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ABSTRACT: We report independently confirmed 22.15% and record 22.58% power conversion 

efficiencies, for thin (130 μm – 140 μm) p- and n-type mono-like Si solar cells, respectively. We 

comparatively assessed advanced n-type and p-type mono-like silicon wafers for potential use in 

low-cost high-efficiency solar cell applications by using phosphorus diffusion gettering for 

material-quality improvement and silicon heterojunction solar cell fabrication for assessment of 

performance in high-efficiency photovoltaic device architecture. We show that gettering improves 

material quality and device properties significantly, depending on the type of doping (n-type or p-

type), wafer position in the ingot, drive-in temperature and cooling profile. Owing to the high open 

circuit voltage (725 mV), the record n-type solar cell also represents the highest reported solar cell 

efficiency for cast silicon to date. 

 

KEY WORDS: mono-like Si, cast-mono Si, quasi-mono Si, silicon heterojunction solar cell, high 
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INTRODUCTION 

 

Improvement in the power conversion efficiency and reduction in the cost of wafers are important 

paths for further reduction in the cost of silicon photovoltaics 1. Therefore, manufacturing high 

quality wafers at low cost is of paramount importance to reduce the levelized cost of solar 

electricity. Currently, the record solar cell efficiency for industrial-standard low-cost substrates, 

i.e. multicrystalline silicon is 22.3% for lab-scale device (4-cm2 area, n-type) 2, 3 and 22.0% for 
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large area device (246-cm2 area, p-type) 3. Low-cost substrates with higher efficiency potential 

than multicrystalline silicon include kerfless epitaxial silicon 4, 5 and Mono-like silicon, which is 

the subject of this study. Mono-like silicon, quasi-mono or cast-mono silicon is produced by 

directional solidification of feedstock melt on top of partially melted single crystal silicon seeds in 

a crucible 6. It gained significant interest in PV industry following demonstration of casting of high 

quality large-scale ingots by BP Solar in 2008 7, 8. Being mostly monocrystalline yet cast, mono-

like silicon offers simultaneously the advantages of monocrystalline silicon such as compatibility 

with alkaline texturization and the high throughput and yield of standard multi-crystalline silicon 

growth 6. However, today’s share of mono-like Si in the photovoltaics (PV) market is negligible 9. 

This is mainly due to the emergence of high performance multi-crystalline silicon (HPMC) 10-12 

which contains lower intra-granular dislocation density 13, has higher throughput and narrower 

efficiency distribution 12, 14 than mono-like silicon. Growth of mono-like silicon requires additional 

temperature control to preserve the seeds from melting with the feedstock leading to slight increase 

in the processing time 6. In addition, mono-like silicon ingots contain a significant fraction of 

parasitic multicrystalline silicon resulting from grain nucleation on crucible sides 15-17 and 

dislocations can easily be generated from sources such as seed joints, easily propagate with the 

growing crystal and multiply into clusters of high density 15, 18-21. Significant efforts in addressing 

the overall quality of mono-like silicon material through growth process optimization 21-24, 

gettering, and bulk passivation 25, 26, have been conducted in recent years. Very high minority 

carrier lifetimes (>3 ms) 21, and high efficiency (>21.5%) large area (~104 cm2) mono-like silicon 

heterojunction (SHJ) solar cells have been reported 25, maintaining the potential and continued 

interest in this material. In fact, a record 22.28% efficiency large area (246-cm2 area) p-type cast-

mono silicon has been recently reported 27. 
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Despite the fact that the most efficient silicon solar cells of monocrystalline silicon, high 

performance multi-crystalline silicon 3, and mono-like silicon 25, are n-type, the current PV market 

is ~ 95% p-type 9. Preference of p-type Si by commercial manufacturers is partly historical, 

stemming from superior radiation resistance of p-type solar cells and their application in space and 

spacecraft industry 28. Currently, the main reasons are cheaper wafers and simplicity of fabrication 

processes 29, facilitated by uniformity in the resistivity (the effective segregation coefficient of 

boron dopant in silicon is near unit), lower-temperature phosphorus diffusion process for junction 

formation and for gettering of deleterious metallic impurities compared to temperature and 

additional steps required for boron diffusion. Progress in the identification of the impurities and 

their detrimental impact on diffusion length as well as in the development of methods for their 

removal or engineering their distribution in wafers 30, 31 is also a significant advantage for p-type. 

However, there has been significant progress in understanding and overcoming the challenges of 

crystallization and processing of n-type Si for commercial applications in PV. In fact, un-

compensated n-type Si does not suffer from boron-oxygen defect 32 and the capture cross-section 

of most metal contaminants such as Fe, Ni and Cr, are much lower in n-type Si than in p-type Si 

33, 34. In addition, the non-uniformity in distribution of dopants can be overcome by replenishment 

of un-doped Si in a continuous Czochralski (Cz) Si crystallization system 35, 36. It must be 

mentioned however, that in this technique, the melt and therefore the subsequent crystal are 

expected to get richer in impurity content due to the segregation coefficient of most of the metallic 

contaminants in silicon being much less than unit 37. Nevertheless, further improvements in 

material quality, particularly of low-cost substrates and reduction in the device processing cost are 

still necessary. In this work, we have carried-out phosphorus diffusion gettering experiments to 

compare gettering efficacy of n-type and p-type mono-like silicon for solar cells by using 811 °C 
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and 900 °C plateau temperatures. We observe significant differences in the gettering response: the 

900 °C process temperature resulted in higher gettering efficacy for n-type silicon, whereas the 

811 °C process temperature gave the best results for p-type silicon. We report independently 

certified record power conversion efficiencies of 22.15% (p-type) and 22.58% (n-type) SHJ solar 

cells on wafers gettered with 811°C and 900°C plateau temperatures, respectively. 

 

MATERIALS AND METHODS 

 

The wafers used in this study were supplied by ECM Greentech (Grenoble, France). The mono-

like silicon wafers with starting size of 156 mm × 156 mm × 190 μm and a resistivity of 1-2 Ω-cm 

for p-type Si and 2-5 Ω-cm for n-type, were selected from ~ 60-80 mm, 100-120 mm, 140 – 160 

mm, 180 – 200 mm and 200 – 220 mm block-heights of ~270 mm high, 6th generation ingots. 

Material and device processing sequence are depicted in Figure 1. Wafers for as-grown property 

assessment received only saw-damage removal of the steps listed in Figure 1(a), but the full 

sequence of the solar cell process listed in Figure 1(b). For easier cell processing and 

characterization, the wafers were laser-cut into 4”-diameter circular shape. Five solar cells, sized 

2 cm × 2 cm were fabricated per wafer, as shown in Figure 1(d). The final thickness of the solar 

cells was 130 μm – 140 μm.  
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Figure 1. (a) Sequence for the gettering process. (b) Sequence for solar cell fabrication. (c) Device 

configuration for the n-type solar cells. (d) A photograph showing the front and the rear of the 

typical fabricated solar cells. Some multicrystalline grains can be visually observed wafers and in 

solar cells, as shown by the arrows in (d).  

 

Three phosphorus diffusion gettering schemes, namely 811 C, 900 C and 900 C + R (R stands 

for ramping) were used. The time-temperature profiles are depicted in Figure 2(a). After POCl3 

deposition at 804 C, the temperature was raised to 811 C or 900 C, and held for 20 minutes to 

drive-in phosphorus, then cooled at a rate of 4.6 C/min to 800 C and un-loaded. One of the 

recipes (900 C + R) involved steady slow cooling (at a rate of 2.0 C/min) from 900 C to 600 C 

before un-loading. The resulting profiles of electrically active phosphorus concentration as a 

function of doping depth for each gettering regime were obtained by electrochemical capacitance-
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voltage (ECV) method 38, 39 (WEP wafer profiler CVP21) and are presented in Figure 2(b). The 900 

C regime results in the highest surface concentration of active phosphorus while the 900 C + R 

regime results in the deepest dopant diffusion. 

 

 

Figure 2. (a) Schematic time-temperature profiles, and (b) depth profiles of concentration of 

electrically-active phosphorus measured by ECV method for the 811 C, 900 C and 900 C with 

slow cooling (900 C + R) gettering schemes.  

 

RESULTS AND DISCUSSION 

 

All lifetime values reported here-in are effective minority carrier lifetimes at an injection level of 

1 × 1015 cm-3, measured by photoconductivity method 40 (Sinton WCT-120TS lifetime tester) . 

Figure 3 shows lifetimes and implied open circuit voltage (݅ ைܸ஼) measured on as-grown and on 

respective gettered sister wafers taken from various ingot-height positions after passivation with 

amorphous silicon layers (KAI-M PECVD tool). Lifetimes for the passivated as-grown wafers are  
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below 600 µs in all cases. Significant lifetime and  ݅ ைܸ஼  enhancements are observed with gettering. 

Gettering at 811 C leads to the highest lifetime and ݅ ைܸ஼ improvement for p-type Si, whereas n-

type Si benefits most from gettering at 900 C. For instance, gettering the edge-block p-type wafers 

from 100 – 120 mm ingot-height position at 811 C improves lifetime from 310 µs to 900 µs, while 

gettering at 900 C improves the lifetime to only 410 µs. Conversely, for the same ingot height, 

gettering n-type wafers at 811 C improves their lifetime from 540 µs to ~1.2 ms, while gettering 

at 900 C improves their lifetime up to 3.6 ms. Slow cooling treatment after high temperature 

plateau (i.e. gettering with 900 C + R) lead to lower lifetime than gettering with the 900 C profile 

in all cases.  

In this batch of experiments, the maximum lifetime and  ݅ ைܸ஼ for p-type wafers were 1.3 ms and 

745 mV respectively, on a sample from 140 mm ingot height, gettered at 811 C and having 

resistivity of 1.52 Ω-cm. For the n-type wafers, the maximum lifetime and  ݅ ைܸ஼ were 3.8 ms and 

737 mV, respectively, on a sample from 72 mm ingot height, gettered at 900 C and having 

resistivity of 3.85 Ω-cm. The  impact of the different responses to these various treatments on 

device performance are discussed below. 
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Figure 3. Effective minority carrier lifetime and ݅ ைܸ஼  at different ingot height positions for p-type 

edge-block (a, d), p-type middle-block (b, e) and n-type middle-block wafers (c, f). Note the 

difference in vertical scale for the lifetime of n-type and p-type wafers.  

 

Minority carrier lifetime and diffusion length in p-type Si are mostly governed by iron, where both 

Fe୧ and FeB pairs show strong recombination activity 41, 42. Cu୧, CuB pairs 43, Cri and CrB pairs 44 

and silicide precipitates of Cu and Ni 41, have also been observed to cause significant lifetime 

degradation in p-type Si. In addition to the lower capture cross-section for holes than for electrons 

for most transition metal impurities in silicon 33, 34, there is no defect complex similar to metal-

boron pairs associated with phosphorus doping. The electronic properties of n-type Si are therefore 

expected to generally be superior to those of p-type Si. On the difference in gettering response and 
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performance of n-type and p-type wafers upon high and low temperature gettering, Morishige 45, 

reported significant differences in the impact of precipitate size on the diffusion length of charge 

carriers in n-type and p-type Si wafers. It was observed that smaller precipitate fraction (larger 

precipitate size) was more detrimental to n-type Si and larger precipitate fraction (smaller 

precipitate size) to p-type Si. Since higher processing temperature results in smaller precipitate 

density 31, it is conceivable that the 900 C gettering profile would result in larger fraction of the 

remaining precipitates than the 811 C profile, making the latter more beneficial to p-type Si and 

the former to n-type Si. 

 

Figure 4 shows photoluminescence (PL) intensity images 46, 47 of solar cells fabricated on the 

gettered wafers from 100 – 120 mm ingot height (Figures 4a-f) and from 200 – 220 mm ingot 

height (Figures 4g-i)  for which lifetime values are shown in Figure 3. Areas of low PL signal are 

observed in areas with extended defects such as dislocation clusters and grain boundaries. For 

example, the recombination activity of multi-crystalline silicon grains marked by arrows in 

Figures 4a-c remains strong with all the three gettering profiles. Dislocation density in cast silicon 

is expected to increase with the ingot height 15, 48, 49, which is indeed observed here. Large areas of 

low PL count characteristic of large dislocation clusters are observed in all gettering schemes, for 

wafers from 200 – 220 mm ingot height, i.e. near the ingot top (Figures 4g-i). Note that the dark 

cell lines in the image are the front silver metal contacts. These results suggest that further 

improvement in the quality of the material, through growth process optimization to reduce 

dislocation density and the fraction of multicrystalline grains as well as post-growth defect 
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engineering to further reduce the impact of the dislocations and impurities on minority carrier 

lifetime are still necessary and possible. 

 

 

Figure 4. PL intensity images of solar cell devices fabricated on gettered n-type wafers from ~100 

– 120 mm ingot heights (a-c), and p-type wafers from 100 – 120 mm (d-f) and from 200 – 220 mm 

(g-i), ingot heights for the three gettering profiles.  
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Figure 5 shows the n-type solar cell device characteristics for the wafers whose lifetime and  ݅ ைܸ஼ 

values are shown in Figures 3c and 3f, respectively. Most of the n-type solar cells show significant 

improvement in all device properties, in comparison to the as-grown state. As could be expected 

from the lifetime and ݅ ைܸ஼ data, gettering at 900 C gives the best solar cell results for open circuit 

voltage ( ைܸ஼) and fill factor (FF), and thus efficiency. Indeed, the most efficient solar cell in this 

batch was achieved with the 900 C scheme and was 21.93% efficient. The solar cell was from 

111 mm ingot height position and had ைܸ஼ of 721 mV and resistivity of 3.5 Ω-cm. Some of the 

solar cells particularly those fabricated on wafers from 60 – 80 mm ingot height position and 

gettered at 811 C deteriorated in solar cell efficiency, ைܸ஼ and FF. This can be attributed to the 

proximity of the wafer’s position to the seeds, where the concentration of impurities is usually 

high 16, 50, together with the existence of multicrystalline grains (Figure 4). Low temperature 

gettering (820 C) has been reported to be less effective in removing precipitated impurities in 

multicrystalline silicon than high temperature gettering (880‒920 C) 51. 
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Figure 5. N-type Si solar cell device properties under different gettering profiles. (a) Efficiency, 

(b) open circuit voltage, (c) fill factor, (d) short circuit current density. 

 

In line with the lifetime and  ݅ ைܸ஼  results (Figures 3a, 3b, 3d, 3e), device characteristics for the p-

type solar cells is expected to show greater efficiency improvement with the 811 C gettering 

profile. Thus, 811 C and 900 C gettering profiles were used for fabrication of high-efficiency p-

type and n-type solar cells respectively, using an optimized SHJ solar cell process and an additional 

MgF2 layer at the front to form a dual-layer antireflection coating. A 22.15%-efficient p-type solar 
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cell (Figure 6a) and a 22.58%-efficient n-type solar cell (Figure 6b), designated area 2 cm × 2 

cm were achieved, and independently certified by ISFH CalTeC. To the best of our  knowledge, 

the n-type solar cell efficiency is the highest solar cell efficiency for cast silicon reported to date, 

and is ~0.3% absolute higher than the record high performance multicrystalline silicon (HPMS) 

efficiency for the same designated area 2, 3. It is worth noting that for the results presented here, an 

industry-like texturing process and screen-printed front-grid metallization was used, whereas the 

highest efficiency HPMS device was obtained with a front-grid structured by photolithography 

and black-silicon texturing. This accounts for part of the difference in current density, although 

the use of a heterojunction architecture in the present case also leads to the more modest current 

density values. Also, for both material types, the highest-efficiency result only reflects the best 

2×2 cm2 area probed on the wafer. Lower values for full-wafer devices are to be expected.  

Despite the excellent results presented in this paper, many challenges mentioned above persist. 

Increased processing time would lower throughput, and variation in wafer properties and  the high 

density of structural defects would lead to spread in the individual co-processed cell results as 

observed in the present study and reported in 25 and in 52. It can therefore be speculated that 

upscaling the present mono-like silicon results to large area (i.e. 156 mm × 156 mm) solar cells 

might be more challenging than for HPMS, making it an obstacle for wider adoption of the mono-

like Si technology.  
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Figure 6. Most efficient mono-like Si solar cells manufactured at CSEM and certified by ISFH 

CalTeC for (a) p-type solar cell gettered at 811 C and (b) n-type solar cell gettered at 900 C. 
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CONCLUSIONS 

 

In summary, we investigated the potential use of industrial-scale n-type and p-type mono-like 

silicon wafers in high efficiency silicon heterojunction (SHJ) solar cells. We applied phosphorus 

diffusion gettering at low (811 C) and high (900 C) temperature, and subsequently fabricated 

SHJ solar cells. Both n-type and p-type wafers can be considerably enhanced by gettering with 

significant differences: Gettering at 811 C was more effective in improving the minority carrier 

lifetime of p–type wafers, whereas the 900 C profile yielded strongest improvement for n–type 

wafers. Using tailored gettering process, we report certified efficiencies (ISFH CalTeC) for mono-

like SHJ solar cells of 22.15% for p-type solar cell and 22.58% for n-type solar cells, the latter 

being also the highest solar cell efficiency for cast silicon growth reported to date. 
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