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Abstract

In photovoltaic applications, the rear surface morphology of tunnel oxide passivated contact
(TOPCon) solar cells plays a critical role in their performance. However, traditional textured and
polished surface morphologies both have limitations. This study introduces a hybrid nano-
pyramid/polish morphology, combining a nano-pyramid structure on a polished surface. This new
design aims to capitalize on the advantages of both textured and polished surfaces, achieving an
optimal balance for TOPCon performance. The balance is achieved through an additional chemical
solution treatment process. When applied to TOPCon solar cells, the hybrid structure outperforms
both secondary-textured and polished morphologies in terms of optical absorption, passivation, and
contact performance. The nano-pyramid/polish hybrid achieves a superior balance between light
trapping, passivation, and contact quality. Furthermore, the study investigates the impact of rear
surface morphology on film blistering, revealing that rougher surfaces are less prone to blistering.
This is likely due to more favorable stress distribution in the SiOx/poly-Si stack, enhancing
mechanical stability. These findings demonstrate the compatibility of the hybrid nano-
pyramid/polish morphology with TOPCon solar cells, offering a promising pathway to enhance
efficiency. The insights gained may also benefit the development of other high-performance solar
cell technologies, such as heterojunction (HJT) and silicon/perovskite tandem solar cells, advancing
industrial photovoltaic applications.

Keywords: Additive, nano-pyramid, secondary textured, nano-pyramid/polish hybrid morphology,
TOPCon

1. Introduction

Passivation contact technology has emerged as a highly effective method for enhancing the


mailto:wzshen@sjtu.edu.cn

efficiency of silicon solar cells [1?]. This technology mitigates the recombination losses typically
associated with metal-semiconductor contacts, thereby enabling significant improvements in the
overall efficiency of commercial solar cells 341, The exceptional surface and chemical passivation
effects in tunnel oxide passivated contact (TOPCon) cells are attributed to the incorporation of a
heavily doped polysilicon (poly-Si) layer and an ultra-thin tunnel SiOx layer ). Building on the
concept of carrier selectivity, Schmidt et al. proposed a theoretical limit efficiency of 28.7% for
TOPCon cells . Additionally, existing passivated emitter and rear contact (PERC) solar cell
production lines can easily be upgraded to TOPCon production lines. Consequently, n-type TOPCon
cells are widely regarded as one of the most promising next-generation high-efficiency crystalline
silicon cell technologies [®7]. Since 2022, n-TOPCon solar cells have become a preferred technology
among mainstream industrial manufacturers, achieving a remarkably low recombination current
density (Jo) of less than 3 fA/cm? and a low contact resistivity (pc) of less than 10 mQ-cm? 891, The
efficiency of large-area TOPCon solar cells designed for mass production has also seen continuous
improvements. Recent reports indicate that the highest efficiency achieved for such cells now
exceeds 25% %11, This consistent enhancement in efficiency underscores the significant potential
of TOPCon technology to dominate future solar cell markets and drive the next wave of
advancements in photovoltaic performance.

Given that the SiOx/phosphorus (P) doped n* poly-Si structure is deposited on the rear surface of
TOPCon cells, the morphology of the rear surface has a significant impact on the overall
performance of the cells ['?l. For example, a textured morphology on the rear surface comes with
several drawbacks. Firstly, previous studies [13-19 have indicated that forming high-quality
passivating contact structures on textured surfaces is challenging, which inevitably results in
increased Jy values compared to planar surfaces. This difficulty arises because the pyramidal
morphology exposes a substantial amount of surface area with a Si (111) crystal orientation,
resulting in the formation of a SiO,/Si (111) interface where the density of defects is approximately
ten times higher than at the SiO./Si (100) interface [17-18], Secondly, the textured surface causes
inconsistencies in the thickness of the ultra-thin SiOy layer at the vertices, edges, and valleys of the
pyramids, which makes it easier for cracks to form during subsequent high-temperature annealing
steps [192%, Thirdly, the anti-reflective nature of the pyramidal surface allows more light to enter the
n* poly-Si layer, leading to increased optical losses [2!:?2]. Therefore, to enhance passivation
characteristics and optical absorption, a smoother and higher reflectivity polished surface emerges
as an effective optimization direction. This approach aims to mitigate the aforementioned challenges
associated with the textured surface, thereby improving the overall performance of TOPCon cells.

On the other hand, the optimization of metal contact on TOPCon cells requires an approach that
contrasts with the need for passivation contact performance. Pyramid faces are more conducive to
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forming good electrical contacts, thereby reducing contact resistance [
likely related to the formation of silver crystallites ['226] and the mode of carrier transport. On the
surface of the pyramids, the doping concentration at the vertices is higher than at the valleys, leading
to higher electron concentrations at these points, which facilitates the conversion of silver ions into
silver crystallites ?7]. Additionally, the vertices of pyramidal surfaces are more likely to achieve
direct contact during carrier transport, which is crucial for maintaining low contact resistance.
Moreover, a rougher rear surface morphology increases the contact area between the rear surface
and the metal during the metallization process, which is beneficial for reducing contact resistance.

Therefore, designing the rear surface morphology to balance optimal electrical performance and



passivation quality is a crucial area of research.

In this paper, we introduce a nano-pyramid/polish hybrid rear surface morphology design for
TOPCon solar cells aimed at achieving optimal cell performance across multiple metrics. This novel
morphology is engineered by precisely controlling the corrosion rate of the rear surface silicon using
a tailored recipe of chemical solution treatments, resulting in a nano-pyramid structure on a polished
surface. The effectiveness of this morphology was evaluated through comprehensive optical,
passivation, and contact performance tests. When compared to secondary-textured (two step
texturing with a slower reaction rate for the second step to improve light trapping) and polished
morphologies, the proposed nano-pyramid/polish hybrid morphology design demonstrated superior
electrical performance, achieving an ideal balance between light trapping, surface passivation, and
contact quality. These findings underscore the compatibility of this morphology with TOPCon cells,
presenting it as a transformative approach for enhancing cell efficiency. The insights gained from
this study highlight the significant potential of this design for its application in other high-efficiency
solar cell technologies, such as the rear surface of heterojunction technology (HJT) solar cell and
the interface of silicon/perovskite tandem solar cells, paving the way for significant enhancements
in industrial photovoltaic performance.

2. Experimental details

To evaluate the impact of different rear surface morphologies on the performance of TOPCon
solar cells, industrial-scale cells were fabricated using Czochralski (Cz) n-type silicon wafers. These
wafers feature M10 dimensions of 182 x 182 mm?, a thickness of 150 + 20 pm, and a resistivity
range of 0.3-2.1 Q-cm, aligning with current industrial standards for high-efficiency cell production.
Comprehensive characterization techniques were employed to assess the influence of rear
morphologies on key performance metrics, including optical absorption, passivation quality, and

contact performance.
2.1. Methods for obtaining different rear surface morphologies

To evaluate the performance of TOPCon solar cells with different rear morphologies, three
distinct chemical solution treatments were applied to modify the cell rear surface. Figure 1(b)
illustrated the specific formulation ratios and processing conditions for each chemical treatment.
Flowchart showing the chemical solution treatments used to achieve the different rear surface
morphologies was shown in Figure 1(c). Details of the specific method of chemical solution

treatment are as follows:

Stepl: Raw silicon wafers for industrial use are typically treated with an alkaline solution
combined with a specialized additive (SunFonergy, MQT-810A) to create a double-textured
morphology on both sides of the wafer.

Step2: Secondary-Textured Morphology: This morphology builds upon the pyramid texture by
applying an alkaline solution combined with a specialized additive (Topone Tech, TB186) that
creates smaller pyramids in certain areas of the surface.

Step3: Polished Morphology: This structure is achieved by using an alkaline solution to smooth
out the pyramid texture, resulting in a flat surface.

Step4: Nano-pyramid/polish Hybrid Morphology: Starting from the polished structure, a further
chemical treatment is applied to form small pyramids on the surface, creating a nano-pyramid
pattern via a tailored additive (SunFonergy, MQT-709) to suppress hydroxyl reactivity in the
presence of KOH etching.
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Fig. 1. (a) Schematic of an n-type TOPCon bifacial silicon solar cell with planar rear surface. (b) The specific
formulation ratios and processing conditions for each chemical treatment. (c) Flowchart showing the chemical

solution treatments used to achieve the different rear surface morphologies.

2.2. Fabrication of TOPCon solar cells

To investigate the effect of different rear morphologies on cell performance, the manufacturing
process of TOPCon cells was carried out on the production line following the steps as shown in
Process (a) in Figure 2. The n-type wafers were initially subjected to saw-damage etching (SDE)
using potassium hydroxide (KOH), followed by an alkaline texturing process on both sides,
resulting in a pyramid structure approximately 2 um in size. After cleaning, boron diffusion was
carried out in a tube furnace with boron trichloride (BCls) as the dopant source to form a p* layer.
Subsequently, an inline single-side etch (SSE) was performed to remove the wrap-around p* doping,
and the different rear morphologies were obtained by different chemical solution treatments as
shown in Figure 1. The SiOy and in-situ phosphorus-doped amorphous silicon (a-Si) layers were
deposited using a tube Plasma-Enhanced Chemical Vapor Deposition (PECVD) system (ZR5000,
Leadmicro). The annealing process was carried out in a nitrogen (N2) atmosphere (XH10000A4,
Leadmicro) at a temperature of 900 °C for 45 min. After annealing, the edge wrap-around deposition
of polycrystalline silicon was removed using a hot KOH solution. The front side was capped with a
3 nm layer of AlOy using a tube Atomic Layer Deposition (ALD) system (KF15000P. Leadmicro).
Subsequently, both sides were coated with a 70 nm layer of SiNx using a tube PECVD system
(ZR5000, Leadmicro). Finally, the electrode patterns were fabricated by screen printing (Soft/ine-
DL-SP, Maxwell) using Ag-Al paste on the front side and Ag paste on the rear side, followed by an
industrial belt-furnace fast-firing to form the metal contacts and activate hydrogen atoms.



2.3. Characterization

To evaluate the surface passivation quality with different morphologies, samples were fabricated
according to Process (b) as shown in Figure 2. The preparation process was similar to that used for
the cells, with the main difference being that after the SiNy film layer was deposited, it underwent
firing without screen printing. The effective minority carrier lifetime and Jo were measured by a
quasi-steady-state photoconductance method (WCT-120, Sinton Instruments) at an injection density
of 1 x 10'6 ¢m3 128301 The surface morphologies of the samples were investigated by optical
microscopy (Leica DM 4000), scanning electron microscopy (SEM, Jeo! JSM-7800F), and atomic
force microscopy (AFM, Semilab Gemini 360). Raman measurements, used for extracting the
crystalline fractions and internal stresses, were conducted using a 325 nm excitation laser (Renishaw,
inVia Qontor). The residual stress can be calculated using the following formula) 3'1:

o = —435Aw(MPa)

where o is the Raman shift offset relative to the standard Raman peak of ¢-Si (520 cm™). Positive
and negative ¢ indicate compressive and tensile stresses, respectively. A simulation was carried out
to study the optical absorption differences of cells with different rear morphologies through the
Comsol Multiphysics software. The contact resistivity (pc) was measured by the transmission line
method (TLM, Ai-shine). The electrical parameters of the cells were measured by Halm 3600 under
standard test conditions (AM 1.5 G spectrum, 25 °C).

SDE & Texturing Boron diffusion & SSE Chemical solution treatment
SDE Cleaning Annealing PECVD Si0, & #* doped Si
ALD AlO, PECVD SiN, Screen printing & Firing
Firing I-V Test (a)

Sinton Test (b)

Fig. 2. Fabrication process flows for the TOPCon solar cells (a) and the lifetime samples (b).
3. Results and discussion
3.1. Surface morphology

The morphology of the nano-pyramid/polish hybrid structure was thoroughly examined using
SEM and AFM and compared with samples featuring polished and secondary-textured structures.
Figures 3(a-f) present top-view SEM and AFM images, revealing that the nano-pyramid/polish
hybrid structure exhibits a morphology that lies between those of the polished and secondary-
textured structures. Specifically, it features small, non-standard pyramid structures on the polished
surface, with significantly lower height and pyramid density compared to the secondary-textured



structure. The 3D AFM images in Figures 3(g-i) further elucidate the morphological differences
between the three surface textures. The analysis of the 3D AFM images reveals that the secondary-
textured structure has a dense and uniformly distributed pyramid pattern, with pyramid heights
primarily in the range of 1.3—1.7 um. In contrast, the nano-pyramid/polish hybrid structure displays
sparsely distributed pyramid structures with a height distribution within the range of 0.2—0.6 um.
This indicates a gradual reduction in surface roughness from the secondary-textured to the nano-
pyramid/polish hybrid and polished structures. Moreover, the three different surface morphologies
exhibited significant differences in reflectivity. The average reflectivity values for the secondary-
textured, nano-pyramid/polish hybrid, and polished structures, as measured by spectroscopic
ellipsometer over the wavelength range of 300-1200 nm, were 12%, 25%, and 40%, respectively.
These results highlight the pronounced impact of the rear surface morphology on reflectivity, with

important implications for optimizing the optical efficiency of solar cell designs.
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Fig. 3. Top-view SEM (a-c), 2D AFM (d-f), and 3D AFM (g-i) images for the secondary-textured, nano-
pyramid/polish hybrid and polished structures.

3.2. Optical performance

To study the influence of different rear surface morphologies on the optical performance of
cells, we conducted three-dimensional simulations utilizing Comsol Multiphysics software to
investigate the photovoltaic behavior of solar cells under omnidirectional incident angles.
Schematics illustrating secondary-textured, nano-pyramid/polish hybrid, and polished structures are
presented in Figure 4. The front surface morphology featured a normal pyramid structure. For the
rear surface structure, from AFM measurements, the average heights of the pyramids in the
secondary-textured and nano-pyramid/polish hybrid configurations were specified as 1.5 pm and
0.4 pm, respectively. To analyze the differences in light trapping mechanisms associated with
different rear surface morphologies, we examined the electric field distributions in the TOPCon cells
under illumination with wavelengths of 500 nm [Figure 4(a)] and 1000 nm [Figure 4(b)]. At an
incident light wavelength of 500 nm, the electric field distribution remained consistent across the



cells despite the different rear surface structures [Figure 4(a)], indicating that there was minimal
influence of the rear surface morphology on medium- and short-wave absorption. However, at an
incident light wavelength of 1,000 nm, a noticeable trend emerged. As the roughness of the rear
surface decreased, the electric field intensity increased [Figure 4(b)], suggesting that a higher
roughness impedes optical absorption. To substantiate this observation, we performed statistical
analyses across various wavelength ranges, as presented in Figure 4(c). Our findings revealed that
the rear structure exerts no discernible effect on optical absorption within the medium to short
wavelength range (300-900 nm). Conversely, in the long wavelength range (900-1200 nm),
decreasing roughness correlates with enhanced optical absorption.

Secondary-textured Nano-pyramid/polish hybrid Polished
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Wavelength (nm)
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600-900 93.74 93.74 93.74
900-1200 48.88 53.98 58.03

Fig. 4. Electric field distributions for TOPCon solar cells with different rear structures at incident light
wavelengths of 500 nm (a) and 1,000 nm (b); (¢) The corresponding average absorption for wavelengths in the

ranges of 300—600 nm, 600—900 nm, and 900—1200 nm.

3.3. Passivation and contact performance

To assess the influence of rear surface morphology on the cell’s electrical performance, various
characterization techniques were used to investigate passivation and contact characteristics for
various rear surface morphologies. The samples used for passivation testing were semi-finished cells
prior to metallization process as seen in Figure 2(b), while the samples used for contact testing were
TOPCon cells with three rear morphologies. Figure 5(a) presents the measured Jy and charge carrier
lifetime using samples prepared as shown in Figure 2(b). The results demonstrate that as the rear
surface roughness decreased, Jo decreased from 24.5 fA/cm? to 19.8 fA/cm? and 18.5 fA/cm?, while
the effective lifetime increased from 1,772 ps to 2,057 us and 2,071 ps, indicating a progressive



increase in passivation quality. Regarding contact performance, the samples were evaluated using
TLM, with the results shown in Figure 5(b). As the rear surface roughness decreased, the contact
resistivity increased from 0.74 mQ-cm? to 0.86 mQ-cm?. This suggests that the nano-pyramid/polish
hybrid structure did not significantly compromise the contact performance compared to the
secondary-textured structure. However, with further reduction in roughness to a polished structure,
the contact resistivity notably increased to 7.86 mQ-cm?, signifying a substantial decline in contact
performance that could adversely affect the cell's electrical properties. This can be attributed to the
reduction in contact area during rear metallization as roughness decreased. Considering both
passivation and contact performance, it was determined that TOPCon solar cells achieved optimal
performance with the nano-pyramid/polish hybrid structure. These research findings underscore the
importance of implementing a nano-pyramid/polish hybrid structure to strike a balance between
passivation quality and contact performance, ultimately leading to enhanced electrical
characteristics. Such a strategic approach contributes significantly to the advancement of high-

efficiency solar cell technologies.
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Fig. 5. (a) Measured Jo and lifetime. (b) Contact resistivity (pc) values of the samples were measured by the TLM.

3.4. Blistering

It is well-known that PECVD in-situ n* doped amorphous silicon (a-Si) is prone to blistering
in the fabrication process of TOPCon solar cells, particularly after the annealing process. Blistering
deteriorates the properties of the poly-Si/SiOy interface due to the blistered areas being severely
hampered, leading to the prevention of charge-carrier collection. In the worst case, blisters may
rupture from the surface of poly-Si, resulting in direct contact with the metal electrodes, and thus
leading to high recombination loss 3. To mitigate blistering, a very effective method is to adjust
the internal stress in the films by modifying the surface morphology. Optical microscopy and SEM
were employed to examine the surface characteristics of the samples with varying rear surface
morphologies after annealing, as depicted in Figure 6(a). Analysis of the images revealed that both
the secondary-textured and nano-pyramid/polish hybrid structures did not exhibit any signs of
blistering. Conversely, as the surface roughness decreased (as seen in the polished structure),
irregularly sized bubbles began to appear, indicating potential cracking or peeling of the poly-Si
film from the silicon substrate. These observations suggest that reduced surface roughness increases
the likelihood of film blistering, which aligns with findings from previous studies. It is well known
that when a silicon film has a lattice mismatch with the silicon substrate, residual stress is likely to
develop at their interface, potentially leading to film delamination. Raman spectroscopy studies
were conducted to investigate the microstructural details and elucidate the blistering behavior of P-



doped poly-Si films on different rear surface morphologies. When the material is under strain, its
Raman characteristic peak will be shifted or deformed compared to that of the pristine statel>3,
therefore in this work we extracted the values of residual stresses from the shifts in the Raman peak.
Compared to the characteristic Si Raman peak located at 520 cm™!, the peaks of P-doped poly-Si on
different rear surface morphologies were gradually shifted towards higher frequency, as depicted in
Figure 6(b), thus verifying the presence of compressive stresses in the poly-Si films. For secondary-
textured and nano-pyramid/polish hybrid structures, relatively lower compressive stresses of 31.4
MPa and 32.6 MPa were achieved, whereas a much larger compressive stress of 509.2 MPa was
determined for the polished structure as seen in Figure 6(c). When the poly-Si film is subjected to
compressive stress, the spacing between the adjacent atoms decreases. As the residual stress
surpasses the fracture strength of the material, some of this residual stress is released through blister
formationl**]. Therefore, increasing the roughness of the rear surface is beneficial for suppressing
the blistering of the poly-Si film. In summary, the polished morphology is more susceptible to film
blistering compared to the other two profiles, posing a risk of degradation in the passivation contact
performance of cells with this morphology.
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Fig. 6. (a) Optical and SEM images of P-doped poly-Si films on different rear surface morphologies after
annealing. (b) Raman spectra under the range of 505-530 cm™'. (c) Residual stresses extracted from the Raman Si

peak intensities and shifts.
3.5. Cell performance

In the final evaluation of different rear surface morphologies at the device level, TOPCon solar
cells were fabricated using 600 pieces of M10 wafers, with passivation layers incorporating
secondary-textured, nano-pyramid/polish hybrid, and polished morphologies. The cells were



fabricated in an industrial TOPCon production line, ensuring consistency with industrial
manufacturing standards. The electrical parameter results measured on the fabricated TOPCon cells
are presented in Figure 7. Although the cells with polished morphology have a higher average short
circuit current density (Jsc) value than the secondary-textured cells, they have a much lower fill
factor (FF). This is consistent with their optical performance and contact performance as discussed
previously. These results reveal the limitations of the fully polished and fully textured morphologies.
In contrast, the cells with the nano-pyramid/polish hybrid morphology inherit the advantages of
both the textured and polished surfaces. The high Jsc obtained for the hybrid morphology cells was
comparable with that of the polished surface, whereas the high FF was comparable with that of the
secondary-textured surface. In terms of the open circuit voltage (Voc), the cells with nano-
pyramid/polish hybrid morphology achieved the highest average Voc of 711.2 mV, and not the cells
with polished surface, unlike the lifetime measurement results. This could be due to the much lower
FF of the cells with the polished morphology. Notably, the cell’s conversion efficiency () was
maximized with the nano-pyramid/polish hybrid rear surface structure, achieving an impressive
average 5 of 24.4%. This represents an enhancement of 0.18% and 0.96% compared to the
secondary-textured and polished morphologies, respectively. The improved cell performance is
attributed to the nano-pyramid/polish hybrid design in attaining an overall beneficial compromise
between passivation quality and contact performance, leading to the advancement of TOPCon cell
efficiency. This optimal configuration underscores the advantage of having a moderate rear surface

roughness, which effectively balances light trapping and electrical contact reliability.
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Fig. 7. Measured J-J parameters of TOPCon solar cells with different rear surface morphologies fabricated on a

TOPCon cell production line using M10 wafers.

4. Conclusions

In this paper, we introduce a novel nano-pyramid/polish hybrid morphology achieved by inducing
a nano-pyramid structure on a polished surface through an additional chemical solution treatment.
This approach addresses the limitations of secondary-textured and polished morphologies by



optimizing the balance between optical absorption, passivation, and contact performance.
Comparative analyses revealed that while the polished structure excelled in optical absorption and
passivation, it exhibited poor contact performance and was prone to surface film blistering. The
proposed nano-pyramid/polish hybrid morphology offers a compelling compromise, demonstrating
improved contact performance while maintaining competitive optical and passivation
characteristics. To validate its practical applicability, we fabricated TOPCon solar cells with these
three rear morphologies on an industrial production line. The cells with the proposed nano-
pyramid/polish hybrid morphology achieved the highest conversion efficiency, surpassing that of
secondary-textured and polished morphologies by 0.18% and 0.96%, respectively. These results
highlight the potential of the nano-pyramid/polish hybrid morphology as a transformative design
for achieving superior electrical performance in TOPCon cells. Furthermore, the nano-
pyramid/polish hybrid morphology can also be useful in the further advancement of other modern,
high-efficiency photovoltaic technologies where the surface or interface morphology would be an
important consideration — for example, in the rear surface design of HJT or in the interface design
of Si/perovskite tandem cells. By adopting such nano-pyramid/polish hybrid designs, a strategic
balance between optical and electrical optimization can be achieved, paving the way for further
improvements in photovoltaic applications.
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