

partial pressure. The appearance of Zr2Si phase is related to the low nitridation level. The microhardness of Zr-Si-N film decreases 

with the increase of N2 partial pressure at the N2 partial pressure of 0.03 Pa, the microhardness of Zr-Si-N films is possessed of 

maximum value of about 22.5 GPa. The phenomenon that high N2 partial pressure results in low microhardness in Zr-Si-N films may 

be related to the lattice distortion induced by the addition of Si.  
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Transition metal nitrides find wide applications in many 

sectors, such as diffusion barriers in microelectronics, hard 

wear resistant coatings on cutting tools, or as corrosion and 

abrasion resistant layers on optical and mechanical compo-

nents 
[1]

. Recently, it is frequently reported that some addi-

tives such as Al and Si can improve the properties of nitride 

coatings 
[2]

. In microelectronic field, ternary thin films, 

such as Ti-Si-N 
[3]

 and Ta-Si-N 
[4]

 films also exhibit excel-

lent diffusion barriers performance. Veprek and Reiprich 
[5]

 

suggested that composite materials consisting of crystalline 

refractory transition metal nitrides such as ZrN, NbN, VN, 

W2N and TiN with amorphous Si3N4 are the most promising 

candidate. Although several investigations on the barrier 

performances and thermal stabilities of Zr-N
[6]

 and Zr-Si-N 
[7]

 

films were conducted, little research is focused on the mi-

crostructure and properties of Zr-Si-N films with different 

deposition conditions. The present work reveals Zr-Si-N 

films deposited onto Si wafers and mainly reports the ef-

fects of nitrogen partial pressure on the microstructure and 

properties of Zr-Si-N films.  

1  Experimental 

Zr-Si-N films were prepared in ultrahigh vacuum reac-

tive magnetron sputtering equipment. The mirror-polished 

Si (100) wafers were used as substrates and cleaned ultra-

sonically before they were put into vacuum chamber. The 

base pressure of vacuum chamber was lower than 10
-5

 Pa 

and the substrates were firstly cleaned by bombardment of 

Ar ion. The composite targets consisted of zirconium plate 

(purity with 99.9%, Φ75 mm×5 mm) and two Si chips (pu-

rity with 99.999%, 10 mm×10 mm×0.6 mm) that were 

stuck on the zirconium plate. The target was sputtered in a 

mixture of argon and nitrogen (purity with 99.999%) to 

deposit the Zr-Si-N films. During deposition, the sputtering 

pressure was 0.3 Pa and the nitrogen partial pressure was 

0.03, 0.06 and 0.09 Pa respectively. The bias voltage ap-

plied on the substrates was –100 V. The RF power was 200 

W and the distance between the target and the substrate 

was fixed at 80 mm.  

The film composition was determined by an Energy Dis-
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persive Spectroscopy (Oxford INCA X-sight). The X-ray dif-

fraction (Regaku D/max-3A) patterns were obtained with 

Cu-K α radiation. The microstructure was examined with a 

Transmission Electron Microscope (JEM-200). The chemical 

bonding state of Zr-Si-N films was characterized by X-ray 

Photoelectron Spectroscopy (PHI-5702) using Al-Kα radiation. 

The sheet resistance and microhardness of Zr-Si-N films was 

investigated with four-point probe meter (SDY-4) and micro-

hardness tester (MH-5), respectively. 

2  Results and Discussion 

The EDS analysis reveals that the nitrogen partial pres-

sure has a great effect on the ratio of Zr/Si in Zr-Si-N films. 

Fig.1 shows the definite relationship between N2 partial 

pressure and Zr/Si ratio determined by EDS. The Zr/Si ratio 

decreases with the increase of N2 partial pressure from 0.03 

to 0.09 Pa. This is related to the different sputtering rates of 

Si and its nitrides. The Si in a dominant form of low nitri-

dation level would be re-sputtered away by the impinging 

particles more easily than that in the nitrided form
[8]

. As the 

N2 partial pressure increases the nitridation level of Si also 

increases, which could decrease the resputtering rate of 

silicon and result in high Si content. 

Fig.2 shows the XRD patterns of Zr-Si-N films. As N2 

partial pressure increases, the intensity of ZrN (111) phase 

becomes weak gradually but the intensity of ZrN (220) in-

creases. At low N2 partial pressure of 0.03 Pa, Zr2Si (202) 

phase appears. The appearance of Zr2Si phase is related to 

the low nitridation level. With the increase of N2 partial 

pressure, Zr2Si phase disappears. There are only diffraction 

peaks of crystalline ZrN but no signals from crystalline 

Si3N4 or from zirconium silicide can be observed at N2 par-

tial pressure of 0.06 and 0.09 Pa. This result shows that Si 

might be present in an amorphous phase of silicon nitride at 

higher N2 partial pressure.  

The TEM examination of Zr-Si-N films indicates that the 

grain size in the films is very fine with 20 nm or less and 

changes little with the variation of N2 partial pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  The Zr/Si ratio in Zr-Si-N films sputtered with different N2 

partial pressures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  XRD patterns of Zr-Si-N films sputtered with different N2 

partial pressures 

 

Fig.3 is the the TEM bright field (BF) image and electron 

diffraction (ED) patterns of Zr-Si-N films deposited with 

the N2 partial pressure of 0.09 Pa. The diffraction rings can 

not be seen clearly from the ED patterns. This may be at-

tributed to the very fine grains and amorphous SiNx exist-

ing in the Zr-Si-N film. 

The XPS analysis of the chemical state elements can 

characterize the phase composition in Zr-Si-N films. Fig.4a 

shows the Zr 3d spectra in Zr-Si-N films. The peak binding 

energies of Zr-N are consistent with the standard records of 

stoichiometric ZrN
 [9,10]

. Fig.4b shows the Si 2p spectra in 

Zr-Si-N films, with the labeled values of standard binding 

energy of Si3N4 and Si. It is noticed that there are no XPS 

peaks of Zr-Si bonding in the spectra. This may be the re-

sult of that the zirconium silicide existing in the Zr-Si-N 

films is very little. From Fig.4, it can be realized that the 

majority of Si exists in amorphous SiNx phase in the 

Zr-Si-N films.  

As a summary, the analyses of XRD, TEM and XPS in-

dicate that the microstructures of Zr-Si-N films sputtered 

with different N2 partial pressures are composed of 

nano-crystallite ZrN embedded into amorphous matrix of  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  TEM images of Zr-Si-N films sputtered with the N2 partial  

pressure of 0.09 Pa 
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Fig.4  XPS spectra of Zr 3d (a)  and Si 2p (b) for Zr-Si-N films 

 

SiNx phase and a small quantity of Zr2Si produced at low N2 

partial pressure. The appearance of Zr2Si phase is related to 

the low nitridation level. 

Fig.5 shows the relationship between the N2 partial pres-

sures and the sheet resistances of Zr-Si-N films. It can be 

seen that the sheet resistance of Zr-Si-N films increases 

gradually as the N2 partial pressure increases. This is re-

lated with Si content of the film. The high Si content results 

in high resistivity of the film. The result is consistent with 

the similar research of Ta-Si-N films 
[11]

. 

Fig.6 illustrates that the microhardness of Zr-Si-N films 

decreases with the increase of N2 partial pressure. The mi-

crohardness reaches the maximum value of about 22.5 GPa 

at the N2 partial pressure of 0.03 Pa. Nose M. et al
[12]

 inves-

tigated the relationship between the hardness of Zr-Si-N 

films and Si content. They reported that the hardness of 

Zr-Si-N films has a maximum value appearing at about 5% 

Si, and then decreases gradually with the increase of Si 

content. This variation of hardness in Nose’s experiment 

corresponds well to the change of residual stress and is in-

terpreted in terms of lattice distortion by the addition of Si. 

In our experiment, the Si content in all of the Zr-Si-N films 

is more than 5%, and increases with the increase of N2 par-

tial pressure (Fig.1). Therefore, according to the Nose’s in-

terpretation, the phenomenon that the microhardness of 

Zr-Si-N films decreases with the increase  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  The sheet resistance of Zr-Si-N films sputtered with different  

N2 partial pressure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  The microhardness of Zr-Si-N films sputtered with different  

N2 partial pressure 

 

of N2 partial pressure in the present experiment may be re-

lated to the lattice distortion induced by the addition of Si. 

3  Conclusions 

The microstructures of Zr-Si-N films are composed of 

nano-crystallite ZrN embedded into amorphous matrix of 

SiNx phase and a small amount of Zr2Si produced at low N2 

partial pressure. The appearance of Zr2Si phase is related to 

the low nitrogen activity. The grain size in the Zr-Si-N 

films is about 20 nm or less and changes little with the 

variation of N2 partial pressure. With the increase of N2 

partial pressure, the Zr/Si ratio decreases and the sheet re-

sistance increases. At the N2 partial pressure of 0.03 Pa, the 

microhardness of Zr-Si-N film reaches the maximum value 

of about 22.5 GPa.  
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