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Abstract As keeping other deposition parameters constant, by changing the hot wire 

temperature, Si-rich silicon nitride thin films were prepared by hot wire chemical vapor 

deposition method using SiH4, NH3 and H2 as reaction gas source. The optical band gap, 

crystalline phase, chemical bond types and other related information were characterized 

by fluorescence spectra (PL), ultraviolet-visible (Uv-Vis) light transmittance spectra, 

Fourier transform infrared absorption spectra (FTIR). The results show that, with 

increasing of the hot wire temperature, the fracture of the N-H bonds and Si-H bonds 

reduces the bond density of the Si-H, N-H bond. A larger number of hydrogen atoms 

overflow the thin film, making the Si and N dangling bonds cannot be passivated, which 

cause the Si-N bonds to recombine again. The stability and compactness of the films 

were improved by increasing the Si-N bond density. However, with increasing of the hot 

wire temperature, the reduction of hydrogen content leads to a significant decrease of 

hydrogen desorption effect and the increase of the defect state density, widening the band 

gap, decreasing the order of the films. At the moment the films show a Si-rich state. As 

the hot wire temperature increases further, the Si and N in the films can fully relax, 

which is favorable for the formation of the Si-Si bond. The accumulation of many Si-Si 

bonds leads to the formation of the silicon cluster nanoparticles. Therefore, the silicon 

quantum dot materials embedded in the silicon nitride matrix are prepared by hot wire 

chemical vapor deposition with a higher hot wire temperature without further annealing. 
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I. INTRODUCTION 

Silicon-based solar cells are main form of commercial photovoltaic devices because of their rich 

materials, mature technology, and high stability[1]. As an anti-reflective film for solar cells, silicon 

nitride has excellent optical properties such as high resistivity, high chemical stability, high light 

transmittance, high hardness, good insulation, and wide range of refractive index changes [2]. At the 

meantime, silicon nitride films also have good passivation effect [3], good optical properties and 

widely applications in the microelectronics industry and solar cells. The silicon quantum dot (QD) 

materials embedded in silicon nitride matrix are usually prepared by magnetron sputtering or 

plasma-enhanced chemical vapor deposition, with post high temperature annealing. However, there 

are few reports on the preparation of silicon quantum dot thin film materials using hot wire chemical 

vapor deposition (HWCVD) technique. During the process of preparing the thin film materials by hot 

wire chemical vapor deposition method, the hot wire temperature can reach 1700°C or even higher. 

Not only a large number of Si-N bonds can be generated, but also Si-Si bonds can be directly formed. 
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Silicon quantum dots are also generated directly during the formation of silicon nitride, so as to avoid 

the high-temperature post annealing process. Therefore, it is of great significance to study the hot-wire 

preparation of silicon QD thin film materials embedded in silicon nitride matrix.  

In this paper, high purity SiH4, NH3 and H2 are used as reaction gas sources by changing the 

temperature of the hot wires to prepare silicon nitride thin films on glass and crystalline silicon 

substrates. The micro structure, chemical bond content, optical band gap and optical properties of the 

films were characterized by the UV-visible spectrophotometer, infrared absorption, and PL spectra.  

II. EXPERIMENTAL DETAILS 

The samples are prepared by hot wire chemical vapor deposition (HWCVD) technology keeping 

other deposition parameters constant, with changing hot wire temperature. The p-type crystal Si 

wafers (100) and Corning7059 type glass were used as the substrate. The hot wire is tungsten wire of 

0.5mm diameter, and the four hot wires are arranged in parallel with distance of 300mm apart. The 

distance between the hot wire and the substrate is 550mm. The hot wire temperature is obtained by 

infrared detector. Using high purity SiH4 (99.9999%), NH3 (99.9999%) and H2 (99.9999%) as 

reaction gas sources, the gas flow rates of SiH4, NH3 and H2 are 1.0sccm, 15sccm, and 50sccm, 

respectively. The substrate temperature, the deposition pressure and the deposition time are 200 , 

20Pa and 30min, respectively. A series of samples were prepared by adjusting the hot-wire 

temperatures (1450°C, 1540°C, 1630°C, 1690°C, 1740°C) under the other deposition parameters 

constant. . 

III. RESULTS AND DISCUSSIONS 

3.1 Bonding properties of thin films 
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Fig. 1.  FTIR spectra of the film samples at different hot wire temperatures 

 

Figure1 shows FTIR spectra of the film samples at different hot wire temperatures. In figure 1, 

the absorption peak located around 485 cm 1 corresponds to the Si-N bond symmetric stretch 

vibration mode, and the absorption peak at around 839 cm 1 corresponds to the asymmetric stretch 

vibration mode of the Si-N bond. The absorption peak at near 2100cm-1corresponds to the stretch 

vibration mode of the Si-H bond and the absorption peak near 3300cm 1 corresponds to the stretch 
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vibration mode of the N-H bond. All the above absorption peaks are consistent with the typical 

infrared absorption peaks of silicon nitride in the reference [4]. It can be seen from the fig.1 that 

absorption peak of the Si-H bond at around 2100 cm-1has a blue shift. Lucovsky[5] thank that the 

reason of the blue shift is mainly due to the different electronegativity of H and N atoms in the silicon 

nitride films. The absorption peak at about 645cm 1 is the characteristic absorption peak of the Si-H 

bond bending vibration mode, and the change of the vibration strength was very small with increasing 

of the hot wire temperature. As the hot wire temperature increases, the intensity of the N-H and Si-H 

bonds gradually decreases until the peaks completely disappear beyond 1600 . The reason is that the 

Si-H and N-H bonds are extremely fragile at high temperature, H atoms overflow the thin films, and 

the N and Si atoms are released for recombination. The above process can be explained by the 

chemical equation (1)[6].  

 

Si-H+N- -N+H2.                       (1) 

 

The fracture of the Si-H bonds produces a large number of Si suspension bonds. The recombination 

of the Si suspension bonds and Si leads to the aggregation of Si crystal phase and promotes the 

growth of silicon cluster nanoparticles. In the infrared spectra, the absorption peak of the Si-Si bonds 

at 650cm 1 is enhanced with increasing of the hot wire temperature. When the N-H bonds break, the N 

atoms combine with the spare Si atoms to form the Si-N bonds, resulting in an increase of the Si-N 

bonds in the thin films. From the figure 1, we can see that the strength of the asymmetric stretch 

vibration absorption peak and the symmetric stretch absorption peak of the Si-N bond gradually 

increase with the increase of the hot wire temperature. 
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Fig. 2. Influence of hot wire temperature on the bond density  

 

The density of bonds in the thin films was calculated by the method of Lanford and Rand[7,8]. The 

density Cx of the Si-H, Si-N, and N-H bond structures can be determined by formula (2)[ 9, 10, 11] .  
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dACx

)(
.                               (2) 

 

Where Cx is the bond density of Si-N, Si-H or N-H. X is a bonding mode. A is the correction factor. 

correction factors 

of the Si-N bond and the N-H bond are 6.3 × 1018cm  2 and 2.8 × 1020cm  2, respectively. The Si-H 

bond peak positions are diverse, and the Si-H bond peaks in the films are all at 2240 cm-1, so the 

correction factor is 2.0 × 1020 cm  2. Fig. 5-2 shows that the effect of different hot wire temperatures 

on the bond density. As shown in the figure, with the increase of the hot wire temperature, the Si-H 

bonds and the N-H bonds decrease monotonously. This is the opposite of the change in the Si-N bonds. 

As the temperature of the hot wire rises, the fracture of the Si-H and the N-H bonds reduces the 

density of the Si-H and N-H bonds and makes Si and N atoms recombine again to form the the SI-N 

bonds. The density of the Si-N bond increases, and both stability and compactness of the samples 

were improved. 

3.2 UV-visible spectra analysis 

 
Fig.3. UV-Visible absorption spectra with different hot-wire temperatures  

(the illustration is the refractive index change with the temperature) 

 

Figure 3 shows the UV-Visible absorption spectra of samples prepared at different hot wire 

temperatures. As shown in the inset of Figure 3, with the increase of the hot wire temperature, the 

refractive index n of the samples increases firstly and then decreases, and the refractive index n is 

around 2.0. In order to further understand the optical characteristics of the films, the optical band gap 

Eg and Urbach Energy EU are also calculated. Optical band gap Eg is calculated by Tauc formula[12]  
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Where  is the absorption coefficient, h  is photon energy, B is a constant associated with a tail 

state density. By doing the linear relationship between ( )1/2 and , the  x-intercept of the linear 

extrapolation are the optical band gap Eg. The Eg values are from 2.13 eV to 2 .64 eV and decreases 

monotonously, which far less than the band gap (4.5 eV) of Si3N4 
[13]. The Si/N atom ratio is 

calculated close to 1.15 and the films show Si- [14] research showed that 

larger optical band gaps were caused the quantum effect of nanoscale silicon quantum dots. However, 

the silicon cluster has larger volume and the quantum effect is not obvious, so the band gap values 

were lower.  

Urbach energy EU is the absorption edge of the tail band width caused by the degree of disorder 

of the films [15]. The EU value can be used to analyze the relevant information of the degree of disorder 

of the film materials. Urbach energy EU's formula is as follows [16]: 

 

00 U .                        (4) 

 

0 is the absorption coefficient at the position of optical band tail, E0 is photon energy. Fig.4 is 

the EU value of the films prepared with different hot wire temperatures. From fig.4 we can know that 

the change trends of EU are consistent with that of Eg. With increasing of the hot wire temperature, the 

degree of disorder of films increases, the degree of order decreases. The reason is that when the 

temperature of the hot wire is below 1600 , in the films there are certain amounts of hydrogen.  

Due to the passivation effect of the hydrogen atoms, the films are more easily relaxation and order. 

When the temperature of the hot wire is higher than 1600 °C, the hydrogen atoms completely spills 

out of the films, and the suspension bonds increase, the degree of order of the films also decreases, 

and it also widen the absorption band tail.  

 

Fig. 4 The effects of different hot wire temperatures on Eg and EU 

3.3 PL spectra analysis 

PL spectrum can be used to analyze the change of quantum dots in silicon nitride films [15]. The PL 
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spectra of all samples were measured at room temperature. There are a large number of defect states 

in the silicon nitride films prepared by the hot wire method, so the photoluminescence spectra are 

more complicated. It is generally believed that the photoluminescence of silicon nitride comes from 

the following two cases [17,18]. One is the radiation recombination of defect states in the forbidden 

band, such as N and Si atoms defects. The other is the quantum confinement effect luminescence 

caused by silicon quantum dots [19].  
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Fig.5 The change of P3 peaks from room temperature PL spectra with different hot wire temperature 

 

Figure 5 is the PL spectra of the films prepared at different hot wire temperatures.  The samples 

were measured by the laser at the wavelength of 325nm of the Xenon lamp. The PL peaks are located 

at around 430nm (P1), 468nm (P2), 500-560nm (P3), and 645nm (P4), respectively. With the increase 

of the heat wire temperature, the shape and intensity of the PL luminescence peaks are changed. The 

researches show that the positions of the defect state PL peaks only are related to the defect state 

energy level, are not related to the others [20]. So the positions of the defect state PL peaks are not 

moving [21]. The wavelength of P1, P2, and P4 peaks did not change with the changing of the hot wire 

temperature. Therefore, the P1, P2, and P4 peaks are believed to be the defect state luminescence. For 

P1 peak [22] - 1 
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peak firstly decreases and then increases. It is known from infrared analysis that, when the hot wire 

temperature of is below 1630 ,there are some H atoms in the films, and with the H passivation effect, 

the defect states in the samples are reduced. When the hot wire temperature is higher than 1630°C, the 

H atom spilled out of the films, and the suspension bonds have not been effectively passivated. At the 

same time, the increase of high-energy Si-N bonds leads to enhance the intensity of the P1 peaks. The 

P2 peak[23]is attributed to the luminescence of the electron Si- - defect state. With increasing of 

hot wire temperature, their luminous peaks gradually decreases to disappear. The P4 peaks at around 

640nm are caused by the band tail state luminescence of silicon nitride samples [24].  

Regarding the P3 peak, its peak position is between 504-572 nm (green light), which is 

-610nm) of Si quantum dots in silicon nitride films 

that usually observed [25, 26]. As the temperature of the hot wire increases, the P3 peaks position have a 

significant red-shift phenomenon, so it can be attributed to the change of size and distribution of the 

Si QDs with the change of the hot wire temperature. Previous studies have found that[27,28], when the 

average size of the Si QDs becomes larger, the P3 peaks produce a red-shift phenomenon (long wave 

direction movement). When the average size of the Si QDs becomes smaller, the P3 peaks of the PL 

produce a blue-shift phenomenon (short wave direction movement).  

Comparison of five figures in figure5, it can be seen that when the hot wire temperature is 

1450°C, there are already a small amount of silicon nanoclusters in the films. When the temperature 

rises to 1540°C, the P3 3 peak intensity 

decreases. When the temperature of the hot wire rises from 1540°C to 1690°C, the P3 

has a red shift, and the peak intensity continues to weaken. When the hot wire temperature rises to 

1740°C, the P3 -shift, and the intensity decreases significantly. Among 

them, the P3 peak intensity reaches a local maximum at the hot wire temperature of 1450°C. This is 

because H atoms in the films do not completely overflow the films, and H atoms play a role in 

passivation effect of the non-radiation recombination defect on the film surface. When the 

temperature of the hot wire reaches 1740°C, the H atoms in the films have completely overflowed, 

resulting in a local minimum of the P3 peak intensity. This is consistent with the results of the FTIR 

analysis. Based on the above discussion of the changes of the peak position and intensity of the P3 

peak, it is shown that the photoluminescence peak in the range of 504-572 nm originates from the Si 

QDs. 

IV. CONCLUSIONS 

As the silicon nitride films were prepared by HWCVD, the hot wire temperature as an important 

experimental parameter has a significant effect. The results show that with increasing of the hot wire 

temperature, the fracture of Si-H bonds and N-H bonds cause the density of Si-H and N-H bonds to 

decrease and H atoms overflow the films. A large number of Si suspension bonds N suspension bonds 

cannot be passivated, which causes the Si-N bond to recombine again. The density of the Si-N bond in 

the films increases. The stability and compactness of the films are improved. The decrease of the 

content of H atoms leads to the decrease of H atoms desorption, the enhancement of the defect state 

density, the broadening of the band gap, the decrease of the order of the films, and the presence of a 

certain rich silicon state. The increase of the hot wire temperature can fully relax the silicon nitrogen 

atoms in the films, which can facilitate the orderly silicon nitrogen network, and Si-Si bonds are more 

closely between the silicon atoms to form more small silicon cluster particles directly. It generates 

nanoscale silicon quantum dots cluster directly. Therefore, the silicon quantum dot materials 
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embedded in the silicon nitride matrix are prepared by hot wire chemical vapor deposition with a 

higher hot wire temperature without further annealing. 
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