

  energies-13-05207




energies-13-05207







Energies 2020, 13(19), 5207; doi:10.3390/en13195207




Article



A Novel Method to Achieve Selective Emitter Using Surface Morphology for PERC Silicon Solar Cells



Minkyu Ju 1, Jeongeun Park 1, Young Hyun Cho 2, Youngkuk Kim 2, Donggun Lim 1, Eun-Chel Cho 2,*[image: Orcid] and Junsin Yi 2,*





1



School of Electronic, Electrical Engineering, Korea National University of Transportation, Chungju 27469, Korea






2



School of Information and Communication Engineering, Sungkyunkwan University, Suwon 16419, Korea









*



Correspondence: echo0211@skku.edu (E.-C.C.); junsin@skku.edu (J.Y.)







Received: 24 August 2020 / Accepted: 29 September 2020 / Published: 6 October 2020



Abstract

:

Recently, selective emitter (SE) technology has attracted renewed attention in the Si solar cell industry to achieve an improved conversion efficiency of passivated-emitter rear-contact (PERC) cells. In this study, we presented a novel technique for the SE formation by controlling the surface morphology of Si wafers. SEs were formed simultaneously, that is, in a single step for the doping process on different surface morphologies, nano/micro-surfaces, which were formed during the texturing processes; in the same doping process, the nano- and micro-structured areas showed different sheet resistances. In addition, the difference in sheet resistance between the heavily doped and shallow emitters could be controlled from almost 0 to 60 Ω/sq by changing the doping process conditions, pre-deposition and driving time, and temperature. Regarding cell fabrication, wafers simultaneously doped in the same tube were used. The sheet resistance of the homogeneously doped-on standard micro-pyramid surface was approximately 82 Ω/sq, and those of the selectively formed nano/micro-surfaces doped on were on 62 and 82 Ω/sq, respectively. As a result, regarding doped-on selectively formed nano/micro-surfaces, SE cells showed a JSC increase (0.44 mA/cm2) and a fill factor (FF) increase (0.6%) with respect to the homogeneously doped cells on the micro-pyramid surface, resulting in about 0.27% enhanced conversion efficiency.
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1. Introduction


Presently, crystalline silicon (c-Si) solar cells are the leading product in the solar cell market, owing to their efficiency and low production cost [1,2], and this trend is expected to continue [3]. In terms of cell fabrication technology, passivated-emitter rear-contact (PERC) cells have become the mainstream product in the mass production of c-Si solar cells, owing to their high efficiency and cost-effectiveness [4,5,6]. According to an ITRPV (International Technology Roadmap for Photovoltaics) report, the market share of PERC technology in 2019 was over 30% and, according to estimates, it will exceed 60% by 2030 [3]. With continuous development over the past few years, PERC cell technology has already achieved a mass-production efficiency exceeding 21% [6]. Therefore, to further improve the efficiency, most solar cell companies are trying to develop new technologies and apply them to their production lines. The selective emitter (SE) technology has recently again attracted renewed attention, owing to its high efficiency [3,4,5,6,7,8,9,10].



SE technology has the following advantages. First, it has low sheet resistance because the high doping concentration under the electrodes lowers the contact resistance, leading to an improvement in the fill factor (FF). Second, better surface passivation on the high-sheet-resistance area enhances the short-circuit current density (JSC) and open-circuit voltage (VOC) [6,7,8,9,10]. There are several methods to create an SE, such as dopant-paste printing [11,12], inkjet printing [13,14], etch-back [15,16], and laser techniques [17,18,19,20,21,22,23,24]. However, most of these techniques are applied immediately before or after the doping process, so there are risks to the solar cell manufacturing process. As shown in Figure 1, SE technologies such as dopant-paste printing and inkjet printing are susceptible to contamination; in other words, there is a risk of contaminants spreading into the silicon during the high-temperature doping process [11,12,13,14]. Etch-back and etch-paste techniques result in the loss of reflectivity due to smoothing of the texture surfaces [15,16,17]. The laser doping method can damage the silicon surface, which is detrimental to the open-circuit voltage (VOC) [18,19]. In addition, most SE technologies are likely to cause misalignment, which results in over-alignment losses in the alignment with the front electrode during the printing process [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23]. Recently, as a new technology to overcome this, the development of a new SE to mitigate the recombination loss by the heavily doped epitaxial layer selectively grown after the passivation process, has been reported [24].



In this study, a novel SE technique that uses selective nanosurface morphologies for a heavy emitter area was proposed before the pyramid texturing process [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24]. A new SE technique that uses each different surface morphology was proposed. Even though the nano/micro-structured areas were doped in a single doping process, they exhibited different sheet resistances. In addition, the differences in sheet resistance could be controlled during the doping process by altering the temperature, pre-deposition time, and drive-in time. Importantly, using this SE technique could perform a sufficient cleaning process before the doping process, so there was less contamination risk to the solar cell manufacturing process. Furthermore, the loss from the mismatch between the heavily doped region and the front electrodes by screen-printing could be drastically reduced. Therefore, compared to conventional SE, there was less risk such as surface damage, return loss, and over-alignment loss.




2. Experimental Details


In this experiment, p-type boron-doped 6-inch single c-Si wafers with a resistivity of 1–1.5 ohm-cm and a thickness of 180 ± 20 μm were used. Initially, the c-Si wafers were immersed for 10 min at approximately 75 °C, in a mixed etching solution with a concentration of 5 wt% sodium hydroxide (NaOH) and 0.75 wt% sodium hypochlorite (NaOCl), to ensure saw damage removal (SDR). The wafers were rinsed in flowing DI water, followed by hydrochloric acid (HCl) and hydrofluoric acid (HF), to remove the metal ions and native oxides on the surface. Finally, the wafers were rinsed again in the flowing DI water and then dried.



2.1. Characteristics of Phosphorus Doping According to Nanosurface Morphology


To obtain the nanostructure on one side, two cleaned SDR wafers in contact with each other were placed on the etching carrier. The nanostructure texture was obtained through vapor-texturing using an etching solution of HF:HNO3 = 7:3 volume ratio to form a uniform nanostructure on the surface [25]. The morphologies of the samples were controlled, and the shape and size of the surface nanostructure were modified during etching by varying the post-etching time between 0 and 3 min in an HF:HNO3:CH3COOH isotropic etching solution with a volume ratio of (1:100:50), at room temperature. After vapor texturing, the samples were immersed for 10 min at 75 °C in the standard clean 1 (SC1) solution of NH4OH:H2O2:H2O (1:1:5 volume ratio) to remove the chemicals remaining on the surface. Then, the samples were rinsed in flowing DI water followed by HF, to remove the native oxides on the surface. Finally, the wafers were rinsed again in flowing DI water and were dried. To form the micro-pyramid structure on the other surface of the samples, a 160-nm thickness silicon nitride (SiNX) texturing barrier was deposited on the nanosurface using plasma-enhanced chemical vapor deposition (PECVD). Then, the remaining silicon particles on the surface were removed from the samples through SC1 cleaning. The samples were immersed for 30 min at 81–83 °C in a mixed solution of 2 wt% sodium hydroxide (NaOH), 6.25 wt% sodium silicate (Na2SiO3), and 12.5 vol% isopropyl alcohol (IPA) for micro-pyramid texturization [26]. For removal of the SiNX texture-barrier film formed on the nanostructure, the samples were immersed for 10 min at room temperature in buffered HF (BHF, NH4F:HF = 6:1). The samples were rinsed in flowing DI water, followed by HCl and HF, to remove the metal ions and native oxides on the surface. Finally, the wafers were rinsed again in flowing DI water and dried.



Phosphorus doping was performed at a temperature of 825 °C for 10 min in a quartz-tube furnace using POCl3 for the formation of an emitter layer on the surface of the samples, with each sample having a different surface. To remove the phosphorus silicate glass (PSG) layer deposited on the surface, the sample was immersed in an HF solution for 30 s, and then washed with DI water and dried. The sheet resistances of the emitters formed according to the varied surface structure were measured at similar positions, at a uniform distance apart, through a four-point probe. The surface morphology of samples with varied nanostructure was observed using scanning electron microscope (SEM) images.




2.2. Characteristics of Nanosurface Emitter Layer According to Doping Condition


To observe the variation in sheet resistance according to the phosphorus doping condition in the variable surface morphology, wafers formed on both sides with a nanostructure and a micro-pyramid structure were used. The prepared samples were cleaned with HCl and HF, rinsed with flowing DI water, and dried. The cleaned samples were processed in a quartz-tube furnace using POCl3 at a temperature range of 805–860 °C for 10 min, to ensure a varied sheet resistance for the shallow emitter on the surface. Subsequently, the samples were processed in a quartz-tube furnace using POCl3 for 10–30 min at 860 °C, to ensure a varied sheet resistance for the deep emitter on the surface. After removing the PSG layer by using HF, the sheet resistances of the emitter formed on the nano- and micro-pyramid structures were measured and analyzed. The analysis of the number of phosphorus atoms in the emitter with varied surface morphology was performed using a CAMECA IMS 7f magnetic-sector secondary ion mass spectroscope (SIMS) (CAMECA in Gennevilliers, France).




2.3. Fabrication of Novel SE Solar Cells Using Surface Morphology


To analyze the characteristics of the solar cells according to their surface morphology, they were designed to have a nanostructure (nano), micro-pyramid structure (pyramid), and nano-micro-SE structure (selective). Initially, all the fabricated samples had a uniform nanostructure on the front side from the cleaned SDR by vapor-texturing [25]. For the sample with the nano-micro-SE structure, a SiNX texturing barrier was deposited on the front side using PECVD. The front texture barrier was patterned using the acid etching resistance through screen-printing using a front-grid mask with a line width of about 100 μm, and spacing of 1.312 mm. Then, the sample was immersed for 10 min at room temperature, and BHF was used to pattern the surface by removing the SiNX texture barrier. All the samples were immersed for 10 min at 75 °C in an SC1 solution to remove the remaining chemicals on the surface. Then, the acid etching resistance on the surface was removed through SC1 cleaning. The two types of samples were immersed for 30 min at 81–83 °C in a solution of 2 wt% NaOH, 6.25 wt% Na2SiO3, and 12.5 vol% IPA for micro-pyramid texturization [26]. Two types of samples were patterned with the nano–micro-SE structure and micro-pyramid structure. To remove the SiNX texture barrier film of the patterned nano–micro-SE structure of the samples, these were immersed in BHF for 10 min at room temperature. All the samples were rinsed in flowing DI water, followed by HCl and HF, to remove the metal ions and native oxides on the surface. Finally, the wafers were rinsed again in flowing DI water and dried. The surface morphology of the patterned nano- and micro-pyramid structures was observed using SEM. The emitter layer was formed in a quartz tube using POCl3 at 830 °C for 10 min. The PSG layer was removed and etched on the rear side using the InOxide facility of RENA Technologies GmbH.



For the formation of standardized PERC structures, the front side was passivated using PECVD-SiNX (single layer with refractive index 2.05), and the rear side was passivated with a stacked layer of atomic layer deposition aluminum oxide (ALD-Al2O3) and PECVD-SiNX. Line-shaped laser contact openings (LCO) were formed on the rear side using a picosecond laser. The Ag front grid metal was printed with an aligned nano-micro-SE patterned with Ag paste. The grid pattern design of the front electrode had 40-μm finger width and 1.312-mm spacing. The rear side was screen-printed on the whole area with a commercially available Al paste, and a furnace firing step completed the PERC cell process. To confirm the Ag printing characteristics of the front electrode formed by each surface structure, the shape of the electrode was observed using an optical microscope (OM), and the line width was measured. The current density-voltage (J–V) measurement of the solar cell fabricated by each surface structure was analyzed under the standard condition of AM 1.5 G (100 mW/cm2) at 25 °C. The internal quantum efficiency was measured in the wavelength range of 300 to 1100 nm using the QEX7 IPCE(Incident-Photon-to-electron Conversion Efficiency) system (PV Measurements, Inc. in Washington, WA, USA).





3. Results


3.1. Characteristics of Phosphorus Doping According to Nanosurface Morphology


A nanostructured surface with an approximate size of 50 nm was formed through chemical vapor texturing of the cleaned SDR wafers, as shown in Figure 2a,e. Further post-etching of the nanostructured surface for immersion durations of 1, 2, and 3 min changed the sizes of the nanostructures to approximately 100, 200, and 300 nm, respectively. The SEM images in Figure 2a–d show the changed size of the nanostructures formed after vapor-texturing with post-etching. Figure 2e,f shows the cross-section of nano-vapor texturing and micro-pyramid texturing.



Figure 3 shows the change in sheet resistance of the phosphorus doped emitter based on the micro-pyramid texture structure and the alteration in nanostructure size. Here, the difference factor is calculated as the SE index of the sheet resistance of the pyramidal structure versus the nanostructured sheet resistance, which can be obtained by:


   Difference   factor     (   SE   index   )  =      R  sheet      of   nanosurface       R  sheet      of   pyramid   surface     



(1)







In Figure 3, it can be observed that the average emitter sheet resistance for the micro-pyramid structure surface was 98.5 Ω/sq. At this time, for the 50-nm nanostructure surface (shown in Figure 2a,e), the emitter sheet resistance was 61.1 Ω/sq. By changing the nanostructure size to approximately 100, 200, and 300 nm, the emitter sheet resistance was observed to increase to 82.0, 86.4, and 88.8 Ω/sq. As can be observed in Figure 3, owing to the different factors, the sheet resistance for the micro-pyramid structure was 0.64 (nano-vapor texture) for the 50-nm size, 0.81 (post-etching: 1 min) for the 100-nm size, 0.85 (post-etching: 2 min) for the 200-nm size, and 0.88 (post-etching: 3 min) for the 300-nm size. The difference factor index was gradually increased to 1, which was the reference value for the micro-pyramid structure as the increased size of the nanostructure. As a result, the difference factor index for the novel nano-micro-SE structure, being lower than 1, was better.




3.2. Characteristics of Phosphorus Doping According to Nanosurface Morphology


The samples, with approximately 50-nm size nanostructure on one side and micro-pyramid on the other side, were analyzed with the difference factor index of surface morphology through a doping process about the variation of temperature and time from a high sheet resistance to low sheet resistance. Figure 4 showed the results of the difference factor index of surface morphology by the variation in sheet resistance. For the deep emitter doping conditions, during 30 min at 860 °C, the average sheet resistances obtained for the pyramid-structured and nanostructured surfaces were 40 and 39 Ω/sq, respectively. In this time, the difference factor index for the 50 nm nanostructured- and micro-pyramid-structured surfaces was 0.97, which was attributed to almost equal sheet resistance characteristics for both surfaces. Figure 4 shows the results, and it is observed that as the sheet resistance increased by the doping process condition from a low sheet resistance, the difference factor index became smaller and the SE characteristic was increased. The best difference factor index region of the SE characteristic was when the doping condition with the sheet resistance for the pyramid structure surface was approximately 100 to 150 Ω/sq, and for the nanostructured surface, the range was about 74 to 122 Ω/sq with the difference factor converged to the level of 0.76. This result was compared with the difference factor index of 0.64 shown in Figure 3. The nano-vapor texture was predicted to result from some large-sized nanostructure. Further, sheet resistance of more than 150 Ω/sq on the pyramid-structured surface was obtained by the doping process condition, and the difference factor index increased for a sheet resistance up to 360 Ω/sq. The experimental results have shown a sheet resistance of approximately 360 Ω/sq for the shallow emitter, and limited change occurred in the sheet resistance according to the surface morphology, whereas the deep emitter had a sheet resistance of 40 Ω/sq.



The variation in sheet resistance for the doping condition between the nanostructures and the micro-pyramid structure (as shown in Figure 3) indicated a reduced to maximum sheet resistance in the range of about 100 to 150 Ω/sq by the size of the nanostructure. It can be seen that the SE characteristic was maximized in this doping region. Shown in Figure 4, the sheet resistance of the “A” sample as the shallow emitter and the “B” sample as the general emitter were analyzed by SIMS to investigate the factors of change in sheet resistance of the nano- and micro-surface structure according to the doping condition.



The SIMS result in Figure 5 indicated that the analysis of the surface morphology of the sample can be measured by the change in silicon (Si) intensity and phosphorus (P) concentration according to the sputter time. On the surface of the nanostructures shown in Figure 5a,c, the signal of the initial Si was low, and it was detected as 3 × 103 cps level. After that, it increased rapidly and then stabilized at 6 × 103 cps level over 300 s, and an intensity of 7 × 103 cps level was detected over 550 s. On the surface of the micro-pyramid structure shown in Figure 5b,d, the low signal of the initial Si was higher, and it was detected at the level of 6 × 103 and 4 × 103 cps compared with the nanosurface. It can be observed that it is relatively easier to detect Si than the nanostructure surface. In other words, the doped silicon surface of the nanostructure morphology was coated with many dopant materials, more than the micro-pyramid surface.



The results of the analysis of the P concentration by depth to SIMS analysis did not show accurate values due to the shape of the surface structure [27]. However, the results of that detected by SIMS are valid in the comparative analysis of the total amount of P in the pyramid structure and the nanostructure. In Figure 5a, for the “A” sample of nanostructure morphology, the total amount of P detection concentration is 3.56 × 1018 atoms/cm3 at a sheet resistance of 361.7 Ω/sq. Regarding the micro-pyramid morphology of the “A” sample, the total amount of P detection concentration was 2.21 × 1018 atoms/cm3 and the sheet resistance was 362.9 Ω/sq, as shown in Figure 5b. In the similar sheet resistance, approximately 360 Ω/sq by shallow doping was the highest total amount of detected concentration of P for the nanostructure morphology compared with the micro-pyramid structure. This result is due to the fact that many dopant materials were inactive on the large surface area of the nanostructure surface by the shallow doping process [28].



In Figure 5c, for the “B” sample with the SE characteristic of nanostructure morphology, the total amount of P detection concentration was 3.81 × 1019 atoms/cm3 at a sheet resistance of 55.06 Ω/sq. For the micro-pyramid surface morphology of “B” samples, the total amount of P detection concentration was 2.00 × 1019 atoms/cm3 and sheet resistance 70.45 Ω/sq, as shown in Figure 5d. Even under the doping conditions of “B” samples with the SE characteristic, the total amount of P doped with the surface characteristics of the nanostructure was higher than that of the pyramid structure. In deep doping conditions, the emitter layer became deeper, and the emitter from the deeper part of the nanostructure was fused [29,30]. As a result, for the deeper emitter doping conditions, it had a similar sheet resistance of approximately 40 Ω/sq and a difference factor index of approximately 1 for the nanostructured surface and the micro-textured surface, as shown in Figure 4.




3.3. Mechanism of SE Formation by Nano–Micro-Morphology


The results of sheet resistance analysis in Figure 3 and Figure 4 clearly shows that the best SE structure had a smaller size of the nanostructure, and the doping process condition for the sheet resistance region on the pyramid structure was 100–150 Ω/sq.



Figure 6 shows the SE mechanism in which nanostructures and micro-pyramid structures were formed through the doping process. The local nanostructures for SEs were formed at the texture processing stage with pyramidal structures. The formed textured surface structure had two surface structures simultaneously, as shown in Figure 6a. To produce emitter layer formation, the phosphorus silicate glass (PSG) layer was formed on the surface of the silicon by a pre-deposition process of POCl3 doping in a quartz tube furnace, as shown in Figure 6b. The report of Catherine et al. analyzes in detail the thickness of the formed PSG layer and the depth of the emitter formed in the peaks, valleys, and flank of the pyramid structure during the doping process [31]. It can be seen from the literature that the PSG layer in the valley position “A” is formed relatively thick in the pyramid structure compared to the peak and flank as shown in Figure 6b. In the nanostructure, it can be understood that the thick PSG layer formed more than the pyramid structure thick PSG layer because the valley position “A” had more frequency than the pyramid structure with respect to the same area. As a result, the doped silicon surface of the nanostructure morphology was coated with many dopant materials more than the surface of the micro-pyramid. Dastgheib-Shirazi et al. reported an analysis of the depth variation of the thermally diffused emitter according to the thickness of the PSG layer formed in the doping process [32]. It can be seen from the literature that the thick PSG layer formed a higher surface concentration of phosphorus, forming a deeper emitter layer through the thermal diffusion of the doping process, as shown in Figure 6c. Moreover, it can be seen from the literature that deeper emitters for the micro-pyramid structure were formed in the peak “D” than in the valleys “B” and flanks “C” [31]. In the nanostructure region, it can be understood that the sheet resistance was lower than that in the micro-pyramid structure formed by a higher frequency structure valley “A” of a thicker PSG layer and the deep diffused layer of peak “D” through the emitter doping process. In conclusion, the surface morphology of nanostructure and micro-pyramid structure was through the conventional thermal diffusion emitter doping process becoming the novel SE structure as shown in Figure 7.




3.4. Fabrication of Novel SE Solar Cell.


Figure 7 shows the schematic diagram Figure 7a of the SE using a nano-micro-pyramid structure and the SEM analysis of the fabricated samples. Figure 7b shows the surface of the novel SE structure sample analyzed through SEM at 3 K magnification on which the nanostructure and micro-pyramid structure were formed together. Figure 7c,d show the enlarged SEM result of the cross-section of the nanostructure and micro-pyramid structure at 13 K magnification. In the nanostructure of Figure 7c, as described in the mechanism of SE formation by the surface morphology of Figure 6, the valley and the peak observed had a higher frequency compared with the micro-pyramid structure in Figure 7d.



Table 1 and Figure 8 show the best J–V characteristics of the solar cells fabricated with nanostructure cells (NSC), micro-pyramid structure cells (MPC), and the novel SE structure cells (SEC), respectively. The J–V curve results from the NSC emitter had a sheet resistance of 62 Ω/sq, short-circuit current density (JSC) of 39.81 mA/cm2, open-circuit voltage (VOC) of 638 mV, fill factor (FF) of 79.82%, and conversion efficiency of 20.27%. The J–V curve results from the MPC emitter had sheet resistance of 82 Ω/sq, short-circuit current density (JSC) of 40.35 mA/cm2, open-circuit voltage (VOC) of 647 mV, fill factor (FF) of 79.00%, and conversion efficiency of 20.61%. The NSC showed a short-circuit current density (JSC) of 0.54 mA/cm2 and an open-circuit voltage (VOC) of 9 mV, which was degraded compared to that of the MPC. As shown in this result, it was difficult to emitter passivate the nanostructure surface compared to the micro-pyramid surface [29]. However, the NSC showed 0.82% improvement in the fill factor (FF) compared to the MPC. The improved fill factor (FF) in the NSC can be seen in the literature as an improved series resistance by electrode contact with the sheet resistance of the front emitter [33]. Despite improvements in the fill factor (FF) of the NSC, the degradation of efficiency characteristics due to short circuit current density (JSC) and open-circuit voltage (VOC) was due to the low sheet resistance characteristics and higher recombination characteristics [29].



The J–V curve results for the novel SE structure cell (SEC) using nanostructure and micro-pyramid structure had a current density (JSC) of 40.79 mA/cm2, open-circuit voltage (VOC) of 643 mV, fill factor (FF) of 79.60%, and conversion efficiency of 20.88%. The improvement in the SEC efficiency of the selective surface structure emitter was analyzed by an FF increase (0.6%) and a JSC increase (0.44 mA/cm2) with respect to those of the MPC. The improvement in the fill factor (FF) was also observed in the internal quantum efficiency (IQE) results of Figure 9 due to the low contact resistance of the nanostructure electrode contacts.



In the 300 to 400 nm region observed as the recombination characteristics of the surface emitter, similar analytical results as the micro-pyramid structure were shown, but improved IQE of average 0.56% and maximum 1.1% in the wavelength range of 400 to 1100 nm were obtained. The improvement in the IQE shows the characteristic of decreasing the series resistance, which also affects the improvement in the fill factor (FF) [34]. The improvement in the short circuit current density (JSC) is confirmed by the improvement in the shading loss of the screen-printing electrode according to the surface structure of Figure 8b–d. The screen-printed electrode lines on the nanostructure surface showed a clean edge electrode shape of about 55 μm shown in Figure 8b. In the micro-pyramid structure of Figure 8c, the screen-printed electrode line width was approximately 65 μm or more by electrode spreading. It can be seen from the literature that the short-circuit current density was lowered due to the shading loss by the electrode spreading caused by the action of the Ag particle size of the screen-printing electrode and the micro-pyramid structure size [35]. As shown in Figure 8d, the printed electrode line width of the selective surface structure was approximately 65 μm and a clean edge electrode shape was observed. The shape of the clean edge electrode by the selective surface structure minimized the shading loss and could obtain improved characteristics of short circuit current density (JSC) compared to a micro-pyramid structure.



In this study, we fabricated a new SE solar cell using the final nanostructure and micro-pyramid structure. This was performed by controlling the difference in sheet resistance in the doping process together with the pyramid structure formed in the texturing process using the nanostructure formed before the texturing process. As the size of the nanostructure became smaller, the emitter sheet resistance of the doped sample became smaller. The difference in sheet resistance between the nanostructure and the pyramid structure was found to be the largest in the range of the emitter doping condition of 100 to 150 Ω/sq at the micro-pyramid structure. These experimental facts have been confirmed by the SIMS analysis and the literature, which show that the nanostructure had more frequent valleys and peaks than that of the micro-pyramid structure. As a result of the characteristics of the solar cell having the novel SE using the nanostructure, the efficiency of 20.88% was improved by about 0.27% compared to the conventional pyramid structure with the efficiency of 20.61%. This improvement was obtained by improving the fill factor (FF) through the contact of the electrode with the low sheet resistance surface on the nanostructure. It also obtained an improvement in the short circuit current density (JSC) by minimizing the shadow loss of the electrode printed on the nanostructure surface.





4. Conclusions


In this study, a novel SE technique that uses selective nanosurface morphologies for a heavy emitter area was proposed before the pyramid texturing process [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24]. The SE technology, which used different surface morphologies, exhibited different sheet resistances despite the nano/micro-structure regions being doped with a single doping process. It was also possible to control the difference in sheet resistance during the doping process by changing the temperature, pre-deposition time, and drive-in time. The result of the uniformly doped sheet resistance on the standard micro-pyramidal surface was about 82 Ω/sq, and the doping results of the selectively formed nano/micro-surface were 62 and 82 Ω/sq, respectively. As a result, doped-on selectively formed nano/micro-surfaces SE cells showed a JSC increase (0.44 mA/cm2) and an FF increase (0.6%) compared to the homogeneously doped cells on the micro-pyramid surface, which resulted in about 0.27% enhanced conversion efficiency.



The novel SE technology that uses nano/micro-structures with similar form to the selective epitaxial layer growth SE technology blocked the risk of solar cell manufacturing processes such as contamination, surface damage, reflectance loss, and over-alignment loss. At each different height location, the nanostructure and the micro-pyramid structure were formed on the silicon surface. Therefore, alignment loss could be minimized by easily aligning the front printed electrode to the high-level location region on the nanosurface.
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Figure 1. Comparison between the processes for selective emitter (SE) technologies used in our study and in previous studies [11,12,13,14,15,16,17,18,19,20,21,22,23,24]. 
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Figure 2. Changes in surface morphology according to nanostructure of vapor texture (a) and after post-etching for 1 (b), 2 (c), and 3 min (d); cross-section of nanostructure from the vapored-texture process (e); cross-section of micro-pyramid structure from the pyramid textured process (f). 
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Figure 3. Change in emitter sheet resistance after phosphorus doping process, according to the variation in surface morphology. 
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Figure 4. Change in emitter sheet resistance of micro-pyramid structure and nanostructure, according to the doping process condition. 
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Figure 5. Secondary ion mass spectroscope (SIMS) analysis of surface morphology according to the doping process condition, (a) nanostructure surface in shallow-doping condition A, (b) micro-pyramid structure surface in shallow-doping condition A, (c) nanostructure surface in traditional-doping condition B, (d) micro-pyramid structure surface in traditional-doping condition B. 
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Figure 6. Formation mechanism of the novel selective emitter (SE) according to surface morphology, (a) selective structure formation on texturing process [25,26], (b) phosphorus pre-deposition on doping process [31], (c) phosphorus diffusion on doping process [31,32]. 
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Figure 7. SEM image of the novel SE surface using a nanostructure and a micro-pyramid structure, (a) schematic diagram of the novel SE structure, (b) top view of the novel SE surface in 3 K magnification, (c) cross-section view of the nanostructure side in 13 K magnification, (d) cross-section view of the micro-pyramid structure side in 13 K magnification. Included in all is scale bar of 1 μm. 
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Figure 8. Light density–voltage (J–V) characteristic analysis of crystalline silicon (c-Si) solar cells according to surface morphology and printed front Ag electrode shape, (a) result of light J–V, (b) optical microscope (OM) image of printed front Ag electrode shape on nanostructured solar cell surface, (c) OM image of printed front Ag electrode shape on micro-pyramid-structured solar cell surface, (d) OM image of printed front Ag electrode shape on the novel SE-structured solar cell surface. 
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Figure 9. Result of reflectance and internal quantum efficiency (IQE) of c-Si solar cells according to surface morphology. 
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Table 1. Best and average solar cell characteristics according to surface structure with a comparison of sheet resistance.
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Light J–V Analysis

	
Nanostructure

Cell (NSC)

	
Micro-Pyramid

Cell (MPC)

	
SE Cell (SEC)

Low/High






	
Sheet Resistance of Emitter (Ω/sq)

	
62

	
82

	
62/82




	
Cell remark

(9 samples fabricated)

	
Best

	
Average

	
Best

	
Average

	
Best

	
Average




	
JSC (mA/cm2)

	
39.81

	
39.07

	
40.35

	
40.24

	
40.79

	
40.63




	
VOC (V)

	
0.638

	
0.637

	
0.647

	
0.643

	
0.643

	
0.642




	
Fill Factor (%)

	
79.82

	
80.18

	
79.00

	
78.61

	
79.60

	
79.29




	
Efficiency (%)

	
20.27

	
19.94

	
20.61

	
20.35

	
20.88

	
20.67
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