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A B S T R A C T   

Passivating contact solar cells have gradually become the mainstream cell technology due to their excellent 
performance, and further improving the conversion efficiency has become a focus of subsequent research. 
Typically, achieving excellent field-effect passivation and low contact resistivity in doped polycrystalline silicon 
(poly-Si) requires heavy phosphorus doping. However, this approach can lead to a predicament wherein 
excessive phosphorus diffuses into the silicon (Si) substrate during annealing, consequently causing recombi
nation losses. In response to this challenge, a structure incorporating an intrinsic amorphous silicon (a-Si (i)) 
layer within the passivation layers has been introduced. The primary objective of this structure is to retard the 
diffusion of phosphorus into the Si substrate. This study entails comprehensive characterizations to delve into the 
underlying mechanisms of films with the integrated a-Si (i) layer, including surface microscopy, active dopants 
profile, crystallographic structure, elemental distribution, and electrical properties. Finally, we have fabricated 
the industrial-sized TOPCon solar cells with an average efficiency of 23.83 %, which is 0.25 % higher than that of 
Baseline counterparts (23.58 %) on the production line. The above results have demonstrated the introduction of 
a-Si (i) film can be a buffer layer, retarding the diffusion of phosphorus into the Si substrate and obtaining a 
better passivation effect, enabling us to further tailor the doping profile for high-efficiency solar cells. Our work 
highlights a promising strategy to improve the performance of TOPCon solar cells, showcasing the substantial 
potential for implementation in industrial manufacturing.   

1. Introduction 

Due to the characteristics of renewability and sustainability, solar 
energy has gradually become a suitable alternative to traditional energy 
sources [1]. Benefiting from cost advantage, crystalline silicon (c-Si) 
solar cell technology has dominated the photovoltaic (PV) industry in 
the past 20 years [2]. Many cell structures have been steadily developed 
to date, yielding two mainstream technologies for the past few years, i. 
e., tunnel oxide passivated contact (TOPCon) [3] and heterojunction 
technology (HJT) [4]. The fabrication of TOPCon can be upgraded from 
the existing passivated emitter and rear contact (PERC) production lines, 

resulting in a record efficiency of 25.8 % on n-type c-Si [5], 26.0 % on 
p-type c-Si [6], and 26.1 % for an IBC [7] solar cell. Therefore, TOPCon 
has been considered the next-generation cell technology after PERC [8], 
which is expected to dominate the PV market in 5 years [9]. The 
featuring rear passivation layer of TOPCon composed of a heavily doped 
polycrystalline silicon (poly-Si) layer on ultra-thin silicon oxide (SiOx, 
Tox) interlayer has shown superior surface passivation and carrier 
selectivity by suppressing the recombination at the metal-silicon inter
face [10] and thus achieving significant efficiency gain [11]. 

As we know, the excellent surface passivation effect of TOPCon solar 
cells is attributed to ultrathin SiOx and heavily doped poly-Si layers, 
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corresponding to excellent surface chemical passivation and additional 
field-effect passivation [12], respectively. The key to obtaining the high 
performance of TOPCon is the preparation of the high-quality tunnel 
SiOx and heavily doped poly-Si. In terms of Tox, there have been many 
reports on the methods of preparation, including thermal oxidation 
[13–16], wet-chemical oxidation [16–18], ozone oxidation [16,17], 
plasma-assisted oxidation [2,19,20], and plasma-assisted atomic layer 
deposition (PEALD) [21], resulting in the saturation current density (J0) 
of <3 fA/cm2 [22,23]. However, most of the above methods cannot be 
used in industrial production except for thermal oxidation and 
plasma-assisted oxidation, corresponding to the low-pressure chemical 
vapor deposition (LPCVD) and plasma-enhanced chemical vapor depo
sition (PECVD) methods, respectively. Compared to the LPCVD method, 
the PECVD approach has advantages in high thin film deposition rate, 
less wrap-round deposition, and equipment-related consumables [22]. 
The tube PECVD technology integrated with in-situ tunnel SiOx and 
in-situ doped polysilicon has demonstrated great potential for the 
mass-production TOPCon in industry [24]. 

However, amorphous Si (a-Si) film deposited by PECVD is suscepti
ble to poor passivated contacts while the blistering phenomenon occurs 
during the subsequent annealing process, leading to a significant 
degradation in device performance [25]. In general, the a-Si film is a 
technologically important semiconductor for solar cells [26,27], which 
offers a low defect density and tunable conduction type [28,29]. These 
optoelectronic advantages strongly rely on configurations of hydrogen 
and silicon in the three-dimensional space, and thus precise control of its 
microscopic structure is a critical factor in achieving good devices [30]. 
While PECVD deposited a-Si often contains a large amount of hydrogen 
(20 atomic (at.) % and more) from the silicon precursor gas, such as SiH4 
and H2 [31]. Unfortunately, the deposited a-Si film on oxidized Si is 
strongly prone to blistering, both during deposition and thermal 
annealing, due to some of the hydrogen from the film accumulating at 
the film/SiOx interface and growing into pressurized pockets causing the 
blistering. Blistering deteriorates the properties of the poly-Si/SiOx 
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 [32, 
33]. In summary, the blistering tendency and severity of the a-Si film 
depend on its H content, thickness, deposition temperature, thermal 
processing, surface roughness, and cleanliness [32–36]. In addition, 
interfacial stress accumulation induced during the crystallization of a-Si 
film has also been related to the occurrence of blistering [37]. 

Moreover, while adopting the PECVD approach to fabricate TOPCon 
solar cells, passivating contacts are produced via high-temperature 
annealing in the range of 850–1000 ◦C with a dwell time of several 
tens of minutes to transform the doped a-Si phase into a doped poly-Si 
phase [38], which guarantees a high field passivation effect. During 
the annealing process (particularly during the dwell time), dopants in 
the heavily doped poly-Si layer can diffuse into the c-Si substrate, 
forming a buried dopant region (called in-diffusion dopant) near the c-Si 
interface. Although the existence of in-diffusion dopants is beneficial for 
metal contact to a certain extent and thus reduces contact resistance, 
however, excessive dopants could severely weaken the interfacial 
passivation quality. To control dopant diffusion into the Si substrate and 
attain an optimal equilibrium, it’s essential to precisely manage and 
optimize the dopant concentration within the poly-Si film following the 
annealing process. Several works [39,40] have investigated the effect of 
additive intrinsic a-Si layer between SiOx and doped a-Si (p) on the 
performance of p-TOPCon, indicating that the insertion of intrinsic a-Si 
layer could effectively regulate the doping distribution in the 
c-Si/SiOx/doped poly-Si structure, thereby improving the passivation 
performance of cells. However, it remains to be verified whether this 
method can achieve similar results for industrialized n-TOPCon. 

In this paper, we have introduced a structure with an additional a-Si 
(i) film to the rear passivation layers of TOPCon solar cells, aiming to 

control the phosphorus (P) diffusion into the Si substrate, resulting in a 
tunable phosphorus doping profile to further improve passivated contact 
cell performance. Detailed characterizations are carried out to investi
gate the underlying mechanisms of the films with the introduction of a- 
Si (i), including surface microscopy, active dopants profile, crystallo
graphic structure, elemental distribution and electrical properties. The 
morphology of the poly-Si film has been investigated by scanning elec
tron microscope (SEM) and optical microscope (OM) with different 
thicknesses of introduced a-Si (i) film, revealing the blistering phe
nomenon occurs when the thickness is 30 nm and above. The active 
dopant profile results by electrochemical capacitance-voltage profiling 
(ECV) show that the in-diffusion dopant can be tailored by the intro
duced a-Si (i) layer. Passivation and contact performance of TOPCon 
solar cells have been investigated under different thicknesses of a-Si (i) 
film, and then confirmed the optimal electrical properties at the thick
ness of 20 nm. Lastly, we have fabricated the industrial-sized TOPCon 
solar cells with an average efficiency of 23.83 %, which is 0.25 % higher 
than that of Baseline counterparts (23.58 %) on the production line. 
These above results have demonstrated the introduction of a-Si (i) can be 
a good buffer layer, retarding the diffusion of phosphorus towards the Si 
substrate while enabling us to fine-tune the doping profile and obtain a 
better passivation effect. Our work has great potential for the mass- 
production TOPCon solar cells in industry. 

2. Experimental methods 

To evaluate the performance of TOPCon solar cells with the intro
duced a-Si (i) layer, we fabricated the rear passivation layers on the 
industrial Czochralski (Cz) n-type silicon wafers with a size of 182 ×
182 mm2 (M10), a thickness of 150 ± 20 μm, and a resistivity of 0.3–2.1 
Ω cm. Characterizations were used to analyze and understand the per
formance of TOPCon solar cells with different thicknesses of a-Si (i) film. 

2.1. Fabrication of rear passivation layer 

Fig. 1 describes the fabrication processes of the rear passivated 
contact structure of TOPCon solar cells. Before the deposition of 
passivation layers, the n-Si substrate underwent the RCA cleaning to 
remove the dirt, aiming to ensure final passivation performance. The 
interfacial ultrathin SiOx, intrinsic a-Si, and in-situ phosphorus-doped a- 
Si were deposited by a tube-type PECVD system (ZR5000, LeadMicro) at 
400 ◦C with different precursor gases (SiOx: N2O; a-Si (i): SiH4 and H2; a- 
Si (n): PH3, SiH4, and H2, respectively). A direct radio frequency (RF) 
plasma source operating at 40 KHz was used. The plasma time of the 
SiOx process was fixed at 3 min. The total thickness of a-Si was fixed at 
140 nm in this study, and the thickness of a-Si (i) and a-Si (n) varied with 
the respective process time. The annealing process was carried out under 
nitrogen (N2) ambient (AS-300E, S.C.) at the temperature of 900 ◦C for 
45 min to transform a-Si to poly-Si and activate the dopants. Lastly, a 
hydrogenation process was implemented by capping a 100 nm SiNx 
layer deposited through the PECVD system at 450 ◦C (PD-405C, S.C.). 

2.2. Characterization 

The surface microscopy of samples was investigated by OM (LEICA 
DM 4000) and SEM (JSM-7800F). The active dopant depth profile was 
measured by ECV profiling (WEP, CVP21). Samples with symmetrical 
structures were prepared to investigate the effective minority carrier 
lifetime, which was measured by a quasi-steady-state photoconductance 
method (WCT-120, Sinton Instruments) at an injection density of 1 ×
1015 cm− 3. The single-side J0 was determined according to the high- 
injection method proposed by Kane and Swanson [41,42]. The iVOC 
was tested at 1-sun. The contact resistivity (ρc) was measured by the 
TLM (Ai-shine). The structural and chemical composition of the 
c-Si/SiOx/poly-Si interface was investigated by high-resolution trans
mission electron microscopy (HR-TEM, Talos F200X G2). 
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Energy-dispersive X-ray spectroscopy (EDS, HP EliteDesk 800 G3 TWR) 
and secondary ion mass spectroscopy (SIMS, GAIA3) were used to detect 
related element distributions and intensity for the passivation layers, 
respectively. The electrical parameters of TOPCon solar cells were 
measured by Halm 3600 under standard test conditions (AM 1.5G 
spectrum, 25 ◦C). 

3. Results and discussion 

In this study, we have introduced the a-Si (i) film as a barrier layer 
situated between SiOx/a-Si (n) layers. The main purpose of this addition 
is to retard the diffusion of phosphorus into the Si substrate, mitigating 
the recombination loss that arises from excessive phosphorus diffusion 
during the annealing process, as previously reported [39]. While the 
tunneling oxide also contributes to preventing phosphorus diffusion, it’s 
important to note that the passivation contact performance of TOPCon 
solar cells is highly sensitive to the thickness of the oxide layer. To strike 
a balance between these competing factors, we have maintained a 
constant thickness for the tunneling oxide layer throughout this study. 

Fig. 2 illustrates the phosphorus diffusion that occurred during the 
annealing process, considering varying thicknesses of the a-Si (i) film. In 
this study, the total thickness of the a-Si film was fixed at 140 nm. The 
specific thicknesses of the a-Si (i) film were set at 0 nm, 10 nm, 20 nm, 
30 nm, and 40 nm, corresponding to the Baseline, G1, G2, G3, and G4 
groups respectively. Throughout the annealing process, the a-Si film 
transformed into poly-Si, and the doped phosphorus became active. 
After that, the phosphorus atoms initiated diffusion into the Si substrate. 
As this diffusion progressed deeper, the concentration of phosphorus 
began to decline after the phosphorus atoms traversed the tunneling 
oxide layer, and the blocking effect became more potent as the thickness 
of the a-Si (i) film increased. 

When incorporating the a-Si (i) film into the rear passivation layers 
of TOPCon solar cells, it’s crucial to address the blistering issue, 
particularly when employing the PECVD method. In this study, the 
samples were prepared on the polished c-Si substrate with different 
thicknesses of a-Si (i) film by tube PECVD method, and the rear 
passivation structure corresponded to the groups of Baseline, G1, G2, 
G3, and G4. To gain insights into the surface characteristics of the 

Fig. 1. Fabrication processes for poly-Si/SiOx/c-Si contacts doped with phosphorus, including the RCA cleaning, PECVD deposition of tunneling oxide, intrinsic a-Si 
and in-situ phosphorus-doped a-Si, annealing and hydrogenation (deposition of SiNx). 

Fig. 2. Sketch of phosphorus diffusion into Si substrate during the annealing process with different thicknesses of a-Si (i) film. The thickness of a-Si (i) film was 0 nm, 
10 nm, 20 nm, 30 nm, and 40 nm, corresponding to the groups of Baseline, G1, G2, G3, and G4, respectively. 
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samples before and after the annealing process, OM and SEM were used 
to obverse the surface microscopy of samples with the magnification of 
800 and 1500, respectively, as shown in Fig. 3. Observing the images, it 
was evident that the Baseline, G1, and G2 groups did not exhibit any 
instances of burst phenomena, suggesting that the presence of phos
phorus doping close to the c-Si interface played a role in preventing the 
a-Si film from bursting during the annealing process. However, as the 
thickness of the a-Si (i) layer reached a certain value (G3), the surface 
began to manifest unevenly sized bubbles, which indicated the occur
rence of poly-Si film cracking or peeling off from the Si substrate. 
Comparing the appearance of the film before and after annealing, it was 
apparent that the annealing process exacerbated the burst phenomenon, 
leading to larger bubble sizes, which could be attributed to the release 
and escape of hydrogen (H) during the high-temperature annealing 
process. When the thickness of the a-Si (i) film was further increased 
(G4), the size of the burst area was noticeably larger even before 
annealing. These observations indicated that while heavy phosphorus 
doping in the a-Si layer could prevent bursting to some extent, the sit
uation changed when the thickness of the a-Si (i) layer exceeded a 
specific threshold. Beyond this point, the burst phenomenon occurred 
and worsened as the film’s thickness increased. 

As reported in the literature, the crystallization of a-Si film leads to 
the accumulation of interfacial stress and rapid release of hydrogen, 
which are thought to be the main causes of film blistering [43,44]. 
Several strategies have been proposed to mitigate this problem, 
including implementing a slow heat treatment to gradually release 
hydrogen during the annealing process [34], using Ar instead of H2 to 
control the H content or porosity of the film [33,35,45], and combining 
the elements carbon (C), nitrogen (N), oxygen (O), and phosphorus (P) 
into the polysilicon film during deposition [2,37,46–48]. 

To evaluate the influence of the poly-Si with different thicknesses of 
a-Si (i) film on the TOPCon solar cells, characterizations were conducted 
on the rear passivation layer. Firstly, we used the ECV method to mea
sure the concentration of active phosphorus within the poly-Si film as 
shown in Fig. 4(a). It could be seen from the figure that the 

concentration of active phosphorus within poly-Si was close to 6E20 
cm− 3. Compared with the group of Baseline, the group of G1 had a 
similar C–V curve, revealing its analogous blocking effect on phosphorus 
diffusion. While the thickness of a-Si (i) further increased, the decline 
curve became steeper, indicating the more obvious blocking effect on 
phosphorus diffusion. The aforementioned observations substantiated 
that the doping profile could be accurately regulated through the 
incorporation of the a-Si (i) layer. To gain a deeper understanding of the 
performance of the rear passivation layer with varying thicknesses of a- 
Si (i) film, we conducted investigations into the passivation and contact 
properties of the TOPCon solar cells. Fig. 4(b) illustrates the symmetrical 
structure (I) used for testing the iVOC, J0, and lifetime. Additionally, the 
semi-manufactured structure (II) designed for measuring contact re
sistivity (ρc) using the TLM was presented in the figure. The corre
sponding results of passivation and contact properties were displayed in 
Fig. 4(c) and (d), respectively. As seen from Fig. 4(c), when the thick
nesses of a-Si (i) increased from 0 nm to 20 nm, the corresponding iVOC 
increased from 726.1 mV to 736.6 mV, the lifetime increased from 1028 
μs to 1729 μs, and J0 decreased from 11.1 fA/cm2 to 4.3 fA/cm2, i.e., the 
passivation performance of the samples increased in turn. This could be 
attributed to the few phosphorus atoms diffused to the Si substrate with 
the increased thickness of a-Si (i), which aligned well with the ECV re
sults. As the thicknesses of a-Si (i) further increased to more than 20 nm, 
the passivation performance began to slightly decrease, revealing the 
best result was acquired at the thicknesses of 20 nm. This might be 
related to the blistering phenomenon of poly-Si film as shown in Fig. 3. 
In Fig. 4(d), the contact performance of TOPCon solar cells with 
different thicknesses of a-Si (i) was measured by TLM. The top views of 
the structures of samples (III) were illustrated in the figure. It could be 
seen from the figure that when there was no a-Si (i), the measured 
contact resistivity achieved the minimum value, showing the best con
tact performance. When the thickness of introduced a-Si (i) increased to 
20 nm, the contact resistivity slightly increased, while the thickness 
exceeded 40 nm, the contact resistivity increased significantly, which 
could be due to the low concentration of the in-diffusion phosphorus as 

Fig. 3. OM photograph and SEM images of the samples before and after annealing. The thickness of a-Si (i) film was 0 nm, 10 nm, 20 nm, 30 nm, and 40 nm, 
corresponding to the groups of Baseline, G1, G2, G3, and G4, respectively. 
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shown in Fig. 4(a). Considering both the passivation and contact per
formance, it had been established that the TOPCon solar cells achieved 
the optimal performance with the introduced a-Si (i) of 20 nm. These 

research outcomes underscored the value of introducing the a-Si (i) film 
as a buffer layer, which effectively retarded the diffusion of phosphorus 
into the Si substrate, leading to enhanced passivation effects. This 

Fig. 4. (a) Active phosphorus concentration of samples measured by ECV. (b) The symmetrical structure used to test iVOC, J0, and lifetime (I), the semi-manufactured 
structure designed to measure contact resistivity (ρc) by the TLM (II). (c) The tested iVOC, J0, and lifetime values were extracted from the symmetrical test samples. (d) 
Contact resistivity (ρc) tested by the TLM, together with the top views of the structure of samples (III) illustrated in the figure. The samples were fabricated with 
different thicknesses of introduced a-Si (i) film, and the thickness was 0 nm, 10 nm, 20 nm, 30 nm, and 40 nm, corresponding to the groups of Baseline, G1, G2, G3, 
and G4, respectively. 

Fig. 5. (a and d) TEM images, (b and e) localized TEM images with HR-TEM and Fourier transform diffraction patterns, and (c and f) cross-sectional EDS distributions 
for the Baseline and G2 samples. (g) Depth-dependent net intensity spectra of Si, O, and P elements. (h) P, H, and O distributions measured by SIMS for the two 
related samples. Here, the samples were prepared after annealing with the introduced a-Si (i) film at the thickness of 0 nm and 20 nm, corresponding to the groups of 
Baseline and G2, respectively. 
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strategic addition allowed for fine-tuning the doping profile, ultimately 
contributing to the development of high-efficiency solar cells. 

To gain a deeper understanding of the impact of the introduced a-Si 
(i) on the microstructures of poly-Si/SiOx/c-Si contacts, HR-TEM ana
lyses were conducted on both the Baseline and optimized G2 groups 
after the annealing process, and the results were presented in Fig. 5. In 
the micrographs, the interface tunneling oxide layer displayed a uniform 
thickness acquired through the PECVD method, and the thickness range 
of 1.3–1.4 nm for the SiOx film was further confirmed by local HR-TEM 
images. The pronounced crystallization patterns in the poly-Si film were 
corroborated by distinct diffraction spots evident in the Fourier trans
form. In contrast to the G2 samples, the Baseline samples exhibited more 
pronounced polycrystalline structures, alongside amorphous rings with 
a greater number of discernible diffraction spots. This observation 
indicated a heightened level of crystallinity following the annealing 
process [49]. Moreover, the cross-sectional EDS distributions and net 
intensity for the two related samples were shown in Fig. 5(c and f) and 
Fig. 5(g), respectively. A phosphorus signal could be observed in the 
SiOx layer and c-Si substrate as shown in Fig. 5(c and f). The cumulative 
intensity of Si and O atoms across the specific section (yellow dashed 
line illustrated in Fig. 5(b and e)) indicated the emergence of a tunneling 
oxide layer. To further investigate the change of O, P, and H atoms after 
annealing, SIMS was used to detect the intensity of atoms as a function of 
depth. Fig. 5(h) displayed the SIMS spectra, and the intensity change of 
O atoms was similar to the results shown in Fig. 5(g). In terms of P 
atoms, the Baseline group exhibited a notably higher P concentration, 
particularly after traversing the tunneling oxide layer, which was 
consistent with the ECV curve shown in Fig. 4(a). These above obser
vations have demonstrated the introduced a-Si (i) layer with an 
adequate thickness can tailor the doping profile, thereby reducing the 
recombination loss in the c-Si region, ultimately leading to a better 
passivated contact cell performance. 

In the final evaluation of the introduced a-Si (i) performance at the 
device level (M10 wafer), TOPCon solar cells were fabricated using 
passivation layers based on the Baseline, G1, G2, G3, and G4 groups 
through the TOPCon production line, and the results of electrical pa
rameters were illustrated in Fig. 6. The trend in VOC variations with 
different a-Si (i) thicknesses was consistent with the iVOC measurements. 
Notably, the G2 group achieved the highest VOC value of 715 mV, 
attributed to the blocking effect on phosphorus diffusion. The JSC value 
remained unchanged with varying a-Si (i) thickness, implying that the 

introduction of a-Si (i) did not lead to additional optical absorption loss. 
However, the FF value decreased with increasing a-Si (i) thickness, 
particularly in the G4 group. This reduction was primarily due to the 
limited diffusion of P atoms into the substrate, resulting in poor metal
lization contact performance. The most significant observation was the 
enhancement in conversion efficiency (η), which improved from 23.58 
% to 23.83 % as the a-Si (i) thickness increased from 0 nm to 20 nm. This 
improvement indicated that the introduction of a-Si (i) could substan
tially enhance the electrical properties of TOPCon solar cells. On the 
other hand, when the thickness exceeded 20 nm, both the cell efficiency 
and VOC slightly dropped (23.71 % and 23.43 %), potentially due to the 
blistering phenomenon of poly-Si discussed earlier in Fig. 3. Our 
research showed that when the thickness of introduced a-Si (i) was 20 
nm, the η of TOPCon solar cells improved by 0.25 %, and no blistering 
was observed simultaneously. These results demonstrated the intro
duction of a-Si (i) with an adequate thickness was a promising strategy 
to improve the performance of TOPCon solar cells and has great po
tential in industrial manufacturing. 

4. Conclusions 

In summary, this study introduced an additional layer of a-Si (i) layer 
with a carefully determined thickness, yielding multiple beneficial ef
fects on the performance of TOPCon solar cells. This strategy effectively 
controlled the doping profile, mitigating the excessive diffusion of 
phosphorus dopants into the c-Si substrate and consequently reducing 
recombination losses. Detailed characterizations were carried out to 
uncover the underlying mechanisms. OM and SEM analyses demon
strated the occurrence of blistering when the a-Si (i) layer thickness 
reached 30 nm, with increased severity as thickness further increased. 
Measurements using ECV corroborated the efficient control of in- 
diffusion dopant by the a-Si (i) layer. The passivation study showed 
that the optimal performance was obtained at the thickness of 20 nm, 
with the iVOC of 736.6 mV and J0 of 4.3 fA/cm2, and the deterioration of 
passivation beyond 20 nm was attributed to blistering effects. Contact 
resistivity of 1.4 mΩ cm2 was extracted from TLM for the introduced a-Si 
(i) layer with a thickness of 20 nm. In addition, when the thickness of the 
a-Si (i) layer surpassed 20 nm, there was a significant increment in 
contact resistance, which could be attributed to the decreased concen
tration of in-diffused phosphorus within the Si substrate. HR-TEM ana
lyses exhibited the presence of a uniformly thick tunneling oxide at the 

Fig. 6. Measured J-V parameters of TOPCon solar cells by adopting different rear passivation layers according to the groups of Baseline, G1, G2, G3, and G4 on the 
production line using 182 × 182 mm2 Si wafers. The thickness of a-Si (i) film is 0 nm, 10 nm, 20 nm, 30 nm, and 40 nm, corresponding to the groups of Baseline, G1, 
G2, G3, and G4, respectively. 
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interface of c-Si. Additionally, the Fourier transform of the poly-Si film 
displayed distinct diffraction spots, indicating pronounced crystalliza
tion behaviors. Moreover, supplementary elemental studies conducted 
using EDS and SIMS further confirmed that the in-diffusion phosphorus 
concentration within the optimal group (G2) was lower compared to the 
Baseline group. This outcome corroborated the evident blocking effect 
on phosphorus diffusion, as previously demonstrated through ECV re
sults. Lastly, the industrial M10 TOPCon solar cells were fabricated on 
the production line, achieving an average efficiency of 23.83 % with the 
introduced 20 nm a-Si (i) layer, which was 0.25 % higher than that of 
Baseline counterparts (23.58 %). The above results have demonstrated 
that the introduction of a-Si (i) to the rear passivation layer was a 
promising strategy to improve the performance of TOPCon solar cells, 
and showed tremendous potential in industrial manufacturing. 
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