Red-Shift of the Visible Photoluminescence Spectra in Si+-Implanted SiO2 Films with Higher Diffusion  Coefficient after Rapid Thermal Annealing                                
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    Room-temperature visible photoluminescence (PL) were observed in Si+-implanted 400-nm-thick SiO2 films after rapid thermal annealing (RTA) at 1150 oC for 20 seconds in 50 mbar dry nitrogen. The PL peaks shifted from 2.2 eV to 1.7 eV as the fluence increased from 4x1015 cm-2 to 3x1016 cm-2. In addition, a red shift of the PL peak from 2.2 eV to 1.7 eV would be found in the as-implanted 400 nm films after isochronal RTA at the temperature increased from 950 oC to 1150 oC. At the same time, the PL peak shifted from 1.9 eV to 1.7 eV as the isothermal 1150 oC RTA duration increased from 5 seconds to 20 seconds. On the other hand, the above PL mechanisms were all independent of the Si-O-H related bonds and SiHx structures according to the FTIR spectra. These indicate the light emission in the as-implanted film can be shifted using the RTA method and is similar to the luminescence emitted from silicon nanocrystals produced by silicon precipitation. Finally, it is noted to mention that the 1.7 eV PL peak can be produced from the 3x1016 cm-2 Si+-implanted 400 nm SiO2 film after RTA at 1150 oC for 20 seconds in addition of from the as-implanted film after the isothermal annealing for ~12 hours. Thus, the Si+ diffusion coefficient in the process of silicon precipitation during the RTA must be much bigger than the value of 1x10-16cm2/s at ~1100 oC.
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1.  Introduction   

With the vantage of advanced Si technology for electronic integrated circuits and in view of the potential applications in optoelectronics and photonics, the structures consisting of silicon nanocrystals embedded in SiO2 have given rise to enormous interest.1  Room temperature visible luminescence has been firstly observed from porous silicon (PSi), however, many problems have been encountered in practical application.2,3  Then, the techniques using plasma deposition from silane, gas evaporation, and termination of glass-melt reaction have been proposed to produce visible light emission and silicon nanocrystals, but still none of them appropriate for the production of integrated device. On the other hand, silicon-implantation into SiO2 layer on crystalline Si with subsequent heat treatment is another alternative method in addition to above methods to fabricate Si-based luminescence structures.  Emission bands between 1.5 and 2.0 eV have been observed by several research groups from Si+-implanted SiO2 films after ( 1000 (C thermal annealing in vacuum, Ar or N2.4-9  The visible blue-light emission has been observed from the 1x 1017 cm-2 as-implanted films after ( 1000 (C thermal annealing in N2 and the PL peak position shifted from 490 nm to 560 nm by increasing the annealing cycles temperature from 1000 (C to 1250 (C.5  The red-light emission was presented only at the flux ( 3x 1017 cm-2 and was attribute to the quantum confinement effect in silicon nanocrystals confirmed by transmission electron microscopy. 5  However, in those reports, 4-9  the flux of implanted silicon was relatively high and the whole annealing process required several hours. Thus, although ion implantation of III-V compounds is routinely used in the production of optoelectronic integrated circuits, the methods using silicon implantation seem not suitable for applications in optoelectronics, too. In last few years, we have observed two photoluminescence (PL) bands at 1.9 eV and 2.2 eV from the 4x1015 cm-2 Si+-implanted SiO2 films after rapid thermal annealing (RTA) for the durations ( 30 minutes at the temperatures ( 950 oC in a controlled N2 atmosphere. However, no more than these two bands can be found in these films after the RTA. 10~12  Recently, we have solved the question by increasing the flux of the Si+-implantation ( 1x1016 cm-2 and observed the red shift of the PL peak from 560 nm to 730 nm by increasing RTA temperature and duration. The red-light emission was presented since the flux of implanted silicon 1x1016 cm-2.

In this study, the Si+-implanted 400-nm-thick SiO2 films with subsequent RTA at 1150 oC for 20 seconds in dry nitrogen were used as samples. The PL peak shifted from 2.2 eV to 1.7 eV with increasing the fluence of silicon implanted into sample from 4x1015 cm-2 to 3x1016 cm-2.  In addition, a red shift of the PL peak from 2.2 eV to 1.7 eV would be found in the as-implanted 400 nm films after isochronal RTA at the temperature from 950 oC to 1150 oC. At the same time, the PL peak shifted from 1.9 eV to 1.7 eV with increasing the isothermal 1150 oC RTA duration from 1 second to 20 seconds and would maintain at 1.7 ev since the duration of 20 seconds. Importantly, because the 1.7 eV PL peak can be produced from the 3x1016 cm-2 Si+-implanted 400 nm SiO2 film after RTA at 1150 oC for 20 seconds in addition of from the as-implanted film after the isothermal annealing for ~12 hours, the Si+ diffusion coefficient in the high temperature thermal annealing SiO2 film is noticeable to discuss again.  Finally, the above PL mechanisms were all independent of the Si-O-H related bonds and SiHx structures according to the FTIR spectra. According to above results, the PL peak position shifted with the varying of the silicon ion concentration in oxide matrices and RTA temperature and duration, which is independent of hydrogen-related bonds. Thus, the light emission in the as-implanted film using the RTA method seems appropriate for the luminescence emitted from silicon nanocrystals produced by silicon precipitation.13, 14 

2.  Experimental Procedure
   Samples were prepared by implantation of 28Si+ onto a 400-nm-thick SiO2 layer which was thermally grown on (100)-oriented p-doped Si substrates. The fluences of the Si+-implantation are 1x1015 cm-2, 4x1015 cm-2, 1x1016 cm-2, and 3x1016 cm-2, respectively. The temperature of the samples during ion implantation was kept at liquid nitrogen temperature. The acceleration energy of ~ 160 keV was selected so that the maximum concentration was at a depth of ~250 nm below the surface and the standard deviation of the implanted region was 

60 nm.  In order to clarify the PL mechanism in the as-implanted films, the respective layers of 100 nm, 200 nm, and 250 nm were etched off from the top of the rapid-thermal-annealed films. The layer thickness removed by HF(10%) was monitored by ellipsometer. These samples were subjected to RTA at substrate temperature 1150 oC under dry N2. Furthermore, the atmosphere pressures of 50 mbar was provided at the entrance to the furnace and a heating rate of 100 oC /s and cooling rate of about 100 oC /min were used. 

   Two systems were used for the PL measurements. In one, an Ar+ laser (2.5 eV) was used as the excitation source and a monochromator equipped with a cooled photomultiplier tube to detect the PL spectra. In the other, a He-Cd laser (3.8 eV) as the excitation and the lock-in technique to improve the signal-to-noise ratio were employed, in conjunction with the same type of monochromator and cooled photomultiplier tube as in the former system. The two excitations are both operated at a power of ~5 mW. Moreover, FTIR measurements were performed to examine for the presence or absence of hydrogen-related species in samples of oxide film. The spectra were measured at room temperature in N2 atmosphere at a 2 cm-1 resolution with 200 scan accumulations.

3.  Results and Discussion
   The effect of silicon ion fluence on luminescence is presented in Fig.1 where three PL spectra of the Si+-implanted 400-nm-thick SiO2 films after RTA at 1150 oC for 20 seconds are shown. The PL spectrum with a peak at ~2.2 eV excited by 3.8 eV photons in the as-implanted films has the fluence of ≤ 4x1015 cm-2 and those with peaks at ~1.9 eV and ~1.7 eV excited by 2.5 eV photons in the films have the fluence of 1x1016 cm-2 and 3x1016 cm-2, respectively. The PL peak around 2.2 eV was not changed at the fluence of the silicon implantation ( 4x1015 cm-2. But, a significant red-shift of the PL peak up to 1.9eV was not observed until the fluence at 1x1016 cm-2 and the PL peak shifted progressively from 1.9 eV to 1.7 eV  as the fluence increased from 1x1016 cm-2 to 3x1016 cm-2.  Thus, the peak positions were decided on the fluence of the Si+-implantation. The silicon ion concentration in the films play the main role during the production of PL mechanisms.  
In addition, an interpretation of the origin of the luminescence was attempted by the analysis of the effect of RTA temperature and time. When the fluence of the silicon implantation was kept at 3x1016 cm-2, these are presented in Fig.2 and Fig.3. A red shift of the PL peak from 2.2 eV to 1.7 eV would be found in the films after isochronal RTA for 20 seconds at the temperature increased from 950 oC to 1150 oC (Fig. 2).  At the same time, Fig.3 showed that the PL peak shifted from 1.9 eV to 1.7 eV as the isothermal 1150 oC RTA duration increased from 1 to 20 seconds and would maintain at 1.7 ev since the duration of 20 seconds. These indicated that the band due to the PL mechanism in the films decreased with increasing the RTA temperature and time, and at the fluence of 3x1016 cm-2, the minimum PL band due to the films with maximum RTA duration at 1150 oC is 1.7 eV. It is taken for granted that RTA temperature shall decide the speed of silicon ion precipitation, RTA duration provides the active time of the precipitation, and the maximum size of PL mechanism is finally decided on the silicon ion concentration in the films. Thus, the PL mechanism in the films is related closely to the speed and active time of the Si+- precipitation and the concentration of silicon ion. The procedures of Si+-precipitation shall include Si+-diffusion and aggregation. Since the result is similar to that obtained from the group of P. Mutti et al., the PL mechanism from RTA process shall be related closely to the presence of silicon nanocrystals.5  Noticeably, the PL spectrum with a peak at ~1.7 eV can also be detected when these samples implanted the Si+ fluence of 3x1016 cm-2 were annealed using an electric oven at 1150 oC for ~12 hours in Ar or N2. The phenomenon was in conformity with the observation of several researching groups, in which the mean-diameters in the Si+-implanted SiO2 film after long thermal annealing time at 1100 oC vary as a function of time and ion concentration, increase very slowly, almost imperceptibly, and the diffusion coefficient of Si in the film between 5x1018 and 10-16cm2/s is a very small value.14~16  This seems to imply that wasting too much time in the thermal annealing is not necessary for the production of silicon nanocrystals in the films. 
Finally, the FTIR spectra in the 3750 cm-1 range and in the ~2100 cm-1 of the Si+-implanted 400-nm-thick SiO2 films at the different fluences with the subsequent RTA at 1150 oC for 20 seconds are shown in Fig. 4 and Fig. 5. According to these FTIR spectra in Fig.4 and Fig.5, the absorption valleys of Si-O-H structures and SiHx structures, which were indicated by the signature at ~ 3750 cm-1 and at ~2100 cm-1 in the FTIR spectra, 17~20 were all shallow as the sample without RTA and seem no change with increasing the fluence of silicon implantation. In addition, no sample with PL mechanism in this study displayed a FTIR signatures at ~1450 or ~2300 cm-1, related to the absorption of CHx structures.13,17  Hence, the above PL mechanisms were all independent of the Si-O-H related bonds, and SiHx and CHx structures. Noticeably, the existence of the Si-O-H structures can also be determined by the FTIR signature at ~ 2200 cm-1,17~19 which is however too close to the absorption range of SiHx structures, besides the range of ~ 3750 cm-1 in FTIR spectra.  Thus, in order to avoid the confusion with each other, we have chosen the range at ~ 3750 cm-1 rather than 2200 cm-1 for studying the Si-O-H structures.

4. Conclusion  

 The Si+-implanted 400-nm-thick SiO2 films with subsequent RTA at 1150 oC for 20 seconds in dry nitrogen were used as samples. The PL peak shifted from 2.2 eV to 1.7 eV with increasing the fluence of silicon implanted into sample from 4x1015 cm-2 to 3x1016 cm-2.  The red-light emission was presented since the flux of implanted 1x1016 cm-2 silicon ions. In addition, when the fluence of the silicon implantation was kept at 3x1016 cm-2, a red shift of the PL peak from 2.2 eV to 1.7 eV would be found in the films after isochronal RTA at the temperature from 950 oC to 1150 oC. At the same time, the PL peak shifted from 1.9 eV to 1.7 eV with increasing the isothermal 1150 oC RTA duration from 1 to 20 seconds and would maintain at 1.7 ev since the duration of 20 seconds.  On the other hand, the above PL mechanisms were all independent of the Si-O-H related bonds and SiHx and CHx structures according to the FTIR spectra.  According to above results, the light emission in the as-implanted film using the RTA method, which peak position shifted with the varying of the silicon ion concentration in oxide matrices and RTA temperature and duration, not depending of hydrogen-related bonds, seems appropriate for the luminescence emitted from silicon nanocrystals produced by silicon precipitation.  Finally, it is noted to mention that the 1.7 eV PL peak can be produced from the 3x1016 cm-2 Si+-implanted 400 nm SiO2 film after RTA at 1150 oC for 20 seconds in addition of from the as-implanted film after the isothermal annealing for ~12 hours. Thus, the Si+ diffusion coefficient in the process of silicon precipitation during the RTA is not consistent with the very small value from 5x10-18 to 10-16cm2/s at ~1100 oC depending of the authors. 
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Figure Captions

Fig.1. PL spectra of 160 KeV Si-implanted 400-nm-thick dry SiO2 film grown on crystalline Si at a fluence of (a) 4x1015 ions/cm2, (b) 1x1016 ions/cm2, and (b) 3x1016 ions/cm2 after RTA for 20 seconds at 1150 oC.
Fig.2. PL spectra of 160 KeV Si-implanted 400-nm-thick SiO2 film grown on crystalline Si at a fluence of 3x1016 ions/cm2 after RTA for 20 seconds at (a) 950 oC, (b) 1050 oC, and (c) 1150 oC.

Fig.3. PL spectra of 160 KeV Si-implanted 400-nm-thick SiO2 film grown on crystalline Si at a fluence of 3x1016 ions/cm2 after RTA at 1150 oC for (a) 5 seconds, (b) 10 seconds, and (c) 20 seconds.

Fig.4. FTIR spectra in the 3750 cm-1 range of 160 KeV Si-implanted 400-nm-thick dry SiO2 film grown on crystalline Si at a fluence of (a) 4x1015 ions/cm2, (b) 1x1016 ions/cm2, and (b) 3x1016 ions/cm2 after RTA at 1150 oC for 20 seconds.

Fig. 5. FTIR spectra in the 2100 cm-1 range of 160 KeV Si-implanted 400-nm-thick dry SiO2 film grown on crystalline Si at a fluence of (a) 4x1015 ions/cm2, (b) 1x1016 ions/cm2, and (b) 3x1016 ions/cm2 after RTA at 1150 oC for 20 seconds.
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