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Abstract

:

Suppression of the formation of crystal defects is essential for the realization of high-efficiency solar cells. The reactive plasma deposition (RPD) process introduces defects in the silicon crystal bulk and at the passivation layer/silicon crystal interface. This study suggests that oxygen impurities can affect the generation of RPD-induced defects. Although the RPD deposition conditions were the same, the number of RPD-induced recombination centers in Cz-Si was larger than that in the Fz wafer. The increase in 950 °C pre-annealing resulted in increased peak intensity corresponding to defect level E1 in the Cz-Si MOS sample. In the case of Fz-Si, the increase in intensity with increasing pre-annealing time was slight. This indicates that oxygen precipitation might be related to the structure of RPD-induced defects.
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1. Introduction


Photovoltaic power generation is one of the most promising types of renewable energy, with the amount of solar PV installed exceeding 1 TW and continuing to increase further. Solar cells are expected to be used increasingly owing to their high conversion efficiency and significantly lower production costs. The development of future solar cell applications strongly requires lower costs and higher efficiency. Carrier selective contact (CSC) is one of the powerful structures enhancing the crystal silicon solar cell performance [1,2,3,4]. A silicon heterojunction (SHJ) solar cell, which has an a-Si:H(i)/a-Si:H(p)/n c-Si/a-Si:H(n)/a-Si:H(i) structure, is a CSC-type solar cell, wherein the back-contact type of SHJ has a high conversion efficiency of 26.7% [5,6,7]; it is predicted that silicon solar cells have the potential to achieve over 30% conversion efficiency [8]. Transition metal oxides, such as MoOx and VOx, and a-Si are used for CSCs, most of which have low electrical conductivity [6,9,10,11,12,13,14]; therefore, depositing transparent conductive oxide (TCO), such as indium tin oxide (ITO) or indium tungsten oxide (IWO), on their surfaces reduces the electrical resistance of the solar cell [15,16,17,18]. However, it is necessary to suppress defect generation to achieve greater efficiency levels, which are closer to the theoretical limit. Plasma processes such as TCO deposition induce defects that deteriorate cell performance [19,20,21,22,23]. Reactive plasma deposition (RPD) is widely used for TCO deposition owing to its advantages of relatively low damage by plasma ions, low deposition temperature, and high growth rates [9,24,25]. However, a relatively large density of defects is still induced, deteriorating the solar cell performance. Deep-level transient spectroscopy (DLTS), capacitance-voltage (C-V) measurement, and photoluminescence (PL) have been reported to exhibit the electrical properties of the generated defects [23,26,27,28]. Results of the DLTS analysis with Bayesian optimization suggest that the RPD process generates three types of electron traps and two types of hole traps, and that the defects are formed not only at the SiO2/Si crystal interface but also within the Si crystal near the interface [28]. In said study, the density of ITO-RPD-induced defects was approximately 1012 c−2 eV−1 at the SiO2/Si interface. The defect energy levels and capture cross-sections of these defects were estimated. A defect with 0.57 eV energy level may act as a recombination center and decrease the minority carrier lifetime. Regarding the defect formation mechanism, it is suggested that UV light with a wavelength of approximately 110–180 nm induces defects [29]. Also, the PL measurement results from the abovementioned research indicate that oxygen and/or carbon-related defects were induced by the RPD process. However, the defect structures and formation mechanisms are not yet clear.



In this study, the effect of oxygen impurities in the Si crystal on defect formation by RPD is discussed. When a Czochralski (Cz) wafer is used, the minority carrier lifetime in the bulk dramatically decreases after ITO deposition using the RPD process. In contrast, the lifetime of floating zone (Fz)-Si, which has a relatively low concentration, decreases only slightly. The DLTS analysis shows that the physical properties of the induced defects are the same and independent of the substrate type. However, the induced defect concentration in Cz silicon, which has a relatively high oxygen concentration, is higher than that in Fz silicon. Because of the pre-annealing at 950 °C before the RPD process, the defect concentration of the induced defects in the Cz wafer increases, while it only increases slightly in the Fz crystal. These results suggest that the oxygen in the crystal plays an important role in the defect generation induced by RPD and that the oxygen segregated by pre-annealing in the Si crystal is one of the reasons for defects induced by RPD.




2. Materials and Methods


To study the effect of oxygen impurities in Si crystals on RPD-induced defects two types of phosphorous (P)-doped n-type Si (100) wafers with different oxygen concentrations were used as substrates. The first was a single silicon crystal grown using the CZ method. The oxygen concentration in the wafer was approximately 1018 atoms/cm3. The other was an FZ-grown silicon substrate containing 1015/cm3 oxygen atoms. The single-side mirror-polished wafers and double-side polished ones were used for minority carrier lifetime measurement and DLTS, respectively. Using these substrates, the (ITO)/SiO2/Si/SiO2/(ITO) and Al/(ITO)/SiO2/Si/Al structures were formed, as described below. A mixture of H2O, H2O2, and NH3 (5:1:1) was used to clean the wafers, and then the native oxide layer was removed from the HF solution. The unpolished side of the wafer was thermally doped, resulting in a relatively high P concentration (sheet resistivity of 60 Ω/sq.) to obtain ohmic contact at the backside of the DLTS sample.



Thin SiO2 layers were formed on these samples by dry oxidation under the O2 atmosphere at 950 °C. The thickness of the SiO2 layer was 10 nm, as determined using an ellipsometer. Then, the samples were annealed at 950 °C, with oxygen for 0, 120, and 240 min, the conditions under which precipitation would occur [30]. The RPD process deposited ITO films on the SiO2 layers. The Argon (Ar) plasma was generated in the plasma gun using an Ar supply; the flow rate of Ar gas was 20 sccm. Plasma was emitted into the growth chamber, and a magnetic field guided it to the ITO target. ITO evaporation formed approximately 90 nm thick ITO films on the substrate surfaces. Here, the source material was 5%wt Sn-doped ITO. Oxygen gas at a flow rate of 85 sccm was also supplied to the growth chamber, with the growth pressure maintained at 0.3 Pa. The substrate temperature was approximately 80 °C, which was not intentionally controlled or heated by plasma. To form the MOS structure, the deposited ITO film and back-side SiO2 layer were removed by the HCl and HF solution, respectively. Subsequently, both side surfaces were metalized with Al using the thermal evaporation system.



Using a quasi-steady-state photoconductance (QSSPC) measurement system (Sinton instruments WCT-120, Boulder, CO, USA), the minority carrier lifetimes of samples with and without deposited ITO were determined as a function of the injected carrier density [31]. DLTS measurements were performed [32,33,34,35,36]. MOS samples were placed in a vacuum chamber with a cryostat, and temperature scans were performed using a Boonton 72 B 1MHz bridge to obtain one second capacitance transients with 512 sampling points versus temperature T. T was varied from 120 K to 320 K. The transients were converted to DLTS signals by Fourier transform and DLTS spectra were obtained using the PhysTech DL8000 system. In the DLTS analysis, Bayesian optimization was used to obtain defect levels and capture cross sections by spectral deconvolution [28]. Assuming the time constant τ and DLTS signal S along with the theory of SRH process and DLTS, these values at a temperature T can be expressed as below.


  τ  T  =  1  σ  N v   v  t h     e x p     E c −  E t     k B  T      



(1)
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Here, in the Equation (1), Nv, vth, Ec, and kB are the density of states, thermal velocity, and Boltzmann constant, respectively. In Equation (2), tw is the period width of transient sampling, and A is a constant corresponding to the transient intensity. In this study, the pulse voltage for carrier injection and reverse voltage for carrier emission were 0 V and −1.5 V, respectively, and the period width tw was one second.



The objective function quantifies the difference in the spectral shape between the experimental and theoretical values drawn by the predicted property values. The predicted characteristic values Et and σ, corresponding to each defect, are optimized by self-consistently maximizing the objective function.




3. Results


The minority carrier lifetimes decreased because of the RPD process, regardless of the type of Si substrate. The recombination velocity was determined by the minority carrier lifetime at 1015 cm3 minority carrier density. This result shows that the SRH recombination process determines the minority carrier lifetime, and that the RPD induces recombination-active defects. The number of induced defects is shown in Figure 1. These were estimated from minority carrier lifetime at 1015 cm3 minority carrier density. These concentrations were determined as follows:


  τ ∝  1   N t   v  t h   σ    



(3)




where τ is carrier lifetime, Nt is defect density, vth is thermal velocity, and σ is capture cross-section. Although the RPD deposition conditions were the same, the number of RPD-induced recombination centers in Cz-Si was larger than that in the Fz wafer. This indicates that oxygen in the Si crystal may contribute to defect formation owing to the RPD process.



The DLTS spectra obtained for Cz-Si and Fz-Si are shown in Figure 2. New peaks around 270 K appeared in the DLTS spectra owing to the RPD process, and the signal intensity of Cz-Si was larger than that of Fz-Si, suggesting that the generated defect concentration was higher in Cz-Si than in Fz-Si. On the other hand, the peak positions are almost the same, regardless of the substrate type. Estimation of the physical properties of the induced defects was carried out using DLTS spectra. Bayesian optimization deconvoluted these spectra into three single peaks, indicating that three types of electron trap defects were generated in Fz-Si. Because the spectrum cannot be explained by using a single DLTS signal, spectra were deconvoluted by Bayesian optimization. These spectra were well described by the three peaks corresponding to the different types of electron trap defects generated in Si owing to the RPD process [28].



As well as the spectral deconvolution, the electrical defect properties used as search parameters were estimated in the Bayesian optimization. The obtained energy levels and capture cross-sections are summarized in Table 1. Because these defect properties are almost the same as those of the Cz-Si crystal, the same types of defects were induced by RPD, regardless of the crystal type. The E1 defect has a mid-gap energy level and approximately 10−15 cm2 capture cross-sections. This suggests that these defects might be recombination centers [27,28]. Because the types of defects are the same and their concentrations are different, it is suggested that the oxygen concentration in the Si crystal related to the number of induced defects.



The DLTS spectra change due to the 950 °C pre-annealing before the RPD process is shown in Figure 3. The signal was obtained from Cz-Si, with the peak intensity increasing owing to the annealing process. The defect concentration induced by the RPD process increased due to the annealing before the RPD process.



The relationship between the annealing time and E1 defect concentrations in the Cz and Fz Si crystals is shown in Figure 4. The signal intensity of Cz-Si increased as the annealing time increased. This indicates that oxygen precipitation might be related to the structure of RPD-induced defects. In contrast, in the case of Fz-Si, the increase of E1 defect signal intensity was very slight with increasing annealing time.




4. Conclusions


Suppression of the formation of crystal defects is essential for the realization of high-efficiency solar cells. The reactive plasma deposition (RPD) process introduces defects in the silicon crystal bulk and at the passivation layer/silicon crystal interface. This study suggests that oxygen impurities can affect the generation of reactive plasma deposition (RPD)-induced defects. Although the RPD deposition conditions were the same, the number of RPD-induced recombination centers in Cz-Si was larger than that in the Fz wafer. The increase in 950 °C pre-annealing increased the peak intensity corresponding to defect level E1, with 0.57 eV energy level in the Cz-Si MOS sample. In the case of Fz-Si, the increase in intensity was slight when pre-annealing time was increased to 4 h. This indicates that oxygen precipitation might be related to the structure of RPD-induced defects.
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Figure 1. The recombination center densities in Cz-Si and Fz-Si estimated with minority carrier lifetime. 
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Figure 2. DLTS spectra obtained from Cz-Si and Fz-Si MOS sample processed with RPD. 
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Figure 3. The increase of DLTS signal intensity by the 950 °C pre-annealing. 
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Figure 4. The relationship between annealing time and E1 defect concentrations. 
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Table 1. Estimated electrical property of RPD-induced defects, where Ec − Et is the defect level from conduction band edge Ec, and σ is the capture cross-section for majority carriers.
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Cz

	
Fz




	
Ec − Et (eV)

	
σ (cm2)

	
Ec − Et (eV)

	
σ (cm2)






	
E1

	
0.57

	
5.5 × 10−15

	
0.56

	
7.2 × 10−15




	
E2

	
0.51

	
7.2 × 10−15

	
0.5

	
6.3 × 10−15




	
E3

	
0.47

	
2.5 × 10−16

	
0.45

	
5.1 × 10−15
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