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Abstract

:

A room-temperature photoluminescence (PL) study of amorphous Si/amorphous silicon oxynitride multilayer films prepared by plasma-enhanced chemical vapor deposition is reported. The PL peak position can be tuned from 800 nm to 660 nm by adjusting the oxygen/nitride ratio in the a-SiOxNy:H sublayer. The Fourier transform infrared (FTIR) absorption spectra indicate that the shift of the PL peak position is accompanied by an increase in the Si-O-Si absorption peak’s intensity, which induces the structural disorder at the interface, resulting in an increase in band gap energy. The effects of size on the photoluminescence spectrum have been studied. As a result, it has been observed that the addition of oxygen atoms introduces a large number of localized states at the interface, causing a blue shift in the emission peak position. With an increase in oxygen atoms, the localized states tend to saturate, and the quantum phenomenon caused by the a-Si sublayer becomes more pronounced. It is found that, as the thickness of the a-Si sublayer decreases, the increase in the [O/N] ratio is more likely to cause an increase in disordered states, leading to a decrease in luminescence intensity. For a-Si/a-SiOxNy:H samples with thinner a-Si sublayers, an appropriate value of [O/N] is required to achieve luminescence enhancement. When the value of [O/N] is one, the enhanced luminescence is obtained. It is also suggested that the PL originates from the radiative recombination in the localized states’ T3- level-related negatively charged silicon dangling bond in the band tail of the a-Si:H sublayer embedded in an a-Si/a-SiOxNy:H multilayer structure.
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1. Introduction


In today’s optoelectronic industry, semiconductor silicon materials occupy a very important position. In order to further develop and achieve the integration of electrical and optical components on a single chip, research on the optoelectronic properties of silicon materials based on mature silicon integration processes is a hot topic. However, for bulk silicon as a luminescent material, due to its indirect transition characteristics in carrier transport, phonon assistance is required during carrier recombination, resulting in low luminescence efficiency [1]. According to the reports, it has been found that by changing the microstructures and dimensions of materials, such as superlattice structures, ultra-thin films, or quantum dots, the luminescence characteristics of silicon materials can be improved, resulting in enhanced luminescence and color-tunable photoluminescence [2,3]. Therefore, due to the superior electrical and optical properties exhibited by low-dimensional silicon materials, they are considered to have significant value in the application of silicon-based optoelectronic devices and have attracted widespread attention. In particular, multilayer structures such as Si/SiO2 [4,5,6,7,8] and Si/SiNx [9,10,11] were introduced to accurately control the size, position, and density of Si nanocrystals. Although several explanations were put forward to explain the photoluminescence (PL) in the low-dimensional silicon materials, like defect states, spatial confinement, and carrier quantum confinement, the origin of PL is still a matter of debate. In recent years, with lots of research on silicon-based thin films [12,13,14,15,16], optical properties such as the refractive index and band gap value of amorphous silicon nitride oxide (a-SiOxNy:H) thin films have been effectively controlled by changing the oxygen/nitride ratio, giving them potential applications in optoelectronic integration fields such as optical fibers and waveguides. Compared to Si/SiO2 and Si/SiNx multilayer materials, the barrier of a-Si/a-SiOxNy:H films is easier to adjust by changing the oxygen/nitride ratio, which is beneficial for studying the effects of carrier space and quantum confinement.



The aim of this work was to study the effect of the interface between different a-SiOxNy:H barriers and a-Si wells on photoluminescence spectra. The experimental results show that interfaces play an important role in photoluminescence spectra. The quantum confinement effect, due to the multilayer structure, was also studied by changing the thickness of the well. A blue shift in the luminescence energy and a general increase in luminescence intensity were observed as the well thickness was decreased from 4 nm to 1.5 nm.




2. Experiment


A series of amorphous Si/silicon oxynitride multilayers were deposited on silicon substrate using a very-high-frequency plasma-enhanced chemical vapor deposition (VHF-PECVD) system. In the experiment, the deposition temperature, excitation frequency, and power were 250 °C, 40.68 MHz, and 30 W, respectively. The back vacuum was pumped to 4 × 10−4 Pa by a molecular pump. Then, a mixture of pure silane and hydrogen gas was introduced to deposit an a-Si sublayer (well layer) with a pressure of 60 Pa. The a-SiOxNy:H sublayer (barrier layer) was deposited using a mixture of silane, ammonia, and oxygen gas, and the gas pressure was maintained at 18 Pa. By changing the time of deposition and flow rate of the reactive gases, 8-period a-Si/a-SiOxNy:H multilayer structures were prepared, as shown in Table 1. The multilayer film with Si sublayers of 4, 3, 2, and 1.5 nm in thickness was deposited in order to study the carrier quantum confinement effect on photoluminescence. In order to distinguish the photoluminescence from an a-Si sublayer or an a-SiOxNy:H sublayer, a-SiOxNy:H films with thicknesses of 80 nm were also prepared using the same deposition parameters as the multilayer structures. The microstructures of the samples were revealed through Raman scattering and cross-section transmission electron microscopy (TEM). The Raman results demonstrated that the multilayer structure was amorphous. The chemical bonding behavior was analyzed by means of a Fourier transform infrared (FTIR) spectrophotometer. Ultraviolet–visible transmittance measurements were carried out to analyze the optical band gap of the multilayer structure. Photoluminescence measurements were carried out on a Jobin Yvon fluorolog-3 spectrophotometer at room temperature. The excitation source was a 450 W xenon lamp, from which monochromatic light was selected using a grating monochromator and associated filters. All the PL spectra were excited with 325 nm radiation, and all the spectra were corrected for the spectral response of the instrument.




3. Results and Discussion


In order to visually observe the structure of the sample, the cross-section TEM micrographs of the multilayer structures were measured. In Figure 1, the micrograph of an eight-period a-Si/a-SiOxNy:H multilayer film with a 4 nm a-Si:H layer and a 4 nm a-SiOxNy:H layer when the oxygen/nitride ratio ([O/N]) is 0.2 in the a-SiOxNy:H sublayer (sample B) is given as a representative. It can be seen that the a-Si:H sublayer (well layer) with a thickness of 4 nm and the a-SiOxNy:H sublayer (barrier layer) with a thickness of 4 nm can be clearly characterized. Meanwhile, as shown in Figure 2, the transverse–acoustic vibration mode (160 cm−1) and transverse–optical vibration mode (480 cm−1) of Raman spectra for amorphous silicon are obtained, which indicate that the structures of these samples are a-Si/a-SiOxNy:H multilayer structures.



For multilayer samples with a 4 nm a-Si:H layer and a 4 nm a-SiOxNy:H layer, the room-temperature PL spectra with different values of [O/N] are shown in Figure 3I. The strong and stable red–orange PL from the multilayer films could be seen by the naked eye when the samples were illuminated with 325 nm radiation. Photographs of the PL from the multilayer films with different values of [O/N] are presented in the inset of Figure 3I. As shown in Figure 3I, the peak position and intensity of the PL strongly depend on the value of [O/N]. When the [O/N] ratio is zero, the multilayer sample with the a-SiNy:H barrier shows a broad PL spectrum peaking at 800 nm with a full width at half maximum (FWHM) near 240 nm, corresponding to the half-width of 0.51 eV in photon energy. The peak position of the PL spectra from the samples with an a-SiOxNy:H barrier varies from 800 nm to 660 nm with an increase in the oxygen/nitride ratio ([O/N]) in the a-SiOxNy:H sublayer. Figure 3II shows the integrated PL intensity and the PL peak positions as a function of the oxygen/nitride ratio ([O/N]) in the barrier layer. The intensity of PL from the samples increases first and then decreases with an increase in the [O/N] ratio.



It should be noted that the barrier materials used in the multilayer structures are the a-SiOxNy:H films. The PL from a-SiOxNy:H films has been reported by several authors, so it is necessary to analyze whether the luminescence of a-Si/a-SiOxNy: H multilayer films originates from the a-Si sublayer or the a-SiOxNy: H sublayer. For this purpose, PL measurements for the a-SiOxNy:H films were also taken. Figure 3III shows the PL spectra of the a-SiOxNy:H films with different values of [O/N], which were used as the barrier layer in multilayer samples. As shown in Figure 3III, all the a-SiOxNy:H films show the PL peaking at 390 nm. We notice that no distinct PL peaks were observed in the range of 750 nm to 650 nm for a-SiOxNy:H films, whereas the peak position of PL from the a-Si/a-SiOxNy:H multilayer samples varied in this range. Therefore, we conclude that the PL spectra from multilayer films shown in Figure 3I are not attributed to luminescent emission from the a-SiOxNy:H sublayer. The results shown in Figure 3I indicate that the interface between the barrier layer (a-SiOxNy:H) and the well layer (a-Si) plays an important role in the light emission of the a-Si/a-SiOxNy:H multilayer samples. When the oxygen/nitride ratio ([O/N]) in the barrier increases gradually, the PL peak position shifts from 800 nm to 660 nm.



In order to examine the local bonding configurations in a-Si/a-SiOxNy:H multilayer films, the FTIR spectra were measured. For a-Si/a-SiOxNy:H multilayer films with a 4 nm a-Si:H layer and a 4 nm a-SiOxNy:H layer, the FTIR spectra with different values of [O/N] are shown in Figure 4. It can be seen that, when the [O/N] ratio is zero, the Si–N-Si stretching mode, Si2N–H rocking mode, N2Si-H stretching mode, and Si2N–H stretching mode observed at ~837 cm−1, ~1176 cm−1, ~2169 cm−1, and ~3343 cm−1, respectively, can be obtained. With an increase in the [O/N] ratio, the Si-O-Si bending mode and Si-O-Si stretching mode observed at ~816 cm−1 and ~1052 cm−1 become stronger, and the N-related vibration peaks become weaker. These results indicate that, as the [O/N] ratio increases, the influence of Si-O-Si bonding on the interfacial properties of multilayer films becomes significant. As discussed in the PL spectra shown in Figure 3I, the PL peak position shifts from 800 nm to 660 nm as the [O/N] ratio increases, which indicates that the PL is affected by the Si-O-Si bonds.



The room-temperature photoluminescence results are shown in Figure 5a for a-Si/a-SiOxNy:H multilayer films with different a-Si layer thicknesses when the [O/N] ratio is 0.2 in the a-SiOxNy:H sublayer. It can be seen that, when the a-Si layer thickness is 4 nm, the peak of PL is at about 780 nm. As the a-Si layer thickness decreases, the blue shift of PL can be obtained. When the a-Si layer thickness is 1.5 nm, the peak of PL shifts to 620 nm. From these results, it can be demonstrated that the light emission is dominated by the a-Si:H sublayer. Moreover, the reasons for the blue shift of PL are further investigated by the optical transmittance in the UV–visible range. In Figure 5b, the experimental band gap (Eg) evaluated using a Tauc plot [17] and the peak energy of PL (E) are shown. It can be observed that the experimental band gap (Eg) increases with the decrease in the thickness of the a-Si:H sublayer. According to the reports [18], the blue shift of Eg should be caused by the quantum confinement effect in the a-Si:H sublayer. From Figure 5b, it can also be noted that, for all samples, the value of PL energy E is smaller than that of the band gap, which implies that the origin of light emission should be caused by the recombination of electrons and holes in the band tail of the a-Si:H sublayer. According to the reports [19], the origin of PL in the a-Si/a-SixNy:H multilayer has been discussed, and it is related to electronic transitions between the T3-level and the valence band. The value of emission band energy ET can be expressed approximately as ET = Eg/2 + 0.4, where Eg is the experimental band gap of multilayer films. In Figure 5b, the energy of ET is given. It can be seen that the energy of ET is compatible with the PL peak energy E, indicating that the origin of PL in a-Si:H/a-SiOxNy:H multilayer films is related to the T3−level of the silicon dangling bond. In Figure 6b, a level diagram for the silicon dangling bond of the a-Si:H film is given. Ec and Ev represent the edge of the conduction and valance bands, respectively. EF is the Fermi level in approximately the middle of the band gap. T3− is the negatively charged silicon dangling bond. The effective correlation energy between EF and T3− is approximately 0.4 eV.



In order to further investigate the mechanism of light emission for the a-Si:H/a-SiOxNy:H multilayer films with a 4 nm a-Si:H layer and a 4 nm a-SiOxNy:H layer, the [O/N] ratio dependence of the experimental PL peak energy E, experimental band gap Eg, and theoretical emission band energy ET are given in Figure 6a. It is shown that there is a similar change tendency for Eg and E as the [O/N] ratio increases, which implies that the blue shift of the band gap may be related to the Si-O-Si bonds, as discussed with FTIR. It has been reported that, for a–SiNx:H and a–SiCx:H films [20], the band gap energy will increase as the nitrogen or carbon content increases, and this will lead to a blue shift of Eg. As a result, for a-Si:H/a-SiOxNy:H multilayer films with different kinds of barrier materials, when increasing the oxygen/nitride ratio ([O/N]), the nitrogen and/or oxygen alloying induces structural disorder at the interface, resulting in an increase in the width of the localized states, which leads to an increase in the band gap energy. Meanwhile, it can be seen that the energy of ET is compatible with the PL peak energy E when there is an increase in the oxygen/nitride ratio ([O/N]), which indicates that the origin of the PL of multilayer samples is still related to the T3− level of the silicon dangling bond. Consequently, it can be suggested that, in a-Si:H/a-SiOxNy:H multilayer films, the electrons in the a-Si:H sublayer can be excited by high-energy photons (325 nm) to a highly excited-state energy level and then relax to the T3−level by emitting phonons, before radiatively recombining with holes at the valence band accompanied by light emission, as shown in Figure 6b.



As discussed above, for multilayer films of a-Si/a-SiOxNy:H, the properties of PL will be influenced by the thickness of the sublayer and the oxygen/nitride ratio ([O/N]) in the barrier material, and the nitrogen and/or oxygen alloying induces structural disorder at the interface, resulting in an increase in the width of the localized states. In order to further investigate the luminescent properties of a-Si/a-SiOxNy:H multilayer films, the PL spectra of the multilayer samples with different thicknesses of the a-Si sublayer as a function of the oxygen/nitride ratio ([O/N]) are measured. Figure 7a–d give the PL spectra of the multilayer samples with different thicknesses of the a-Si sublayer under different [O/N] ratios. The PL peak positions and integrated PL intensity, as functions of the [O/N] ratio in the barrier layer for samples with different a-Si sublayer thicknesses, are also shown in Figure 7e,f. It can be found that, for all samples with different [O/N] ratios, the blue shift of PL peak energy arises from the decrease in a-Si:H thickness. As shown in Figure 7e, it can be seen that, upon increasing the oxygen/nitride ratio ([O/N]), the PL peak position shifts towards lower wavelengths. And the blue shift of the PL peak occurs at a faster rate when the [O/N] ratio is small. As the [O/N] ratio gradually increases, the shift of the peak position gradually becomes smoother. Meanwhile, for samples with a larger [O/N] ratio, the influence of a-Si sublayer thickness on the shift of the luminescence peak position becomes significant. The results indicate that the addition of oxygen atoms introduces a large number of localized states at the interface, causing a blue shift in the emission’s peak position. With the increase in oxygen atoms, the localized states gradually tend to saturate, and the quantum phenomenon caused by the change in sublayer thickness becomes more pronounced. Figure 7e gives the integrated PL intensity as a function of the [O/N] ratio for samples with different a-Si sublayer thicknesses. It can be seen that, when the thickness of the a-Si sublayer is 4 nm, the intensity of PL can be enhanced by increasing the [O/N] ratio, and, when the [O/N] ratio becomes larger, the intensity of PL begins to weaken, which indicates that localized states caused by oxygen atoms not only introduce more luminescent centers but also increase the disorder at the interface, leading to a decrease in luminescent intensity. At the same time, it can be seen that, when the thickness of the a-Si sublayer decreases to 3 nm and 2 nm, as the [O/N] ratio increases, the intensity of PL first decreases, then increases, and then decreases. When the thickness of the a-Si sublayer is further reduced (to 1.5 nm), the intensity of PL decreases continuously as the [O/N] ratio increases. As a result, this indicates that, as the thickness of the a-Si sublayer decreases, the increase in the [O/N] ratio is more likely to cause an increase in disordered states, leading to a decrease in luminescence intensity. For a-Si/a-SiOxNy:H multilayer films with a thinner a-Si sublayer, an appropriate value of [O/N] is required to achieve luminescence enhancement; here, the appropriate value of [O/N] is one.



In a-Si-based materials, one usually considers the delocalized state (extended state) and the band tail state (weakly localized state) in the light absorption and emission processes [21]. It is well known that a blue shift of the optical absorption edge energy is due to the quantum confinement of carriers in a-Si multilayer structures. Since the band edge shifts to higher energy with a decrease in the a-Si sublayer thickness, the blue shift of the band tail state also occurs. When electrons and holes are excited to higher-energy states, and then due to the thermalization process, photo-generated carriers relax to the states of the band tails. Radiative recombination then occurs in those states. Thus, we speculate that the recombination of electrons and holes in the band tail of an a-Si:H sublayer embedded in an a-Si/a-SiOxNy:H multilayer structure may be responsible for the emission of PL from multilayer structures. We also notice that the barrier material plays an important role in the light emission of the multilayer structure. By adjusting the oxygen/nitride ratio ([O/N]) in the barrier layer, the PL peak position can be tuned from 800 nm to 660 nm. This could be because the nitrogen and/or oxygen alloying induces structural disorder at the interface, leading to an increase in the band gap energy. The localized states caused by oxygen atoms not only increase the disorder at the interface but also introduce more luminescent centers, leading to an increase in luminescent intensity. The increase in the [O/N] ratio will introduce the localized states related to silicon dangling bonds, which are responsible for the luminescence in a-Si/a-SiOxNy:H multilayer samples, as discussed in Figure 6b.




4. Conclusions


The PL characteristics of a-Si/a-silicon oxynitride multilayer films fabricated using a VHF-PECVD system have been studied. The interface between the a-SiOxNy:H barrier layer and the a-Si well layer and the thickness of the a-Si well layer play important roles in light emission. By changing the oxygen/nitride ratio (O/N) of the barrier layer, the PL peak position can be tuned from 800 nm (1.55 eV) to 660 nm (1.88 eV). With a decrease in the a-Si well layer thickness, a blue shift in the luminescence energy and optical absorption edge energy is observed. The interface and size dependence of the PL spectrum can be explained by the radiative recombination of carriers localized in the band tail state of the a-Si layer. It is found that the localized states caused by increasing the [O/N] ratio not only increase disorder at the interface but also introduce more luminescent centers, leading to an increase in luminescent intensity. For a-Si/a-SiOxNy:H samples with thinner a-Si sublayers, an appropriate value of [O/N] is required to achieve luminescence enhancement; here, the appropriate value of [O/N] is one.
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Figure 1. Cross-section TEM image of a-Si/a-SiOxNy:H multilayer film with 4 nm a-Si:H layer and 4 nm a-SiOxNy:H layer when [O/N] ratio is 0.2 (the interface between a-Si layer and a-SiOxNy:H layer is indicated by dotted line). 
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Figure 2. Raman spectra of the a-Si/a-SiOxNy:H multilayer film with 4 nm a-Si:H layer and 4 nm a-SiOxNy:H layer when [O/N] ratio is 0.2. 
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Figure 3. (I) PL spectra of the a-Si/a-SiOxNy:H multilayer samples with different values of [O/N]. (II) The integrated PL intensity and the PL peak positions as a function of [O/N] ratio in the barrier layer (arrows are used to indicate the coordinates corresponding to the data). (III) PL spectra of the a-SiOxNy:H films with different values of [O/N], which were used as the barrier layer in the multilayer structure. 
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Figure 4. FTIR spectra of the a-Si/a-SiOxNy:H multilayer samples with different values of [O/N]. 
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Figure 5. (a) PL spectra of the a-Si/a-SiOxNy:H multilayer films with different a-Si sublayer thickness. (b) Tauc plots of the a-Si/a-SiOxNy:H multilayer films with different a-Si sublayer thickness. The inset presents the a-Si:H sublayer thickness dependence of the experimental band gap Eg, theoretical emission band energy ET, and experimental PL peak energy E. 
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Figure 6. (a) The [O/N] ratio dependence of the experimental band gap Eg, theoretical emission band energy ET, and experimental PL peak energy E. (b) Schematic energy band diagram of the a-Si:H sublayer. The defect state T3−level of the silicon dangling bond and the exciton recombination processes are illustrated in the diagram. 
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Figure 7. PL spectra of the a-Si/a-SiOxNy:H multilayer samples with different a-Si sublayer thickness. (a) [O/N] = 0. (b) [O/N] = 0.2. (c) [O/N] = 1. (d) [O/N] = 4. (e) The PL peak positions as a function of [O/N] ratio in the barrier layer for samples with different a-Si sublayer thickness. (f) The integrated PL intensity as a function of [O/N] ratio in the barrier layer for samples with different a-Si sublayer thickness. 
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Table 1. Experimental parameters used to deposit a-Si/a-SiOxNy:H multilayer films.
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Sample

	
SiOxNy:H Sublayer

	
a-Si Sublayer




	
SiH4

(sccm)

	
NH3

(sccm)

	
O2

(sccm)

	
[O/N]

	
Thickness

(nm)

	
SiH4

(sccm)

	
H2

(sccm)

	
Thickness

(nm)






	
A

	
2.5

	
15

	
-

	
0

	
4

	
1.5

	
160

	
4




	
B

	
2.5

	
15

	
1.5

	
0.2

	
4

	
1.5

	
160

	
4




	
C

	
2.5

	
10

	
5

	
1

	
4

	
1.5

	
160

	
4




	
D

	
2.5

	
5

	
10

	
4

	
4

	
1.5

	
160

	
4




	
E

	
2.5

	
15

	
-

	
0

	
4

	
1.5

	
160

	
3




	
F

	
2.5

	
15

	
-

	
0

	
4

	
1.5

	
160

	
2




	
G

	
2.5

	
15

	
-

	
0

	
4

	
1.5

	
160

	
1.5




	
H

	
2.5

	
15

	
1.5

	
0.2

	
4

	
1.5

	
160

	
3




	
I

	
2.5

	
15

	
1.5

	
0.2

	
4

	
1.5

	
160

	
2




	
J

	
2.5

	
15

	
1.5

	
0.2

	
4

	
1.5

	
160

	
1.5




	
K

	
2.5

	
10

	
5

	
1

	
4

	
1.5

	
160

	
3




	
L

	
2.5

	
10

	
5

	
1

	
4

	
1.5

	
160

	
2




	
M

	
2.5

	
10

	
5

	
1

	
4

	
1.5

	
160

	
1.5




	
N

	
2.5

	
5

	
10

	
4

	
4

	
1.5

	
160

	
3




	
O

	
2.5

	
5

	
10

	
4

	
4

	
1.5

	
160

	
2




	
P

	
2.5

	
5

	
10

	
4

	
4

	
1.5

	
160

	
1.5
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