
1Scientific Reports |         (2019) 9:12051  | https://doi.org/10.1038/s41598-019-48504-7

www.nature.com/scientificreports

Enhancing the photovoltaic 
performance of hybrid 
heterojunction solar cells by 
passivation of silicon surface via a 
simple 1-min annealing process
Rongbin Xie1, Naoya Ishijima1, Hisashi Sugime   1 & Suguru Noda   1,2

Solution-based heterojunction technology is emerging for facile fabrication of silicon (Si)-based 
solar cells. Surface passivation of Si substrate has been well established to improve the photovoltaic 
(PV) performance for the conventional bulk Si cells. However, the impact is still not seen for the 
heterojunction cells. Here, we developed a facile and repeatable method to passivate the Si surface by a 
simple 1-min annealing process in vacuum, and integrated it into the heterojunction cells with poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) or carbon nanotube (CNT). A thin and 
dense oxide layer was introduced on the Si surface to provide a high-quality hole transport layer and 
passivation layer. The layer enhanced the power conversion efficiency from 9.34% to 12.87% (1.38-
times enhancement) for the PEDOT:PSS/n-Si cells and from 6.61% to 8.52% (1.29-times enhancement) 
for the CNT/n-Si cells. The simple passivation is a promising way to enhance the PV performance of the 
Si cells with various solution-based heterojunctions.

Solar energy is one of the sustainable and renewable energy sources for generating electricity and clean fuels. To 
meet the increasing demand for energy, researchers have paid enormous attention to the solar cells which can 
harvest sun’s inexhaustible energy and convert it into electricity by photovoltaic (PV) effect1. Nowadays, silicon 
(Si) remains the most widely employed material in solar cells manufacturing due to the low cost, lack of toxicity, 
and small electronic band gap from near-infrared to visible light2,3. However, one of the main limitations of Si 
solar cells is their high temperature and complex manufacturing process4. Therefore, simple solution-based fabri-
cation of Si heterojunction solar cells is a promising method to further reduce the cost of the PV devices.

Heterojunction solar cells enable high power conversion efficiency (PCE) by making charge carrier selective 
contacts to the absorber materials5. Recently, Si solar cells hybridized with organic semiconductors6–8, quantum 
dots9–11, and carbon nanomaterials12–14 have attracted a great deal of research interest owing to their promise 
of room-temperature manufacturing and solution processing capability. As one of the new type low-cost solar 
cells, the poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) based Si solar cell showed 
an encouraging PCE of above 14%, significantly promoting the development of Si heterojunction solar cells15. 
Previously, we demonstrated solution-processed carbon nanotube (CNT)/n-Si heterojunction solar cells with a 
PCE of 10.4% based on the textured n-type Si wafer and p-type CNT films16. Surface passivation of Si substrate 
has been established well for the PV performance enhancement of the conventional bulk Si cells but was usually 
overlooked in these heterojunction cells. Pristine Si usually has high concentration non-saturated dangling bonds 
at the surface that cause high local carrier recombination rates17,18. Inserting a thin passivation layer between Si 
and contact materials could provide an intermediate “i” region for the p-i-n device, which greatly suppresses 
the carrier recombination and builds an internal electrical field19–21. For conventional bulk Si solar cells, various 
approaches such as thermal oxidation, plasma enhanced chemical vapor deposition, atomic layer deposition 
have been shown to be effective in performance enhancement, but such passivation methods are based on long 
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time, high temperature and/or complex processes2,22. To realize the new solution-based heterojunction solar cells, 
surface passivation has been studied by exposure to the ambient atmosphere or chemical oxidation. However, 
these methods are very sensitive to the environmental conditions, leading to a low-quality passivation layer23,24. 
Therefore, it is essential to realize a high-quality passivation layer via a simple process.

Herein, we passivated the n-Si substrate surface with a thin and dense oxide layer by a quick annealing process 
in vacuum (1 min, 500–550 °C, <5 × 10−4 Pa), which will greatly reduce the passivation time and cost. Moreover, 
we integrated the surface-passivated n-Si with two types of heterojunctions: PEDOT:PSS/n-Si and CNT/n-Si. The 
simple passivation proved effective in enhancing the fill factor (FF) and PCE. Future prospect for the low-cost, 
flexible thin-film Si solar cells is also discussed.

Methods
Passivation of n-Si substrate.  n-Si (100) substrate (1–5 Ω cm with P as dopant) that has a 500 nm-thick 
thermal oxide layer (SiO2) with an opening (φ = 2 mm, active area of 3.14 mm2) was used. It was dipped into 
4.7 wt% hydrofluoric acid (HF) for 30 s and rinsed in isopropanol (IPA) and purified water to remove the native 
oxide layer on the opening. Then the n-Si substrate was set in a vacuum chamber, whose base pressure was kept at 
5 × 10−4 Pa by a turbo molecular pump. Annealing was performed by heating the n-Si substrate at ~400 °C/min to 
a target temperature T of 400–800 °C, holding it at T for a target time t of 0–10 min, and cooled down at ~400 °C/
min below 400 °C (Supplementary Information, Fig. S1). During the annealing process, the pressure increased 
with temperature to 2 × 10−2 Pa at maximum.

Fabrication of PEDOT:PSS/n-Si solar cells.  PEDOT:PSS aqueous dispersion (200 μL, 500 S/cm, 
Heraeus Deutschland GmbH & Co. KG, Leverkusen, Germany) was mixed with IPA (50 vol%). The mixture was 
spin-coated onto the passivated n-Si substrate at 2000 rpm for 60 s, and subsequently annealed on a hot plate at 
130 °C for 10 min in ambient air. To reduce the edge effect and avoid the short circuit, we covered the edges of the 
n-Si substrate by a mask during the spin-coating process. To complete the solar cell, a top gold (Au) anode with 
a 2.2 mm-sized opening (square or circle) was formed onto the PEDOT:PSS by sputtering using a mask, and a 
bottom indium (In) cathode was formed on the backside of the n-Si by welding.

Fabrication of CNT/n-Si solar cells.  The CNT/n-Si solar cells were fabricated following the procedure in 
the previous report16. CNT (1 mg, MEIJO eDIPS, EC grade; MEIJO Nanocarbon Co., Ltd., Nagoya, Japan) was 
dispersed in sodium dodecylbenzenesulfonate (SDBS, Sigma Aldrich, St. Louis, MO, USA) aqueous solution 
(0.5 wt%, 10 mL) by bath sonication for 3 min. The dispersion (100 μL) with water (~15 mL) was vacuum filtrated 
onto a hydrophilic membrane filter (pore size 0.1 μm, VCWP, Merck Millipore, Darmstadt, Germany) to form 
the CNT film. After filtration, the film was washed by filtrating purified water (100 mL), soaked in water to have 
it float on the water surface, and heated at 95 °C in a water bath for 70 min to remove the SDBS. The CNT film on 
the hot water was then scooped onto the n-Si substrate, and a drop of ethanol was placed and dried on the surface 
to build a good contact between CNT and n-Si. The top Au anode with 2.2 mm-sized opening was formed on 
the CNT film by sputtering using a mask, and the bottom In cathode was formed on the backside of the n-Si by 
welding.

Characterization and measurement.  The optical transmittance and sheet resistance measurements 
were performed by forming PEDOT:PSS and CNT films on quartz glass and polyethylene terephthalate (PET) 
substrates, respectively. Their optical transmittance was obtained by using ultraviolet-visible spectrophotometry 
(UV-Vis; V-630, JASCO, Tokyo, Japan) and the sheet resistance was measured by the four-point probe method. 
The passivation layers formed on the n-Si substrates were analyzed by X-ray photoelectron spectroscopy (XPS; 
JEOL JPS-9010TR, Tokyo, Japan) and spectroscopic ellipsometry (UVISEL ER AGMS iHR320, Tokyo, Japan). 
For the spectroscopic ellipsometry, three samples were prepared for each condition and three points were ana-
lyzed for each sample. The PV performance was evaluated by making four cells for each condition and analyzing 
them by a solar cell evaluation system (JASCO YQ-2000, Tokyo, Japan) under a solar simulator (CEP-2000MLQ, 
Bunko-keiki, Tokyo, Japan, xenon lamp, AM 1.5 G spectral illumination of 100 mW cm−2). The irradiation inten-
sity was calibrated by a standard Si photodiode device (BS-500BK, SN/182). The external quantum efficiency 
(EQE) was evaluated for some cells by using a xenon lamp attached to a monochromator (300–1200 nm) by a 
CEP-2000 integrated system (Bunko-keiki, Tokyo, Japan). A light blocking mask with a hole (φ = 2 mm) made 
out of Ni foil with a size of 10 × 10 mm2 and a thickness of 50 μm was placed on the solar cell during evaluation to 
standardize the amount of incident light.

Results and Discussion
PEDOT:PSS/n-Si solar cells without and with passivation.  We first investigated the effect of the pas-
sivation on the PV performance for the PEDOT:PSS/n-Si heterojunction solar cells. PEDOT:PSS is one of the 
excellent and commonly used conductive materials due to the high conductivity, appropriate work function, and 
good film forming properties25,26. A PEDOT:PSS film was obtained on the passivated n-Si by spin-coating the 
PEDOT:PSS and IPA mixed solution. The thickness was controlled by modulating the spin-coating speed and 
time. The relationship between transmittance and resistance of the films are shown in Fig. S2. PEDOT:PSS films 
with an optical transmittance of T = 92% at 550 nm wavelength and a sheet resistance of 150 Ω/sq were used in 
this experiment (Fig. 1a). Figure 1b shows the schematic of the PEDOT:PSS/n-Si heterojunction solar cell with 
an oxide layer.

To investigate the passivation condition for the high PV performance of the PEDOT:PSS/n-Si heterojunction 
solar cells, the annealing time and temperature were changed over a wide range. Figure 1c shows the J–V curves of 
solar cells fabricated with n-Si passivated at 500 °C for 0, 1, 3, and 10 min. With increasing annealing time from 0, 
1, to 3 min, FF increased from 0.65 to 0.71 while open circuit voltage (Voc) decreased from 0.56 to 0.52 V, leading 
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to PCEs of 11.31%, 12.22%, and 10.96%. Further increase in annealing time resulted in poor FF. Thus we fixed 
the annealing time at 1 min. The J–V curves of solar cells fabricated with n-Si passivated at 400, 500, 550, 600, 
700, and 800 °C for 1 min were shown in Fig. 1d. FF reached the highest value of 0.73 and yielded the high PCE 
of 12.65% by the passivation at 550 °C. As the temperature continued to increase, Voc and short circuit current 
density (Jsc) started to decrease which resulted in low PCEs. However, the FF was maintained at a relatively high 
value (above 0.60), indicating the formation of a high-quality passivation layer. The dark J−V characteristics are 
shown in Fig. S3 and the corresponding PV parameters of these solar cells are summarized in Table 1, revealing 
that the good passivation was achieved by quick annealing at 500–550 °C for 1 min.

Then the n-Si substrates without and with passivation at 500 °C for 1 min were investigated by XPS (Fig. S4). 
The Si 2p spectra had a minor peak at ~102 eV, which can be assigned to SiOx (Fig. S4b). Also the O 1 s spectra 
showed a peak located around 532.5 eV, which is consistent with the Si-O group (Fig. S4c). The intensities of 
the two peaks associated with SiOx increased after annealing, showing the growth of SiOx by annealing. Then 
the passivation layer prepared by various conditions were further characterized by ellipsometry. Three samples 
were prepared for each passivation condition and three points were analyzed for each sample (Fig. 2a,b). The 

Figure 1.  (a) The PEDOT:PSS film spin-coated on the quartz glass substrate. (b) A schematic of the 
PEDOT:PSS/n-Si heterojunction solar cell with the passivated oxide layer. The J–V curves of the PEDOT:PSS/
n-Si heterojunction solar cells with n-Si substrates passivated (c) at 500 °C for 0–10 min and (d) at 400–800 °C 
for 1 min.

Temperature 
(°C)

Time 
(min) Jsc (mA/cm2) Voc (V) FF PCE (%)

500 0 31.26 ± 0.32 0.560 ± 0.002 0.652 ± 0.005 11.31 ± 0.15

500 1 32.64 ± 0.42 0.562 ± 0.008 0.676 ± 0.009 12.22 ± 0.23

500 3 30.41 ± 0.24 0.520 ± 0.007 0.707 ± 0.006 10.96 ± 0.10

500 10 29.67 ± 0.25 0.470 ± 0.010 0.513 ± 0.007 7.16 ± 0.18

400 1 29.90 ± 0.61 0.543 ± 0.006 0.503 ± 0.013 8.20 ± 0.04

550 1 30.84 ± 0.16 0.564 ± 0.005 0.725 ± 0.014 12.65 ± 0.18

600 1 30.13 ± 0.45 0.506 ± 0.011 0.675 ± 0.009 10.27 ± 0.12

700 1 27.62 ± 0.32 0.432 ± 0.003 0.674 ± 0.007 8.05 ± 0.08

800 1 27.07 ± 0.18 0.370 ± 0.005 0.625 ± 0.014 6.26 ± 0.17

Table 1.  PV characteristics of the PEDOT:PSS/n-Si heterojunction solar cells with different passivation 
conditions. Average and standard deviation are shown based on the results of the four cells fabricated for each 
condition.
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n-Si substrate after etching in HF for 30 s had a surface layer with a thickness and refractive index of around 0.5–
0.6 nm and 1.458, respectively. The n-Si substrates had surface layers with increased thicknesses of 0.9–1.5 nm, 
and the thickness increased as the annealing time and temperature increased. The refractive index was higher for 
the layer with annealing (1.465–1.470) than without annealing (~1.458), indicating a higher density for the oxide 
layer formed by annealing when compared to the native oxide layer on HF-treated Si surface. The low-pressure, 
quick annealing makes the oxygen feed small and the oxide layer thin while the high-temperature condition 
enhances the atomic diffusion and makes the structure of the oxide layer relax well.

Annealing at 500–550 °C for 1 min yielded good passivation layers of 1.0–1.1 nm (Fig. 2a,b) which signifi-
cantly enhanced the PV performance (Fig. 1c,d). However, annealing at higher temperature or longer time made 
the oxide layer thicker, resulting in the degraded performance. Then we calculated the series resistance (Rs) and 
shunt resistance (Rsh) of the solar cells based on their J–V curves. Rs is related to the charge transport and the con-
tacts between interfaces, and Rsh is a typical parameter that is related to manufacturing and internal defects27,28. 
This significant enhancement in FF was revealed by the lower Rs and higher Rsh of the solar cells (Table 1, Fig. S5). 
From the Rs and Rsh of the devices, we deduced the working mechanism of the passivation layer. When the oxide 
layer has insufficient thickness and/or density, the carrier recombination is not suppressed efficiently, resulting in 
a large dark current similar with the solar cells without passivation29. With the proper annealing, the dense and 
thin oxide layer forms on the n-Si surface, which passivates the dangling bonds on the n-Si surface to enhance Rsh 
and diode properties while permitting the hole transport by the tunneling effect. Further thickening of the oxide 
layer impedes the hole transport via the tunneling effect, leading to a significantly increased Rs. The dense and 
thin oxide layer works as a high-quality hole transport layer and passivation layer for the solar cells, resulting in 
the enhancements of FF and PCE.

After annealing at 550 °C for 1 min, the PEDOT:PSS/n-Si solar cell showed superior PV characteristics 
(Figs. 3a and S6), with a Jsc of 30.94 mA/cm2, an Voc of 0.57 V, and a FF of 0.73, yielding the best PCE of 12.87%, 
which is 1.38-times higher than that of the device without passivation (9.34%). Moreover, to further investigate 
the diode properties, the dark J−V characteristics of solar cells were measured. The PEDOT:PSS/n-Si solar cells 
with passivation exhibited better diode properties than its counterpart without passivation. Figure 3b shows 
lower reverse saturation current density (J0) and diode ideality factor (n) for the PEDOT:PSS/n-Si solar cells with 
passivation in the dark, which indicates lower carrier recombination with the improved passivation quality of the 
oxide layer. The EQEs of the solar cells are shown in Fig. 3c, revealing the incident photon-to-current efficiency in 
the cells. The EQE of the PEDOT:PSS/n-Si solar cell with passivation reached 0.93 at maximum, which is slightly 
larger than that of the cells without passivation in the wavelength range between 400 and 900 nm. Fig. S7 shows 
the calculated integrated current density by using the overlap between the EQE spectrum and the AM 1.5 G solar 
photon flux. The calculated integrated photocurrent yields current densities of 30.28 and 28.65 mA/cm2 for the 
PEDOT:PSS/n-Si solar cells with and without passivation, which are consistent with the photocurrent densities 
determined from the J–V curves. It should be noted that the improved PV performance was achieved without any 
chemical doping or anti-reflective layers.

CNT/n-Si solar cells without and with passivation.  To determine if a similar improvement in PV per-
formance could be achieved for other n-Si heterojunction solar cells, CNT/n-Si heterojunction solar cells were 
fabricated based on the passivated n-Si substrates and CNT films. In our previous study, we developed a repetitive 
dispersion-extraction process which transforms CNT powder to high-quality CNT films at high yields without 
significant damage to CNT30. The optical transmittance of CNT films was controlled by changing the quantity of 
CNT solution (Fig. S8). In this study, CNT films with an optical transmittance of T = 90% and a sheet resistance 
of 208 Ω/sq without doping were used in making the CNT/n-Si cells (Fig. S9). After passivating the n-Si substrate 
by quick annealing in vacuum at 550 °C for 1 min, a CNT film was transferred to the passivated n-Si substrate to 

Figure 2.  The spectroscopic ellipsometry analysis of the oxide layer on Si surface formed by annealing (a) 
at 500 °C for 0–10 min and (b) at 400–800 °C for 1 min. “w/o Passivation” represents the n-Si substrates after 
etching in HF, “native oxide” represents the n-Si substrates kept in air for 10 days after HF-treatment, and 
“w/ Passivation” represents the n-Si substrates with passivation by annealing after the HF-treatment. Three 
samples were prepared for each condition and three points were measured for each sample. Error bars show the 
standard deviation.
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form the heterojunction junction device. Fig. S9b shows a schematic of the CNT/n-Si heterojunction solar cell 
with the oxide layer. The J–V curves of the cells with and without passivation are shown in Fig. 4a with the inset 
photo of the cell with passivation. Apparently, CNT/n-Si solar cells with passivation (see also Fig. S10) exhibit 
better PV performance, with a Jsc, Voc, and FF of 26.53 mA/cm2, 0.55 V, 0.58, respectively, yielding the PCE of 
8.52%, which is 1.29-times higher than that of the device without passivation (6.61%). Figure 4b shows the dark 
J–V characteristics of the solar cells; the lowered J0 and n indicate that the interface carrier recombination is 
suppressed after the passivation. The EQE was enhanced over a broad wavelength range from 400 to 1000 nm 
(Fig. 4c) and the calculated integrated current density showed a slightly higher value (26.20 mA/cm2) compared 
with the solar cells without passivation (24.71 mA/cm2) (Fig. S11), which are consistent with the J–V character-
istics. These results indicate that, similarly to the case of the PEDOT:PSS/n-Si solar cells, the oxide layer plays an 
essential role by acting as the hole transport layer and the passivation layer, leading to a considerable improve-
ment in the PV performance of the CNT/n-Si heterojunction solar cells.

Stability of the PEDOT:PSS/n-Si and CNT/n-Si heterojunction solar cells.  Thus far, we fabri-
cated the PEDOT:PSS/n-Si and CNT/n-Si heterojunction solar cells based on the n-Si substrates passivated by 
a quick annealing process, which effectively enhanced the PV performances of the devices. We then made a 
preliminary study on the stability of these hybrid heterojunction solar cells by storing them in the air at room 
temperature without illumination and encapsulation. Figure 5 shows the measured efficiency evolution of the 
PEDOT:PSS/n-Si and CNT/n-Si cells with initial PCEs of 12.64% and 8.52%, respectively. A noticeable degra-
dation in PCE was observed for the PEDOT:PSS/n-Si solar cell after ~1000 h; the degradation is possibly related 
to the interaction of PEDOT:PSS/n-Si junction with the moisture in the air31. PEDOT:PSS would absorb the 
moisture and form interface dipoles, resulting in S-shaped J–V curves (960 and 1500 h). Rs increases drastically 
from 2.21 to 10.27 Ω cm2, and the FF decreases from 0.73 to 0.37, resulting in the low PCE of 5.21% after 1500 h. 
However, the CNT/n-Si solar cell exhibited better durability than the PEDOT:PSS/n-Si solar cell due to the better 
stability of CNT. The PCE decreased to 7.01% after storing for 1200 h in air. It is expected that the chemical doping 
or encapsulation layer will further improve the stability of these solar cells32. Effective doping of the heterojunc-
tions is now under study.

To achieve very low-cost solar cells, breakthrough is needed not only for the formation of the junctions but 
also for the production of crystalline Si substrates. We have previously developed a “rapid vapor deposition of 

Figure 3.  (a) J–V curves for the PEDOT:PSS/n-Si heterojunction solar cells without (w/o) and with (w) 
passivation of the Si surface. The inset of (a) is the digital image of the solar cells with passivation. (b) Log J–V 
curves of the champion PEDOT:PSS/n-Si heterojunction solar cells in the dark. (c) The EQE spectra of the 
champion PEDOT:PSS/n-Si solar cells without and with passivation under AM 1.5 G irradiation.

Figure 4.  (a) J–V curves of the champion CNT/n-Si heterojunction solar cells without and with passivation. 
The inset of (a) is the digital image of the solar cell with passivation. (b) Log J–V curves of the champion CNT/
n-Si heterojunction solar cells in the dark. (c) The EQE spectra of the champion CNT/n-Si heterojunction solar 
cells without and with passivation under AM 1.5 G irradiation.
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liquid Si and in situ melt crystallization” method that enables deposition of lager-grain (>100 μm) continuous 
polycrystalline Si films in 1 min33,34. The resulting Si films are quickly cooled down from ~1400 °C in vacuum, 
thus the in situ surface passivation can be expected. The quick processes of the Si film fabrication, the Si surface 
passivation, and the printable heterojunction will be combined toward very low-cost, heterojunction solar cells.

Conclusions
We report a simple and efficient passivation method for n-Si substrates. A thin and dense oxide layer was grown 
on the Si surface by a quick annealing process in vacuum (1 min, 500–550 °C, base and working pressures of 
<5 × 10−4 and < 2 × 10−2 Pa), which greatly cut down the passivation time and cost. With the passivation layer, 
the PV performances of the PEDOT:PSS/n-Si and CNT/n-Si heterojunction solar cells were effectively enhanced. 
The best performing PEDOT:PSS/n-Si and CNT/n-Si solar cells achieved high PCEs of 12.87% and 8.52%, with 
the remarkably enhanced FFs of 0.73 and 0.58, respectively. The presence of the dense oxide layer with the thick-
ness around 1.1 nm greatly suppressed the carrier recombination while allowing the hole transport by tunneling 
effect. The simple surface passivation enhanced the PV performance of the Si-based heterojunction cells with 
various materials without losing the easiness of the cell fabrication.

Data Availability
All data generated or analysed during this study are included in this published article and its Supplementary 
Information file.

References
	 1.	 Nazeeruddin, M. K. In Retrospect Twenty-five years of low-cost solar cells. Nature 538, 463–464, https://doi.org/10.1038/538463a 

(2016).
	 2.	 Battaglia, C., Cuevas, A. & De Wolf, S. High-efficiency crystalline silicon solar cells: status and perspectives. Energ. Environ. Sci. 9, 

1552–1576, https://doi.org/10.1039/c5ee03380b (2016).
	 3.	 Lee, T. D. & Ebong, A. U. A review of thin film solar cell technologies and challenges. Renew. Sust. Energ. Rev. 70, 1286–1297, https://

doi.org/10.1016/j.rser.2016.12.028 (2017).
	 4.	 Li, M., Dai, Y. N., Ma, W. H., Yang, B. & Chu, Q. M. Review of New Technology for Preparing Crystalline Silicon Solar Cell Materials 

by Metallurgical Method. Iop C Ser. Earth Env. 94, 012016, https://doi.org/10.1088/1755-1315/94/1/012016 (2017).
	 5.	 Jackle, S. et al. Junction formation and current transport mechanisms in hybrid n-Si/PEDOT:PSS solar cells. Sci. Rep. 5, 13008, 

https://doi.org/10.1038/Srep13008 (2015).
	 6.	 Schmidt, J., Titova, V. & Zielke, D. Organic-silicon heterojunction solar cells: Open-circuit voltage potential and stability. Appl. Phys. 

Lett. 103, 183901, https://doi.org/10.1063/1.4827303 (2013).
	 7.	 Yu, P. C. et al. 13% Efficiency Hybrid Organic/Silicon-Nanowire Heterojunction Solar Cell via Interface Engineering. Acs Nano 7, 

10780–10787, https://doi.org/10.1021/nn403982b (2013).
	 8.	 He, J., Zhang, W. J., Ye, J. C. & Gao, P. Q. 16% efficient silicon/organic heterojunction solar cells using narrow band-gap conjugated 

polyelectrolytes based low resistance electron-selective contacts. Nano Energy 43, 117–123, https://doi.org/10.1016/j.
nanoen.2017.11.025 (2018).

	 9.	 Diao, S. et al. 12.35% efficient graphene quantum dots/silicon heterojunction solar cells using graphene transparent electrode. Nano 
Energy 31, 359–366, https://doi.org/10.1016/j.nanoen.2016.11.051 (2017).

	10.	 Kim, J. M. et al. Si-quantum-dot heterojunction solar cells with 16.2% efficiency achieved by employing doped-graphene transparent 
conductive electrodes. Nano Energy 43, 124–129, https://doi.org/10.1016/j.nanoen.2017.11.017 (2018).

	11.	 Baek, S. W. et al. Effect of core quantum-dot size on power-conversion-efficiency for silicon solar-cells implementing energy-down-
shift using CdSe/ZnS core/shell quantum dots. Nanoscale 6, 12524–12531, https://doi.org/10.1039/c4nr02472a (2014).

	12.	 Tune, D. D. & Flavel, B. S. Advances in Carbon Nanotube-Silicon Heterojunction Solar Cells. Adv. Energy Mater. 8, 1703241, https://
doi.org/10.1002/Aenm.201703241 (2018).

	13.	 Wang, F. et al. Considerably improved photovoltaic performance of carbon nanotube-based solar cells using metal oxide layers. Nat. 
Commun. 6, 6305, https://doi.org/10.1038/ncomms7305 (2015).

Figure 5.  PCEs of (a) the PEDOT:PSS/n-Si heterojunction solar cells and (b) the CNT/n-Si heterojunction 
solar cells as a function of storage time in the air without illumination and encapsulation. n-Si substrates were 
passivated by annealing at 550 °C for 1 min. Three to five cells were fabricated and evaluated for each type, and 
the error bars show the standard deviation. The insets show the time evolution of the J–V curves of a typical cell 
for each type.

https://doi.org/10.1038/s41598-019-48504-7
https://doi.org/10.1038/538463a
https://doi.org/10.1039/c5ee03380b
https://doi.org/10.1016/j.rser.2016.12.028
https://doi.org/10.1016/j.rser.2016.12.028
https://doi.org/10.1088/1755-1315/94/1/012016
https://doi.org/10.1038/Srep13008
https://doi.org/10.1063/1.4827303
https://doi.org/10.1021/nn403982b
https://doi.org/10.1016/j.nanoen.2017.11.025
https://doi.org/10.1016/j.nanoen.2017.11.025
https://doi.org/10.1016/j.nanoen.2016.11.051
https://doi.org/10.1016/j.nanoen.2017.11.017
https://doi.org/10.1039/c4nr02472a
https://doi.org/10.1002/Aenm.201703241
https://doi.org/10.1002/Aenm.201703241
https://doi.org/10.1038/ncomms7305


7Scientific Reports |         (2019) 9:12051  | https://doi.org/10.1038/s41598-019-48504-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

	14.	 Li, X., Lv, Z. & Zhu, H. Carbon/Silicon Heterojunction Solar Cells: State of the Art and Prospects. Adv. Mater. 27, 6549–6574, https://
doi.org/10.1002/adma.201502999 (2015).

	15.	 Jackle, S. et al. Potential of PEDOT:PSS as a hole selective front contact for silicon heterojunction solar cells. Sci. Rep. 7, 2170, https://
doi.org/10.1038/s41598-017-01946-3 (2017).

	16.	 Muramoto, E. et al. Carbon nanotube-silicon heterojunction solar cells with surface-textured Si and solution-processed carbon 
nanotube films. Rsc Adv. 6, 93575–93581, https://doi.org/10.1039/c6ra16132d (2016).

	17.	 Zhang, Z. Y. & Guo, W. Strain-Modulated Half-Metallic Properties of Carbon-Doped Silicon Nanowires with Single Surface 
Dangling Bonds. J. Phys. Chem. C 116, 893–900, https://doi.org/10.1021/jp209110z (2012).

	18.	 Liang, J. J., Schiff, E. A., Guha, S., Yan, B. J. & Yang, J. Hole-mobility limit of amorphous silicon solar cells. Appl. Phys. Lett. 88, 
063512, https://doi.org/10.1063/1.2170405 (2006).

	19.	 Jia, Y. et al. Strong and reversible modulation of carbon nanotube-silicon heterojunction solar cells by an interfacial oxide layer. Phys. 
Chem. Chem. Phys. 14, 8391–8396, https://doi.org/10.1039/c2cp23639g (2012).

	20.	 Song, Y. et al. Role of interfacial oxide in high-efficiency graphene-silicon Schottky barrier solar cells. Nano Lett. 15, 2104–2110, 
https://doi.org/10.1021/nl505011f (2015).

	21.	 Sheng, J. et al. Improvement of the SiOx passivation layer for high-efficiency Si/PEDOT:PSS heterojunction solar cells. ACS Appl. 
Mater. Interfaces 6, 16027–16034, https://doi.org/10.1021/am503949g (2014).

	22.	 Rahman, M. Z. Advances in surface passivation and emitter optimization techniques of c-Si solar cells. Renew. Sust. Energ. Rev. 30, 
734–742, https://doi.org/10.1016/j.rser.2013.11.025 (2014).

	23.	 He, L. N., Jiang, C. Y., Wang, H., Lai, D. & Rusli High efficiency planar Si/organic heterojunction hybrid solar cells. Appl. Phys. Lett. 
100, 073503, https://doi.org/10.1063/1.3684872 (2012).

	24.	 Zhang, F. T., Sun, B. Q., Song, T., Zhu, X. L. & Lee, S. Air Stable, Efficient Hybrid Photovoltaic Devices Based on Poly(3-
hexylthiophene) and Silicon Nanostructures. Chem. Mater. 23, 2084–2090, https://doi.org/10.1021/cm103221a (2011).

	25.	 Kim, Y. H. et al. Highly Conductive PEDOT:PSS Electrode with Optimized Solvent and Thermal Post-Treatment for ITO-Free 
Organic Solar Cells. Adv. Funct. Mater. 21, 1076–1081, https://doi.org/10.1002/adfm.201002290 (2011).

	26.	 Sun, K. et al. Review on application of PEDOTs and PEDOT: PSS in energy conversion and storage devices. J. Mater. Sci-Mater. El. 
26, 4438–4462, https://doi.org/10.1007/s10854-015-2895-5 (2015).

	27.	 Radziemska, E. Dark I-U-T measurements of single crystalline silicon solar cells. Energ. Convers. Manage. 46, 1485–1494, https://
doi.org/10.1016/j.enconman.2004.08.004 (2005).

	28.	 Thouti, E. & Komarala, V. K. Investigation of parasitic absorption and charge carrier recombination losses in plasmonic silicon solar cells 
using quantum efficiency and impedance spectroscopy. Sol. Energy 132, 143–149, https://doi.org/10.1016/j.solener.2016.03.002 (2016).

	29.	 Wei, J. et al. Flexible perovskite solar cells based on the metal-insulator-semiconductor structure. Chem. Commun. 52, 10791–10794, 
https://doi.org/10.1039/c6cc04840d (2016).

	30.	 Shirae, H. et al. Overcoming the quality-quantity tradeoff in dispersion and printing of carbon nanotubes by a repetitive dispersion-
extraction process. Carbon 91, 20–29, https://doi.org/10.1016/j.carbon.2015.04.033 (2015).

	31.	 Hyung, J. H. et al. Electrical Transport Characteristics of PEDOT:PSS/n-Si Schottky Junction Diodes and Electrical Degradation in 
Hybrid Solar Cells. J. Nanoelectron. Optoe. 10, 229–233, https://doi.org/10.1166/jno.2015.1736 (2015).

	32.	 He, J. et al. Silicon/Organic Hybrid Solar Cells with 16.2% Efficiency and Improved Stability by Formation of Conformal Heterojunction 
Coating and Moisture-Resistant Capping Layer. Adv. Mater. 29, 1606321, https://doi.org/10.1002/Adma.201606321 (2017).

	33.	 Yamasaki, Y., Hasegawa, K., Osawa, T. & Noda, S. Rapid vapour deposition and in situ melt crystallization for 1 min fabrication of 
10 mu m-thick crystalline silicon films with a lateral grain size of over 100 mu m. Crystengcomm 18, 3404–3410, https://doi.
org/10.1039/c6ce00122j (2016).

	34.	 Hasegawa, K., Takazawa, C., Fujita, M., Noda, S. & Ihara, M. Critical effect of nanometer-size surface roughness of a porous Si seed 
layer on the defect density of epitaxial Si films for solar cells by rapid vapor deposition. Crystengcomm 20, 1774–1778, https://doi.
org/10.1039/c7ce02162c (2018).

Acknowledgements
The authors thank Prof. Nishide, Prof. Oyaizu, Mr. Suwa and Mr. Okada at Waseda University for their support 
in the EQE measurement, Mr. Ito at Materials Characterization Central Laboratory, Waseda University for the 
XPS measurements, Mr. Nozaki at Nanotechnology Research Center, Waseda University for his support in the 
spectroscopic ellipsometry, and Meijo Nano Carbon Co., Ltd. for the MEIJO eDIPS CNTs. This work is supported 
in part by JSPS Kakenhi [grant number JP25107002] and Waseda University Grants for Special Research Projects 
[Grant B 2018B-173]. Rongbin Xie was supported by the Scholarship under the State Scholarship Fund by the 
China Scholarship Council (CSC).

Author Contributions
S.N. directed the study and conceived the experiments, R.X. conducted the experiments, R.X. and N.I. analyzed 
the results. R.X., N.I., H.S. and S.N. discussed the results and contributed to writing and reviewing the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-48504-7.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-48504-7
https://doi.org/10.1002/adma.201502999
https://doi.org/10.1002/adma.201502999
https://doi.org/10.1038/s41598-017-01946-3
https://doi.org/10.1038/s41598-017-01946-3
https://doi.org/10.1039/c6ra16132d
https://doi.org/10.1021/jp209110z
https://doi.org/10.1063/1.2170405
https://doi.org/10.1039/c2cp23639g
https://doi.org/10.1021/nl505011f
https://doi.org/10.1021/am503949g
https://doi.org/10.1016/j.rser.2013.11.025
https://doi.org/10.1063/1.3684872
https://doi.org/10.1021/cm103221a
https://doi.org/10.1002/adfm.201002290
https://doi.org/10.1007/s10854-015-2895-5
https://doi.org/10.1016/j.enconman.2004.08.004
https://doi.org/10.1016/j.enconman.2004.08.004
https://doi.org/10.1016/j.solener.2016.03.002
https://doi.org/10.1039/c6cc04840d
https://doi.org/10.1016/j.carbon.2015.04.033
https://doi.org/10.1166/jno.2015.1736
https://doi.org/10.1002/Adma.201606321
https://doi.org/10.1039/c6ce00122j
https://doi.org/10.1039/c6ce00122j
https://doi.org/10.1039/c7ce02162c
https://doi.org/10.1039/c7ce02162c
https://doi.org/10.1038/s41598-019-48504-7
http://creativecommons.org/licenses/by/4.0/

	Enhancing the photovoltaic performance of hybrid heterojunction solar cells by passivation of silicon surface via a simple  ...
	Methods

	Passivation of n-Si substrate. 
	Fabrication of PEDOT:PSS/n-Si solar cells. 
	Fabrication of CNT/n-Si solar cells. 
	Characterization and measurement. 

	Results and Discussion

	PEDOT:PSS/n-Si solar cells without and with passivation. 
	CNT/n-Si solar cells without and with passivation. 
	Stability of the PEDOT:PSS/n-Si and CNT/n-Si heterojunction solar cells. 

	Conclusions

	Acknowledgements

	Figure 1 (a) The PEDOT:PSS film spin-coated on the quartz glass substrate.
	Figure 2 The spectroscopic ellipsometry analysis of the oxide layer on Si surface formed by annealing (a) at 500 °C for 0–10 min and (b) at 400–800 °C for 1 min.
	Figure 3 (a) J–V curves for the PEDOT:PSS/n-Si heterojunction solar cells without (w/o) and with (w) passivation of the Si surface.
	Figure 4 (a) J–V curves of the champion CNT/n-Si heterojunction solar cells without and with passivation.
	Figure 5 PCEs of (a) the PEDOT:PSS/n-Si heterojunction solar cells and (b) the CNT/n-Si heterojunction solar cells as a function of storage time in the air without illumination and encapsulation.
	Table 1 PV characteristics of the PEDOT:PSS/n-Si heterojunction solar cells with different passivation conditions.




