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Silicon heterojunction solar cells with up to 
26.81% efficiency achieved by electrically 
optimized nanocrystalline-silicon hole 
contact layers

Hao Lin    1,2,4, Miao Yang1,4, Xiaoning Ru1,4, Genshun Wang1,2, Shi Yin    1 , 
Fuguo Peng1, Chengjian Hong1, Minghao Qu1, Junxiong Lu1, Liang Fang1, 
Can Han2,3, Paul Procel    3, Olindo Isabella    3, Pingqi Gao    2 , Zhenguo Li1 & 
Xixiang Xu    1 

Silicon heterojunction (SHJ) solar cells have reached high power conversion 
efficiency owing to their effective passivating contact structures. 
Improvements in the optoelectronic properties of these contacts can 
enable higher device efficiency, thus further consolidating the commercial 
potential of SHJ technology. Here we increase the efficiency of back junction 
SHJ solar cells with improved back contacts consisting of p-type doped 
nanocrystalline silicon and a transparent conductive oxide with a low 
sheet resistance. The electrical properties of the hole-selective contact are 
analysed and compared with a p-type doped amorphous silicon contact. 
We demonstrate improvement in the charge carrier transport and a low 
contact resistivity (<5 mΩ cm2). Eventually, we report a series of certified 
power conversion efficiencies of up to 26.81% and fill factors up to 86.59% on 
industry-grade silicon wafers (274 cm2, M6 size).

Photovoltaic (PV) solar cells are one of the main renewable energy 
sources with zero operating carbon emissions; driven by ambitious 
carbon neutral policies worldwide, they are quickly becoming a main-
stream energy supply. To a large extent, power conversion efficiency 
(PCE) determines whether a PV technology is competitive. Wafer-based 
crystalline silicon (c-Si) solar cells are the dominant technology in 
the global PV market. Aiming at a higher PCE, technology iteration is 
occurring from the passivated emitter and rear cell (PERC) to tunnel 
oxide passivated contact (TOPCon) and silicon heterojunction (SHJ) 
solar cells1–7.

SHJ technology employs an n-type (p-type) doped hydrogen-
ated amorphous silicon (a-Si:H) layer, called n-a-Si:H (p-a-Si:H), as the 
electron-selective contact layer (ESC)–hole-selective contact layer 

(HSC). This overlays the intrinsic hydrogenated amorphous silicon  
(i-a-Si:H) layer, providing high-quality chemical passivation and  
minimizing the deficit in open circuit voltage (VOC)8–13. The electrical 
performance of the solar cells depends strongly on the net doping of 
both the ESC and HSC layers. This is particularly relevant to the HSC 
layer, which is the emitter in SHJ solar cells based on n-type wafers. 
A sufficiently high doping concentration produces favourable band 
bending, allowing holes (minority carriers) to tunnel (selective collec-
tion of holes); efficient field-effect passivation, repelling electrons from 
the interface and mitigating the resulting interface recombination; and 
a reduced energy barrier when directly in contact with the n-type trans-
parent conducting oxide (TCO)14–16. However, doped a-Si:H layers are 
always limited by unsatisfying electrical conductivity (σ < 10‒4 S cm−1) 
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technologies because of the excellent surface passivation provided 
by the i-a-Si:H layers. Figure 1b illustrates the FF versus VOC of different 
solar cell technologies, in which one can clearly see the superior FF of 
SHJ solar cells as compared with that of PERC and TOPCon devices.

In Fig. 1b, the lines corresponding to the Green limits36 for dif-
ferent ideal factors (n) are indicated as well. The value of the ideality  
factor of a c-Si cell is based on the recombination mechanism: n = 2/3 
for Auger recombination and n = 1 for Shockley–Read–Hall (SRH) 
and band-to-band recombination at low injection level. Combining  
high-quality c-Si wafers with the superior surface passivation we 
obtained, the intrinsic recombination of SHJ solar cells becomes 
dominant. In the case of Auger recombination at high injection level, 
the ideality factor value of our SHJ cells is found to be lower than one. 
The reduction in ideality factor causes a more square shape in the  
J–V curve, leading to a remarkable improvement in FF.

As indicated in Fig. 1, the performance of SHJ solar cells has 
increased almost linearly both electrically and optically. The first SHJ 
solar cell from our group (LONGi) delivered a PCE of 25.26% (ref. 37), 
and we have now further boosted all the PV parameters. In this work, 
we show a PCE of 26.81%, with VOC of 751.4 mV (an improvement of 
2.9 mV), FF of 86.07% (0.57% improvement) and JSC of 41.45 mA cm−2  
(an improvement of 1.97 mA cm−2), an overall efficiency gain of 1.55%.  
Note that we achieved the highest FF of 86.59% on a different device: 
that is, the cell delivering an efficiency of 26.30%. Theoretical predic-
tions yield a similar trend, as shown by the blue to red gradient solid  
line in Fig. 1b. Radiative, Auger and surface recombinations were taken 
into consideration in the calculation, while additional RS and shunt 
resistance (Rsh) were not included. The improvement of LONGi’s SHJ 
solar cells follows the overall tendency apart from small deviations 
in practical and calculated FF, which are mainly attributed to the  
advance in reduction of RS. Note that the measurement approach 
(Methods) excludes some RS components, such as the resistance of 
the grid at the rear side and of the bus bars at the front side. We found 
that ultrahigh FF only occurs at extremely low RS and furthermore, 
requires high-quality passivation: that is, high VOC. This is why LONGi 
SHJ solar cells possess a prominent advantage in electrical performance 
(VOC × FF) (Fig. 1a) over PERC and TOPCon cells. Limited by insufficient 
passivation, the positive effect of reduced RS on FF cannot be fully 
unlocked for PERC and TOPCon cells.

To reveal the main contributions to the efficiency increase, two 
related designs with p-a-Si:H (cell 1, 25.26% PCE) and p-nc-Si:H (cell 2, 
26.30%) serving as the rear emitter are investigated with the Quokka2 
software38,39. For the sake of simplicity, hereafter we name cell 1 and 
cell 2 as p-a-Si:H cell and p-nc-Si:H cell, respectively. Numerical simula-
tions and fits to experimental data of RS and power loss analysis (PLA) 
are shown in Fig. 2. Figure 2a shows the structure of the LONGi SHJ 
solar cells; the parameter variations between the p-a-Si:H cell and 
p-nc-Si:H cell are listed in Supplementary Table 3. The two devices  
are in a front and back contact architecture on an n-type c-Si (n-Si) wafer 
with front-sided n-type nanocrystalline silicon oxide (n-nc-SiOx:H) 
and a back junction (BJ). Using BJ structure alleviates the electrical 
requirements on the front-side TCO and metal electrodes since a  
large portion of the majority carriers (electrons) can be laterally  
collected via the n-Si wafer absorber40. The main difference between 
the two solar cells comes from the BJ stacks; the p-nc-Si:H cell features  
p-nc-Si:H and a tailored TCO with a sheet resistance of 40 Ω per 
sqaure, while the p-a-Si:H cell features p-a-Si:H and a TCO with a sheet  
resistance of 80 Ω per square. Due to the excellent σ and Ea of p-nc-Si:H, 
the rear contact resistivity is reduced, which will be discussed in the 
next section.

Figure 2b,c shows the experimental and fitted J–V curves of  
their related cells. The experimental curves include the real-light 
J–V curve (blue triangles) and the pseudo-light J–V curve tested by 
a Suns–VOC measurement (blue circles). The fitted J–V curves were 
simulated by Quokka2 (refs. 38,39). Input parameters were determined 

and relatively high activation energy (Ea > 250 meV), which cause  
high contact resistivity in SHJ solar cells17–20.

In contrast to defect-rich amorphous silicon, hydrogenated 
nanocrystalline silicon (nc-Si:H) dramatically improves film crystal-
linity, which straightforwardly favours the improvement of carrier 
mobility and effective doping concentration. However, depositing 
a sufficiently thin layer of highly crystalline nc-Si:H on amorphous 
surfaces at low temperature is challenging. Depositing p-type doped 
nc-Si:H (p-nc-Si:H) is even more difficult, as boron doping restricts 
grain growth. Sophisticated techniques from deposition engineering, 
including pretreatment methods, adjusting deposition parameters 
(pressure, temperature, power, frequency and silane dilution) and post-
treatment, help to address these issues21–25. For example, researchers 
discovered that CO2 treatment facilitates fast nucleation for the growth 
of nanocrystalline silicon film26. High crystalline volume fraction  
(XC)—up to 50%—has been reported by several groups through fine- 
tuning gas flow rates21,25. Umishio et al.27 found a clear relation between 
the nanostructure evolution of the p-nc-Si:H layers and their electrical  
properties and resulting performance. They concluded that surface  
coalescence of the p-nc-Si:H nanocrystals, rather than doping  
concentration, dominantly determines the Ea of the film27. In other 
words, hole selectivity and hole transport through the TCO–p-nc-Si:H 
contact and hence, the solar cell’s VOC and fill factor (FF) are crucially 
influenced by the electrical contact properties between TCO and the 
crystalline phase at the surface of the p-nc-Si:H layer19. Based on this 
understanding, the contact resistivity of p-nc-Si:H-based HSCs has been 
reduced to about 100 mΩ cm2, yielding a series resistance (RS) of 0.65–
1.3 Ω cm2 and a 23–25% PCE (Supplementary Table 1)27–31. Nevertheless, 
realizing the advantageous electrical properties of SHJ solar cells  
over their TOPCon counterparts still poses a challenge, and the oppor-
tunity to unlock the full potential of SHJ technology remains open.

In this contribution, we report the successful introduction of 
nanocrystallization processes for fabricating cutting-edge HSCs, 
which—when paired with correspondingly tailored TCO—result in 
improved PCEs and FFs on wafer-scale single-junction SHJ solar cells. 
We demonstrate a 26.30% SHJ solar cell with an FF of 86.59%; to the best 
of our knowledge, this FF outperforms any other silicon solar cell. By 
reducing the shading ratio from 2.8 to 2.0% and modifying the window 
layers at the front to minimize the parasitic absorption, we further 
boost the PCE to 26.74% by increasing the short-circuit current density 
(JSC) to 41.16 mA cm−2. Finally, by introducing an additional reflective 
MgF2/Ag stack at the rear side and regulating the transmittance of TCO, 
we achieve a PCE of 26.81% with a JSC of 41.45 mA cm−2. Investigation of 
the power and series resistance losses reveals outstanding performance 
of these HSCs, with reduced contact resistivity (ρc < 5 mΩ cm2) and 
improved passivation (recombination current density J0 = 0.5 fA cm−2). 
Structural and electrical characterizations of the p-nc-Si:H indicate 
high XC (63%), ultralow Ea (<115 meV) and excellent σ (>3 S cm−1), which 
is four orders of magnitude higher than that of the traditional p-a-Si:H 
film32,33. HSCs endowed with these electrical improvements easily  
trigger band-to-band tunnelling (BTBT) transport behaviour and 
induce a sharp band bending, enhancing hole extraction efficiency.

Efficiency increase analysis of SHJ solar cells
In mass production, the competition between SHJ and TOPCon techno-
logies is fierce. As can be seen from Fig. 1a, SHJ solar cells feature greater 
electrical performance measured by VOC × FF, while TOPCon and PERC 
hold relatively superior JSC. The inferior JSC of SHJ solar cells can be attri-
buted to the strong parasitic absorption inherent in the functional 
layers at the front side; PERC and TOPCon usually yield higher JSC 
(>41 mA cm−2) due to the use of conventionally diffused front junctions 
and optically transparent antireflective coatings34. Benefiting from the 
unique design of rear-sided passivating contact with an SiOx/poly-Si(n+) 
stack, TOPCon wins out over PERC with intrinsically improved VOC  
(ref. 35). SHJ produces the highest VOC among the c-Si solar cell 
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by the measured sheet resistance of the TCO, the line resistance of the  
finger, the contact resistivity and recombination of the heterojunction. 
A full description of these parameters is in Supplementary Table 4.  
For comparison, the corresponding intrinsic light J–V curves computed 
from the theoretical limit in electrical performance are also shown  
(grey lines). Observe that the deviation between the Suns–VOC curve  
and the light J–V curve (arrows enclosed by black circles) differs 
between the p-a-Si:H cell and the p-nc-Si:H cell. To explain this, note  
that we can define a pseudo-fill factor (pFF) from a Suns–VOC curve 
ignoring all resistance. Both the p-a-Si:H cell and p-nc-Si:H cell have 
similar pFF values, which means that the difference in FF at the maxi-
mum power point (MPP) originates from a difference in the series  
resistance RS. Therefore, a smaller gap between the light and pseudo- 
light J–V curves in the p-nc-Si:H cell indicates a smaller RS.

To explore how the record FF of 86.59% was achieved, we fit the 
J–V curves in Fig. 2b,c to determine power loss and series resistance, 
seen in Fig. 2d. The losses are divided into three regions: front ESC,  
bulk silicon (bulk) and rear HSC. Figure 2d also shows the series resist-
ance determined from the power loss at MPP. From the p-a-Si:H cell  
to p-nc-Si:H cell, the total electrical power loss is reduced from 0.41  
to 0.13 mW cm−2 at the rear HSC alone; this is nearly equal to the  
full power loss reduction, 0.3 mW cm−2 (from 1.01 to 0.71 mW cm−2). 
This indicates that the improvement in electrical performance comes 
primarily from the rear HSC (as expected). In particular, the reduction 
of power loss at the rear HSC is attributed to the use of p-nc-Si:H and 
the updated TCO, which facilitates excellent passivation and contact 
performance. The series resistance analysis shows the same trend as 
the PLA. The total RS is reduced from 381 mΩ cm2 for the p-a-Si:H cell to 
206 mΩ cm2 for the p-nc-Si:H cell (Supplementary Fig. 2a); this differ-
ence mostly appears at the rear HSC, at which RS is reduced from more 
than 130 mΩ cm2 to less than 20 mΩ cm2 (Fig. 2d). The slightly increased 
power loss in the bulk seen in the p-nc-Si:H cell could be caused by a 
small fluctuation in wafer quality. A slightly reduced RS of the front 

ESC (from 47 to 41 mΩ cm2) lies in the reduction of the sheet resistance 
of front TCO from ~150 to ~50 Ω per square. Note that to ensure the 
credibility of the RS data, we measured the total RS at MPP with four 
different methods41, obtaining RS = 353–381 mΩ cm2 (p-a-Si:H cell) and 
175–206 mΩ cm2 (p-nc-Si:H cell), as shown in Supplementary Fig. 2b.

Characterization of p-nc-Si:H
As discussed above, the implementation of p-nc-Si:H together with 
matched TCO leads to a dramatic reduction in the contact resistivity 
at the rear side, resulting in an efficiency increase to 26.30%. As this 
contact, the overall resistance depends mainly on the bulk resistance 
of p-nc-Si:H itself and on the contact resistivity at the p-nc-Si:H–TCO 
interface. Therefore, gaining the optimal p-nc-Si:H layer is of critical 
importance to achieve high-efficiency SHJ solar cells. We investigated 
p-nc-Si:H layers grown from different recipes; corresponding deposi-
tion conditions and characterization results are elaborated in Fig. 3 
and Supplementary Table 5. We studied the structural properties of the 
p-a-Si:H and p-nc-Si:H layers by both Raman spectroscopy and transmis-
sion electron microscopy (TEM). The Raman measurement was carried 
out with a 325-nm laser and performed on the p-a-Si:H or p-nc-Si:H layer 
deposited on a planar i-a-Si:H–glass substrate. The deposition process 
was identical to that of the fabrication procedure for solar cells. The 
Raman spectra were fitted with multiple (or single) Gaussian functions, 
as shown in Fig. 3a. For p-nc-Si:H, three Gaussian peaks are identified 
with the centres at 482, 507 and 518 cm−1, representing separately the 
transverse optical phonon mode of amorphous silicon and two optical 
vibrational modes of nanocrystalline silicon42,43. In contrast, only one 
peak at 478 cm−1 is observed for p-a-Si:H, indicating a fully amorphous 
structure. XC is determined from the integrated intensities (I) of the 
Gaussian peaks via equation (1) as follows44,45:

XC =
I510 cm−1 + I520cm−1

βI480cm−1 + I510 cm−1 + I520cm−1
, (1)
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Fig. 1 | Comparison of PV parameters of high-efficiency silicon solar cells. 
a, Measured PCEs of different high-performance c-Si solar cell technologies, 
including n-type wafer SHJ solar cells (n-SHJ) reported by LONGi and Hanergy, 
TOPCon solar cells reported by LONGi, Jinko and Fraunhofer ISE (FhG-ISE) 
and PERC solar cells based on p-type wafer (p-PERC) reported by LONGi and 
University of New South Wales (UNSW), overlaid on efficiency curves as a 
function of electrical (VOC × FF) and optical (JSC) performances and normalized 
by the Shockley–Queisser (SQ) limit of a c-Si cell under standard test conditions. 
The raw data are provided in Supplementary Table 2. The upper limits of the 
electrical contribution and Richter limit as a function of JSC are shown for wafer 
thicknesses of 130 μm (the wafer thickness of SHJ solar cells in this paper) and 

110 μm (the ideal wafer thickness for approaching the theoretical limiting 
efficiency of 29.43%)65,71. b, Detailed distributions of measured PCEs of different 
high-performance c-Si solar cell technologies as a function of VOC and FF. The 
Green limit36 with ideality factor n = 2/3 (n = 1), assuming a one-diode model and 
without considering the effects of RS and Rsh, is drawn with a blue (red) dotted 
line. The blue to red gradient solid line is derived by theoretical calculation (same 
as the calculation in Supplementary Fig. 1) contributed from only intrinsic and 
surface recombination for devices with n-Si wafers of 130 μm thick and 1.5 Ω cm 
resistivity. The red arrows indicate the trend towards improved efficiency in SHJ 
solar cells over time. LONGi cells with typical SHJ design and p-a-Si:H (p-nc-Si:H) 
as the rear emitter are indicated by 1 (2).

http://www.nature.com/natureenergy


Nature Energy | Volume 8 | August 2023 | 789–799 792

Article https://doi.org/10.1038/s41560-023-01255-2

where β = 0.8 represents the ratio of the back-scattering cross-sections46. 
For the p-nc-Si:H sample, an XC of 63% is obtained.

The cross-sectional TEM images of the HSCs based on p-a-Si:H  
and p-nc-Si:H are shown in Fig. 3b,c. The samples, namely TCO–p-nc-Si: 
H–i-a-Si:H–n-Si and TCO–p-a-Si:H–i-a-Si:H–n-Si, were taken by focused 
ion beam from as-prepared SHJ solar cells. In the TEM images, each 
layer in the stack is identified by its thickness, which was indivi dually 
measured and confirmed by ellipsometry. In both samples, the thick-
ness of the i-a-Si:H layer is almost same (about 6 nm), while the p-nc-Si:H 
layer (about 21 nm) is much thicker than that of p-a-Si:H (about 5 nm). 
A thicker p-nc-Si:H layer is required for incubation and for the subse-
quent phase transition from amorphous to crystalline. The higher XC 

of the p-nc-Si:H layer is evidenced by the observation that nanocrystal-
line domains embedded in an amorphous phase coalesce laterally to  
one another. No crystalline feature is observed in the i-a-Si:H and 
p-a-Si:H layers. To identify nanocrystalline domains, fast Fourier trans-
forms (FFTs) were performed on the TEM images (insets in Fig. 3b,c). 
In both samples, the reciprocal spots derived from the c-Si substrate 
are highlighted by red circles; these include high-order spots. In the 
p-nc-Si:H sample, additional reciprocal spots derived from nanocrys-
talline domains can be seen. We performed inverse FFT calculations 
on the FFT images, masking selected reciprocal spots, to identify 
the corresponding nanocrystalline domains in the TEM images. The 
nanocrystalline domains with different crystalline orientation in the 
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Fig. 2 | Electrical performance of LONGi SHJ solar cells with different designs. 
a, Diagram of LONGi SHJ solar cells. b,c, Experimental (Exp.) and fitted (Fit.) 
J–V curves for the p-a-Si:H cell (b, cell 1 in Fig. 1) and the p-nc-Si:H cell (c, cell 2 in 
Fig. 1). The fitted curves are derived from the Quokka2 simulations (Methods). 
Intrinsic J–V curves are obtained according to the Richter et al. model of intrinsic 
recombination with photon recycling (photon recycling coefficient of 0.6)65,71. 

The black arrows between the Suns–VOC and light J–V curves indicate the series 
resistance of solar cells. Insets: the PV parameters certified by ISFH. d, PLA 
and corresponding RS at the MPP derived by fitting J–V curves in b and c; rec, 
recombination. The loss of intrinsic recombination is not shown, and only  
the RS at the rear is analysed. For a full analysis of RS, see Supplementary Fig. 2a.
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amorphous context are labelled with different background colours, and 
the corresponding reciprocal spots in the FFT image are circled in the 
same colours. A large fraction of nanocrystalline domains is observed  
in the p-nc-Si:H layer, while the amorphous structure of the i-a-Si:H  
layer is completely intact, ensuring a well-passivated and contacted  
silicon surface. In practice, the growth of the p-nc-Si:H layer on i-a-Si:H 
film is a great technical challenge, especially for high-efficiency devices, 
where the crystalline phase should be localized within a thin layer to  
balance out detrimental parasitic absorption and resistive trans-
port. Here, the strategy for highly crystalline p-nc-Si:H involves fast  
nucleation at the initial stage, which was facilitated by CO2 plasma  
treatment on its underlying i-a-Si:H layer47,48, and selective removal of 
the amorphous fraction by the plasma with high hydrogen dilution. This 
led to the accumulation of dense crystallites into the a-Si:H matrix28.

Apart from the XC, electrical characteristics such as σ and Ea can 
reflect the quality of doped films. As shown in Fig. 3d, the p-nc-Si:H 

layer on glass exhibits a high σ > 3 S cm−1 and a low Ea < 16 meV. By con-
trast, the p-a-Si:H layer on glass shows values of σ ≈ 10‒4 S cm−1 and 
Ea ≈ 350 meV, respectively. The higher σ and lower Ea values are thus 
obtained from the p-nc-Si:H layer. We computed Ea from the equation

σ = σ0 exp (−Ea/kBT) , (2)

where kB is the Boltzmann constant and T is the temperature in kelvin49.  
The values of Ea for p-type semiconductors describe the energy  
difference between the Fermi level and the valence band maximum. 
A lower Ea in the p-nc-Si:H layer, therefore, indicates higher effective 
doping and work function. Note that the test films are deposited on 
two types of substrates (SiO2-coated textured silicon wafer and planar 
glass) using the same deposition processes. Correspondingly, the depo-
sited p-nc-Si:H layer on glass is about 1.7 times thicker than the layer 
grown on the pyramidal textured surface of c-Si wafer. Considering 
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Fig. 3 | Electrical and microstructure characterizations as well as band 
alignment analysis of HSCs based on p-a-Si:H and p-nc-Si:H. a, Raman spectra 
collected from p-a-Si:H–i-a-Si:H–glass and p-nc-Si:H–i-a-Si:H–glass samples. 
Gaussian fitting (colour shaded areas) was implemented on the characteristic 
peaks at 478 cm–1 (a-Si:H) and at 507 and 518 cm–1 (nc-Si:H)42,43. The XC was  
calculated by equation (1). b,c, TEM images of TCO–p-a-Si:H–i-a-Si:H–n-Si (b) and  
TCO–p-nc-Si:H–i-a-Si:H–n-Si (c) structures. The TEM images were captured 
on the Si (110) cross-section, and the corresponding FFT images (insets) were 
mathematically obtained. Crystallites in p-nc-Si:H with different orientation are 
distinguished by colour, and the corresponding reciprocal spots in FFT images are 
highlighted with coloured circles. The red arrows depict the growth direction of the 

silicon thin films on the Si (111) plane. d, Extraction of Ea for p-nc-Si:H and p-a-Si:H 
films without light soaking following equation (2) (dotted lines)49. e,f, Equilibrium 
band diagrams of HSCs based on p-a-Si:H (e) and p-nc-Si:H (f) related to the 
cross-sectional structures in b and c. EC, EV and EF denote conduction band energy, 
valence band energy and Fermi level, respectively. Insets: enlarged view of the black 
wire frames; there, ΔE equals the difference between EF and EV at the i-a-Si:H–n-Si 
interface. The collection path of holes across the heterojunction is depicted as a 
more complicated curve (red arrows) for p-a-Si:H to illustrate a more challenging 
transport mechanism at the relative interfaces, with respect to the p-nc-Si:H 
counterpart. Current is generated once the holes meet and recombine with the 
electrons (along blue arrows) at the interface of the TCO–hole transport layer.
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the thickness sensitivity of XC and Ea
31, the much smaller Ea value of the 

p-nc-Si:H layer on glass than that on the c-Si wafer is caused by varia-
tions in the thickness-dependent crystallization fraction. It should also  
be noted that the above tests are on samples without light soaking;  
the Ea plots of the samples under light soaking are shown in Supple-
mentary Fig. 4. With light soaking, the Ea and σ values of both films  
are slightly improved, except for the σ of p-a-Si:H; this increases by a 
factor of two to three. Although light soaking is used in final devices, 
it occurs at the front side of the solar cell. Thus, we assume that  
the properties of HSCs at the rear side are negligibly influenced, and  
the p-a-Si:H- and p-nc-Si:H-layer properties without light soaking 
should approximate conditions seen by real devices.

To evaluate the real device performance more accurately, we chose 
Ea values of 110.7 meV (346.8 meV) for p-nc-Si:H (p-a-Si:H) tested on  
textured silicon wafers as input parameters for simulated band  
diagrams. Here, to fit the tested I–V curves in Supplementary Fig. 5, the 
simulated I–V curves in Supplementary Fig. 6 were carefully regulated 
by adjusting the simulation parameters so that the accuracy of the 
technology computer-aided design (TCAD) simulated band diagrams 
shown in Fig. 3e,f is ensured. The p-layer change leads to adjustments 
from three aspects: (1) conductivity of the p layer itself, (2) band bend-
ing at the c-Si surface and (3) carrier transport at the TCO–p-layer inter-
face. All the three aspects have favourable influences on minimizing 
resistive losses in the HSC and consequently, yielding maximal FF in the 
devices. The relevant interpretation is elaborated as follows.

First, the p-nc-Si:H layer presents a much higher dark conductivity 
than the p-a-Si:H layer, which is beneficial for reducing resistive loss in 
the p layer itself. Second, compared with the p-a-Si:H case, the p-nc-Si:H 
layer has favourable band bending at the c-Si surface region. This is 
reflected by the smaller gap between the valence band maximum and 
the Fermi level (ΔE) (insets in Fig. 3e,f). The reason for this is the lower 
Ea, hence higher work function, of the p-nc-Si:H sample. The accumula-
tion of holes at the surface of n-Si for the p-nc-Si:H sample is also much 
higher than that of the p-a-Si:H case, leading to a larger difference 
between hole and electron concentrations and thus, an improvement 
in electrical passivation. Moreover, this enhanced band bending at the 
p layer–i layer–n-Si stack provides a lower and sharper energy barrier, 
which favours a collection of holes through tunnelling at the HSC. 

Accordingly, lower J0 and ρc in the p layer–i layer–n-Si stack is obtained. 
Third, holes in the p-layer valence band recombine with electrons in 
the TCO conduction band. As elaborated by Procel et al.50,51, the ρc  
variations at the interface are linked to the dominating carrier transport 
mechanisms and can be influenced by the energy alignment of the 
p layer–TCO contact. The p-nc-Si:H–TCO interface features a lower 
hole transport barrier than the p-a-Si:H–TCO case, as indicated in  
Fig. 3e,f. According to Fig. 3f, the energy alignment at the p-nc-Si: 
H–TCO interface could facilitate carrier transport through dominat-
ing BTBT, which is widely considered to be the most efficient carrier 
transport mechanism. By contrast, at the p-a-Si:H–TCO interface, 
trap-assisted tunnelling, which is usually a less efficient tunnelling 
mechanism than BTBT, is likely to dominate; this is confirmed by our 
simulated results in Fig. 3e. Therefore, a higher ρc at the p-a-Si:H–TCO  
interface is to be expected. It should be mentioned that the band  
gap of p-nc-Si:H (~1.7–2 eV) is simplified to be consistent with that  
of i-a-Si:H because it has little effect on the simulation result (J–V) if  
the Ea of the doped layer is small enough50–52.

Evaluation of holes selectivity
The replacement of the p-a-Si:H layer with a p-nc-Si:H layer 
improves the passivation quality and reduces ρc values at both the p 
layer–i-a-Si:H–n-Si contact and the TCO–p layer interface. These posi-
tive effects contribute to delivering a larger hole selectivity of the HSCs. 
Figure 4a shows the distributions of simulated solar cell efficiency 
and hole selectivity as functions of ρc and J0. We extract ρc and J0 of 
HSCs based on p-nc-Si:H directly from the measurements shown in 
Fig. 4b,c, while those of p-a-Si:H are evaluated according to the fitting 
parameters in Fig. 2 and Supplementary Fig. 1. The selectivity values 
are indicated by the blue lines, with S10 = log10[Vth/(J0 × ρc)] (refs. 53,54). 
For comparison, the S10 values of several typical HSCs with p layers of 
p-a-Si:H, p-SiCx:H and p-poly-Si:H are also included. As shown in Fig. 4a, 
from the top right corner to the bottom left corner of the plot, solar cell 
efficiency increases with the increase of S10 from 13 to 17. The solar cell 
with a p-nc-Si:H layer features S10 > 16, which is higher than solar cells 
using the p-a-Si:H (this work), p-SiCx:H (ref. 7) and p-poly-Si:H layers55,56. 
Provided that an ideal ESC and our p-nc-Si:H HSC are considered, the 
theoretical PCE of the resultant SHJ solar cells could reach up to 29.2%.
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Fig. 4 | Evaluation of the carrier selectivity of HSCs based on a p-nc-Si:H layer. 
a, Plot of ideal PCE as a function of contact resistivity ρc and recombination 
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and Jsc of 43.31 mA cm−2 per Richter’s limiting efficiency model. Blue lines (with 
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typical HSCs, including p-a-Si:H (this work; red circle), p-nc-Si:H (this work; red 
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marked for comparison. b,c, Experimental measurements of ρc by ECSM58,59 (b) 
and J0 by Sinton WCT-120 (c) for HSC based on p-nc-Si:H (ref. 6). Inset (b): the total 
series resistances (Rt) from different disks plotted against inverse area (1 S−1). 
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ref. 5 (here, the grey line indicating intrinsic lifetime, τintr, is taken from ref. 61).
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Three methods—the Cox and Strack method (CSM)57, the expanded 
Cox and Strack method (ECSM)58,59 and the transfer length method 
(TLM)60—were utilized to extract the ρc of HSCs based on p-nc-Si:H. 
Emphasis was placed on the ECSM, which can directly extract  
the ρc values of the TCO–p-nc-Si:H–i-a-Si:H–n-Si stack, as shown in  
Fig. 4b. The other two methods, which evaluate the ρc through  
measuring symmetric samples on a p-type silicon wafer (p-Si), are 
shown in Supplementary Fig. 7. The coloured lines in Fig. 4b are the 
dark current–voltage (dark I–V) curves of the ECSM disks with different  
diameters (the same as the CSM disks shown in Supplementary  
Fig. 7a but with the n-Si wafer as the substrate). The inset in Fig. 4b 
shows total series resistance (Rt) from different disks plotted against 
inverse area (1 S−1). From the linear fit (red dashed line), we can extract 
a ρc of 3.6 mΩ cm2. For comparison, the results extracted from  
CSM and TLM are 4.2 and 6.5 mΩ cm2, respectively.

A symmetric structure, shown in the inset of Fig. 4c, was used to 
characterize J0 for the HSC based on p-nc-Si:H. The transient mode 
of a Sinton measurement was used for testing minority carrier life-
time, and the results are indicated by red circles. The intrinsic recom-
bination mode presented by Black and Macdonald61 was used to fit 
the data, tuning the parameters of SRH recombination (τSRH; reflect-
ing the quality of silicon wafer) and J0 (representing the quality of  
surface passivation). The fitted total J0 is 1.0 fA cm−2. Considering the 
symmetry of the structure, it should be 0.5 fA cm−2 for the J0 of the 
p-nc-Si:H–i-a-Si:H–n-Si HSC.

The achievements in electrical performance of the p-nc-Si:H  
cell (26.30% PCE) define a state-of-the-art SHJ process on which 
advanced optical designs can be adopted to further promote PCE.  
As shown in Fig. 5a, with the same BJ processing as the p-nc-Si:H cell, 
reducing the shading ratio from 2.8 to 2.0% after using the laser transfer 
process and modifying the window layers of n-nc-SiOx:H, i-a-Si:H and 
TCO at the front (such as reducing the thickness of n-nc-SiOx:H and 
i-a-Si:H, increasing the oxygen content of n-nc-SiOx:H and decreasing 
the carrier density of TCO) to minimize the parasitic absorption, we 
achieved a higher PCE of 26.74% with the increase of JSC to 41.16 mA cm−2. 
The slight reduction of FF is mainly due to the change of front metal 
fingers. In addition, VOC increases by 0.9 mV, possibly enhanced by 
the higher JSC. The external quantum efficiency spectrum and main 
optical loss of each layer are shown in Fig. 5b. The absorption by 
n-Si fits well with the Institute for Solar Energy Research in Hamelin 
(ISFH)-certified one, and the slight deviation at short wavelength 
may arise from the refractive indices used in the simulation. The front 
grid electrode causes a decrease of 0.97 mA cm−2 in JSC, accounting 

for a shading fraction of 2.0%. In the ultraviolet range, the front TCO, 
n-nc-SiOx:H and i-a-Si:H dominate the loss due to parasitic absorption. 
In the near-infrared range, the major source of loss is the escape of  
light from the front, which is attributed to reflection by the test chunk 
due to the limited wafer thickness. With introducing an additional 
reflective MgF2/Ag stack at the rear side and regulating the transmit-
tance of TCO, the JSC was further improved to 41.45 mA cm−2 due to  
the optical gain, while FF decreased to 86.07% due to the decrease  
of TCO conductivity. Finally, the PCE was improved to 26.81%. The 
certified J–V curve of the device is reported in Supplementary Fig. 8.

Conclusion
Through introducing nanocrystallization technology in the doped layer 
at carrier-selective contacts for both polarities, we achieve a record effi-
ciency of 26.81% and on a different cell, an extremely high FF (86.59%) 
on M6-sized BJ SHJ solar cells. Two types of SHJ solar cells equipped with 
p-type transporting layers of amorphous silicon and nanocrystalline 
silicon are comprehensively investigated; we study their power loss, 
contact resistivity, transport mechanism and so on. Structural and 
electrical characterizations of the boron-doped nanocrystalline silicon 
films indicate that a higher XC (>63%), an increase in conductivity of four 
orders of magnitude (in comparison with p-type amorphous silicon) 
and an ultralow Ea (<115 meV) are the main causes of its excellent electri-
cal performance. Because of the low Ea of p-nc-Si:H, it is easy to enable 
BTBT at the n-type TCO–p-nc-Si:H interface and achieve sharp band 
bending at the i-a-Si:H–n-Si interface, facilitating efficient transport 
and collection of holes across the whole junction. Our study shows that 
the implementation of p-nc-Si:H together with a modified TCO greatly 
reduces the contact resistivity of HSC, from >100 to <5 mΩ cm2. The 
total series resistance of the solar cell is reduced from the original 0.37 
to 0.2 Ω cm2, yielding a record FF for single-junction silicon solar cell.

Methods
Solar cell fabrication
In this work, solar cells were fabricated by the commercial SHJ research 
and development line on LONGi M2 (the 25.26% efficiency SHJ solar 
cell) or on an M6 Czochralski n-Si wafer with a resistivity of 1.2–1.5 Ω cm 
and a thickness of 130 μm in (100) orientation. The n-Si wafer was first 
cleaned and textured by a wet chemical process. Before subsequent 
deposition, the thickness of the n-Si wafer was confirmed by weight 
measurement. Radiofrequency plasma-enhanced chemical vapour 
deposition was used to prepare i-a-Si:H, and then, very high-frequency 
plasma-enhanced chemical vapour deposition (40.68 MHz) systems 
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comparison.
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were used to deposit n-nc-SiOx:H, p-a-Si:H and p-nc-Si:H layers during 
the device fabrication. For the i-a-Si:H–n-Si interface of the 25.26% cell, 
an ultrathin 0.5- to 1.0-nm buffer layer, rich in H content, was intro-
duced to improve the passivation.12 While for that of 26.30, 26.74 and 
26.81% cells, an O-terminated Si surface, grown by a self-limiting wet 
chemical oxidation process (using HF/H2O2 solution), was introduced 
to suppress Si epitaxy62–64. Before deposition of p-nc-Si:H, CO2 plasma 
treatment was carried out on i-a-Si:H, which forms a thin barrier layer 
for impeding the damage. Supplementary Table 6 shows the detail 
parameters of the growth process for doped layers. The TCO layers 
used in 25.26% cells were prepared by direct current sputtering with 
rotationally target, while the updated TCO layers used in 26.30, 26.74 
and 26.81% cells were grown by the reactive plasma deposition tech-
nique. The material of the updated TCO is 1 wt% CeO2 doped In2O3, while 
that of original TCO is SCOT (name of commodity; manufactured by 
Advanced Nano Products) for the front side and conventional 10 wt% 
SnO2 doped In2O3 for the rear side of the device. Silver grid electrodes 
were printed followed by annealing at 190 °C for 30 min. With the 
improvement of the metallization process, the metal fraction of the 
front electrode for different SHJ solar cells decreased from 3.2 to 2.0%, 
while the rear electrode patterning with fingers and bus bars remained 
basically unchanged. For the above situation of 2.0% metal fraction, 
laser transfer process was introduced to make the front finger. To 
further increase JSC, a 150-nm-thick MgF2 film was evaporated on the 
front TCO layer as a second antireflective coating. For 26.81% cell, an 
additional 120-nm-thick MgF2/150-nm-thick Ag stack was evaporated 
on the rear TCO layer, which means this cell is a monofacial solar cell. 
Finally, light soaking under 60 suns was carried out for 90 s at 190 °C.

PLA
Two methods were utilized for the PLA of the solar cells with PCEs 
of 25.26% (p-a-Si:H cell) and 26.30% (p-nc-Si:H cell). One is based on 
Quokka2 software (as shown in Fig. 2), and the other is referring to a 
simple recombination model (as shown in Supplementary Fig. 1). For 
the Quokka2 simulation, the unit cell was modelled in two dimensions 
to calculate the power loss in the transversal transport of carriers 
between two fingers. The input parameters were primarily obtained 
from measurements 'Characterizations'. The line resistance of the 
finger and the contact resistivity of the heterojunction were consid-
ered as series resistance in an external circuit. The optical path-length 
factor (Z) was set as 4n2, and the transmittance was adjusted to match 
the simulated JSC to that of actual cells. The τSRH of the silicon wafers was  
set by adjusting the values of σn, σp and the defect density of the SRH defect 
(Nt). τSRH, J01 (surface recombination) and Rs were further tuned to obtain 
agreement between the light J–V and the Suns–VOC curves. Richter’s  
Auger mode was chosen, and the value of radiation recombination was 
changed to 0.4 × Brad with a photon recycling probability of 0.6 (ref. 65). 
Other parameters in the simulation are listed in Supplementary Table 4.  
It should be noted that since band gap narrowing is not considered in 
this model, the corresponding VOC may deviate somewhat from the 
experimental value. For the simulation by the simple recombination 
model method, we first assume a uniform quasi-Fermi level and then 
fit the Suns–VOC and light J–V curves by adding the formulas of intrinsic 
recombination, SRH recombination, surface recombination, series 
resistance and so on. The specific fitting parameters, consequent 
results and corresponding descriptions are shown in Supplementary 
Discussion 1 and Supplementary Fig. 1.

Electrical simulation
The band diagrams in Fig. 3e,f and the dark I–V curves in Supplementary 
Fig. 6 were calculated by using Sentaurus TCAD based on drift-diffusion 
models. The simulation structure of the testing device is illustrated in 
Supplementary Fig. 7a but with n-Si as the substrate: that is, a stacked 
film of Ag–TCO–p-nc-Si:H (or p-a-Si:H)–i-a-Si:H on bulk n-Si with a disk 
shape on the front surface and a full-area ohmic contact on the rear 

surface of the n-Si substrate. Physical models, including surface recom-
bination, Auger recombination in substrate and thermionic emission 
at proper interfaces, are taken into consideration. Moreover, p-a-Si:H 
and p-nc-Si:H layers feature spatially uniformly distributed traps in the 
exponential and Gaussian energy distributions50. Trap-assisted tun-
nelling and BTBT models are also considered at the TCO–p-nc-Si:H (or 
p-a-Si:H) interface. The specific film parameters are shown in Supple-
mentary Table 7. The simulated results are consistent with the experi-
ments (Supplementary Figs. 5 and 6 and Supplementary Discussion 2).

Optical simulation
The optical simulation in Fig. 5b was performed using the SunSolve 
software provided by PV Lighthouse. In the simulation, we use refrac-
tive indices from the literature66–70 except for the TCO film, which we 
measured by ellipsometry. In SunSolve, ray tracing and thin-film optics 
were adopted with a Monte Carlo algorithm for sampling and averag-
ing the absorption in each layer. Here, 1 million rays with zero zenith 
angle and air mass 1.5G were randomly generated for better confidence 
of the statistics; the 95% confidence interval of cell absorption is less 
than 0.01 mA cm−2.

Characterizations
The light J–V curves of the solar cells were tested and certified by ISFH 
(Supplementary Fig. 8); gold‐coated brass chuck was used to mount 
the solar cells, and the resistance of the grid at the rear side and of 
bus bars at the front side was neglected. The pseudo light J–V curves 
were extracted from a Suns–VOC measurement. The Suns–VOC mod-
ule of a Sinton WCT-120 instrument was used to collect the changes 
in voltage of the device by reducing the light intensity of the flash-
light; these were computationally transformed them into Suns–VOC 
curves. Raman spectra were obtained with a Horiba LabRAM Odyssey  
Raman spectrometer with a 325-nm excitation laser. Test films were 
deposited on cleaned glass substrates using the same deposition pro-
cesses as the solar cells. The morphology of heterojunctions, consisting 
of TCO-coated doped amorphous and nanocrystalline silicon films  
on c-Si bulk, was observed by TEM, and the test samples were prepared 
by the focused ion beam method. Activation energies were calculated 
from measurements of electrical conductivity as a function of test 
temperature. Electrical conductivities were calculated from I–V curves 
measured by a semiconductor analyser (Keithley 4200A-SCS). It should 
be noted that the 50-nm isolation layer of SiOx film was deposited by 
plasma-enhanced chemical vapour deposition before the deposition 
of p-nc-Si:H or p-a-Si:H on the pyramid-textured silicon wafers. Contact 
resistivity tests were carried out using the CSM, ECSM and TLM; the 
details are shown in Fig. 4b and Supplementary Fig. 7. Sinton’s minority 
carrier lifetime test was used to characterize the passivation quality on 
a symmetric structure of p-nc-Si:H–i-a-Si:H–n-Si–i-a-Si:H–p-nc-Si:H 
(Fig. 4c). The transient mode of a Sinton measurement was used for 
testing the minority carrier lifetime. Pyramid-textured n-Si wafers 
with a thickness of about 130 μm and resistivity of about 1.59 Ω cm 
were used as the substrates.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in the 
published article and its Supplementary Information. Source data are 
provided with this paper.
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