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FIG. S1 | Simulated cross-section images of excess carrier distribution in the c-Si bulk of SHJ solar cells. 

a, Front junction SHJ solar cell with front TCO sheet resistance of 44 Ω/□, c-d, Rear junction SHJ solar cells 

with different front-side TCO layers. e, Rear junction solar cells without front-side TCO for carrier 

collection.  
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FIG. S2 | Simulated cross-section images of current density distribution in the c-Si bulk of SHJ solar cells. 

a, Front junction SHJ solar cell with front TCO sheet resistance of 44 Ω/□, c-d, Rear junction SHJ solar cells 

with different front-side TCO layers. e, Rear junction solar cells without front-side TCO for carrier 

collection. The text boxes in the middle show the vector of current flows [U, V] in the position [X, Y]. 
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Fig. S1 shows the simulated excess carrier distribution in the c-Si bulk under 1 sun illumination. 

The excess carrier density is below 2.2×1015 cm-3, which is about half of the doping concentration 

of the c-Si bulk (4.5×1015 cm-3). The excess carrier density is lower in front junction than in rear 

junction solar cells. As the TCO sheet resistance reduces, the excess carrier density increases in 

the c-Si bulk. The lateral gradience in excess carrier distribution indicates a diffused current in the 

bulk. 

Fig. S2 shows the simulated carrier current distribution inside the c-Si bulk. The result shows 

that for both front junction and rear junction SHJ solar cells, the bulk conduction contributes to 

the carrier collection. As shown in Fig. S2a and S2b, there are lateral electron currents in the c-Si 

bulk even when the sheet resistance (Rsheet) of TCO is quite low. On the other hand, the current 

density is much higher in rear junction SHJ solar cell than in front junction SHJ solar cell with 

similar TCO sheet resistance. As the TCO sheet resistance increases from 40 Ω/□ to 2000 Ω/□ in 

rear junction solar cells, the electron currents in the c-Si bulk increases as shown in Fig. S1b-S1d, 

which indicates that the currents in the TCO layers transfer to the bulk with decreasing TCO lateral 

conduction. When the TCO is completely removed (Fig. S2e), all the currents are transferred to 

the c-Si bulk and the c-Si bulk takes over the whole lateral conduction for the solar cell.  

 

Figure S3 | Simulated series resistance versus illumination intensity for SHJ solar cells with different 

structures. For the simulation results, the TCO sheet resistance was set as 160 Ω/□ for both front junction 

and rear junction SHJ solar cells, respectively. The simulated series resistance was calculated from the 

integral of the resistive losses in the model. 
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    It is worth noting in Fig. S3 that for rear junction solar cells, although the series resistance is 

slightly higher for TCO-free solar cell than with TCO at 1 sun, the series resistance becomes the 

same when the illumination increases to over 4 suns. This indicates that at high illuminations, the 

conduction in absorber dominates the lateral conduction, and the mild lateral collection advantage 

with front TCO has vanished. 

      

Figure S4 | Optical spectra comparing both side and front side TCO-free SHJ solar cells. a, External 

quantum efficiency spectra and b, Reflectance spectra. 

With lateral c-Si bulk conduction, we are able to stop relying on TCO for the conduction. 

However, when the rear side TCO was removed, the short-circuit current density reduces. In Figure 

S4, the external quantum efficiency and reflectance are compared for the solar cells with and 

without rear TCO. Higher reflectance in long wavelength was observed when the solar cell uses 

rear side TCO, which gives rise to the higher external quantum efficiency absorption in the long 

wavelength range. It has been reported that Ti is a poor back reflector for solar cells1. A good back 

reflector is needed in the coming development to improve the optical absorption2,3. 

Although the parasitic absorption of TCO layer is removed in front-side TCO-free solar cells 

giving rise to 1 mA/cm2 increase in external quantum efficiency, the short-circuit current density 

is not prominently improved. The reason is shown in Fig. S5a. Compared to conventional SHJ 

solar cell with front TCO, the external quantum efficiency drops more severe for the front TCO-

free SHJ solar cell when the fingers is included in the measurement. Both samples are screen 

printed in a similar process with low temperature silver paste for SHJ solar cells, indicating similar 

finger widths (Ti/Au/Ag contact is fabricated before screen printing for TCO-free solar cells but 
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there is minor influence in the finger width). Electroluminescence (EL) was performed on front-

side TCO-free SHJ solar cells with screen printed finger contact and thermal evaporated silver 

fingers, respectively, as shown in Fig. S5b. The EL signal shows a flat luminous intensity between 

fingers for the sample with evaporated fingers, while a round shape luminous intensity is shown 

when screen printed fingers is used. This could indicate a current loss in the area adjacent to the 

finger. The microscopy image of screen-printed finger in Fig. S5c reveals a spreading of organic 

solvent beside the finger. After printing the finger, organic solvent spreads out from the fingers 

before it is dry out in the annealing oven.  

      

                                                                                                     

Figure S5 | Influence of metallization on front-side TCO-free SHJ solar cells. a, External quantum 

efficiency comparison between SHJ solar cells with and without front-side TCO layer. b, 

Electroluminescence comparison between screen printed finger and evaporated finger for front-side TCO-

free solar cells. c, Optical microscopy image of a screen-printed finger. d, Simulated external quantum 

efficiency with different local surface recombination velocity around the finger area for front-side TCO-

free solar cells. 
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Although the parasitic absorption of TCO layer is removed in front-side TCO-free solar cells 

giving rise to 1 mA/cm2 increase in external quantum efficiency, the short-circuit current density 

is not prominently improved. The reason is shown in Fig. S5a. Compared to conventional SHJ 

solar cell with front TCO, the external quantum efficiency drops more severe for the front TCO-

free SHJ solar cell when the fingers is included in the measurement. Both samples are screen 

printed in a similar process with low temperature silver paste for SHJ solar cells, indicating similar 

finger widths (Ti/Au/Ag contact is fabricated before screen printing for TCO-free solar cells but 

there is minor influence in the finger shading loss). Electroluminescence (EL) was performed on 

front side TCO-free SHJ solar cells with screen printed finger contact and thermal evaporated 

silver fingers, respectively, as shown in Fig. S5b. The EL signal shows a flat luminous intensity 

between fingers for the sample with evaporated fingers, while a round shape luminous intensity is 

shown when screen printed fingers is used. This could indicate a current loss in the area adjacent 

to the screen-printed fingers. The microscopy image of screen-printed finger in Fig. S5c reveals a 

spreading of organic solvent beside the finger. After printing the finger, organic solvent spreads 

out from the fingers before it is dry out in the annealing oven.  

It is not clear yet how the organic solvent affects the external quantum efficiency and EL image. 

Simulation in Fig. S5d shows that the reduced local passivation adjacent to the finger area reduces 

the external quantum efficiency. However, an open-circuit voltage of over 730 mV was achieved 

for the front-side TCO-free SHJ solar cell, which indicates a decent passivation quality. On the 

other hand, influence could be in the optics, which is reflected in the different color in the area of 

organic solvent spreading as shown in Fig. S5c. Nevertheless, these results indicate that the current 

screen-printing silver paste for SHJ solar cell is not well adapted to this design with no TCO as 

buffer layer, and a suitable metallization method has to be developed before mass production of 

TCO-free SHJ solar cells.  
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Figure S6 | TLM measurement on a-Si:H and Ti/Au/Ag contacts. 15 nm a-Si:H(n+)/metal contacts a, 

without and b, with ozone oxidation treatment. And 30 nm a-Si:H(p+) contacts/metal c, without and d, 

with ozone oxidation treatment. 

The contact resistivities of a-Si:H and Ti/Au/Ag metal stacks are shown in Fig. S6. Before 

performing ozone oxidation on the interface, the contact resistivity of a-Si:H (p+)/metal stack is 

about 10 times higher than that in a-Si:H (n+)/metal stack. For both a-Si:H(p+)/metal and a-

Si:H(n+)/metal contacts, the contact resistivity does not increase when an extra ozone oxidation 

process was introduced. The constant contact resistivity is explained by that titanium forms 

excellent contacts with silicon by reacting with the interface silicon oxide during evaporation 

process4. For the solar cell performance, the open-circuit voltage is improved while the fill factor 

is not influenced by the insert of the oxide layer. 
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Figure S7 | Secondary ion mass spectrometry spectra at the metal and a-Si:H interfaces. The Ag+, Au+ 

and 30Si+ spectra were measured with O2 sputtering, while TiO- and O- spectra were measured with Cs 

sputtering. Due to the different sputter speed using O2 and Cs, the spectra of TiO- and O- were expanded 

by 2.5 times. 

The metal/a-Si:H interface was further explored by secondary ion mass spectrometry (SIMS), 

as shown in Fig S7. The SIMS measurement shows that the TiO- and O- signal increases at the 

Ti/a-Si:H interface with ozone oxidation, which proves that oxide layer is formed by ozone process. 

For the metal diffusion, it can be observed that Ag and Au diffuse into Ti layer. On the other hand, 

the metal diffusion into a-Si:H is not clearly shown due to the detection limit. 

 

Figure S8 | Development of integrating ozone oxidation into TCO-free SHJ solar cell.  
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When the ozone oxidation was applied on the TCO-free SHJ solar cells, the open-circuit voltage 

was improved, showing a good protection effect for the a-Si:H/metal contacts. However, a low fill 

factor was measured even though the a-Si:H/metal contact resistivity is almost the same after 

ozone treatment. The low fill factor was then solved by HF etching of the SiOx grown on the rear 

surface. This indicates that the low FF results from a poor rear contact of a-Si:H(p+)/SiOx/ITO. 

The HF rear etching time was then reduced from 10 min to 10 s to avoid the HF damage on 

passivation of the rear surface. By doing so, an efficiency improvement of 0.5%abs was achieved 

by integrating the ozone oxidation into the TCO-free SHJ solar cells. And a comparison in Table 

S1 indicates a superior performance of the TCO-free SHJ solar cell reported in this work. 

Table S1 comparison of front-side TCO-free SHJ solar cells 

 
Front side 

metallization 

Finger width 

[µm] 

Pitch 

[mm] 
FF [%] Voc [mV] Jsc [mA/cm2] η [%] 

Choi’s 

work5 
photolithography 2-3 0.2 75.3 608 37.1 17.0 

In this 

work 

Evaporation and 

screen printing 
55-65 1.8 79.9 729.4 38.3 22.3 

 

      

Figure S9 | Simulated solar cell performances of TCO-free SHJ solar cells. a, Short-circuit current density 

and open-circuit voltage. b, Series resistance and fill factor. 

The possibility of absorber conducted TCO-free SHJ solar cell with thin Si wafer is simulated 

in Quokka3. As shown in Fig. S9, the short-circuit current density decreases and the open-circuit 
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voltage increases when the wafer thickness reduces. The series resistance is lower than 0.6 Ωcm2 

when the wafer thickness is reduced to 30 µm, yielding a fill factor of over 80.3%. This simulation 

result indicates that the absorber conducted concept can also be used on thin c-Si wafer SHJ solar 

cells to enable the TCO-free design. 
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