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We report an approach of high-pressure hydrogenation to improve the performance of crystalline Si (c-Si) solar cells.
As-received p-type c-Si wafer-based PN junctions were subjected to high-pressure (2.5 MPa) hydrogen atmosphere at
200 ◦C, followed by evaporating antireflection layers, passivation layers, and front and rear electrodes. The efficiency of the
so prepared c-Si solar cell was found to increase evidently after high-pressure hydrogenation, with a maximal enhancement
of 10%. The incorporation of hydrogen by Si solar cells was identified, and hydrogen passivation of dangling bonds
in Si was confirmed. Compared to the regular approach of hydrogen plasma passivation, the approach of high-pressure
hydrogenation reported here needs no post-hydrogenation treatment, and can be more convenient and efficient to use in
improving the performances of the c-Si and other solar cells.
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1. Introduction
Crystalline Si (c-Si) solar cells are dominating the world’s

photovoltaic marketplace, despite the emergence of other
promising solar cells such as Cu–In–Ga–Se (CIGS), CdTe,
amorphous Si (a-Si) thin film, GaAs, and perovskite ones, due
to their long-term stable performances and mature manufac-
turing processes.[1–6] Although the photoelectric conversion
efficiency of the c-Si solar cell in the laboratory has been ap-
proaching its theoretical limit,[7–9] for commercial c-Si solar
cells, there is still much room to improve their performances
by further reducing optical and electrical losses and extend-
ing the wavelength range of photovoltaic response in cost-
effective manners.[10–15] The approach of hydrogen plasma
passivation has usually been used to enhance the photocharge
transport by passivating bulk dangling bonds in the a-Si, c-
Si, and other solar cells.[16–27] However, approaches of this
kind would bring severe ion-radiation damages to solar cells,
which degrade the performance of a solar cell. Therefore,
post-hydrogenation treatment is needed to eliminate the nega-
tive effect of hydrogen plasma passivation. In our recent work
on developing all-Si lasers,[28,29] an approach of high-pressure
hydrogenation was proposed, aiming at thorough passivation
of dangling bonds of Si nanocrystals and considerably enhanc-
ing their optical gains. This approach was proved to work
there. Considering its effectiveness in passivating Si dan-
gling bonds at relatively low temperatures (∼ 200 ◦C) with-

out causing structural damages and hence with no need for
post-hydrogenation treatment, we applied high-pressure hy-
drogenation in this work as an alternative to other approaches,
and hoped for a more convenient and efficient way of hydro-
gen passivation to improve the performance of Si solar cell.

2. Experiments
2.1. Preparation of silicon solar cells

Textured p-type c-Si wafer-based PN junctions (JA Solar)
are used to fabricate Si solar cells. It is ultrasonically cleaned
in alcohol for 10 min and dried with nitrogen. High-pressure
hydrogenation is then applied by exposing the cleaned PN
junction to 2.5 MPa pure hydrogen atmosphere in an autoclave
(FYXD-0.5, Dalian Tongchan) for days at 200 ◦C. Antireflec-
tion coatings (ARC) formed by 10 nm SiO2, 50 nm TiO2, and
96 nm SiO2 and an 80 nm thick indium-tin-oxide (ITO) trans-
parent conducting layer are deposited onto the front surface
of PN junction sequentially. At the rear side, a 20 nm thick
Al2O3 passivation layer is evaporated, followed by depositing
2 µm thick Al electrode. All the depositions of oxides are
conducted by electron beam heating in a home-made evapo-
ration system with a base pressure lower than 5× 10−4 Pa at
the rate of 0.2 nm/s for ITO and 0.1 nm/s for SiO2, TiO2, and
Al2O3. Finally, annealing in a nitrogen atmosphere at 500 ◦C
for 3 min is conducted to form Ohmic contacts and to complete
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the fabrication of solar cells with 1 cm×1 cm in size.

2.2. Measurements

The current density–voltage (J–V ) characteristics and
photovoltaic parameters of solar cells are measured on a so-
lar simulator (94023A, Oriel/Newport) under AM1.5G condi-
tion. External quantum efficiency (EQE) of the solar cell is
obtained by a QE/IPCE system of Oriel/Newport. The sheet
resistance of PN junction before or after high-pressure hydro-
genation is measured by a multifunctional four-probe tester
(ST2258C, Suzhou Jingge Electronics). To identify the ef-
fect of high-pressure hydrogenation on the surface morphol-
ogy, minority carrier lifetime, and hydrogen absorption, the
p-type c-Si(100) wafer (two-side polished, 1–10 Ω·cm) after
high-pressure hydrogenation treatment is used for character-
ization. The surface morphology is characterized by atomic
force microscopy (AFM; Multimode V, Bruker Nano Sur-
faces). The composition distribution is measured by energy
dispersive x-ray spectroscopy (EDX; Aztec X-MaxN 80, Ox-
ford Instruments). The reflectance spectrum is measured by
spectrophotometer (Ideaoptics, PG2000-Pro-EX) with an in-
tegrating sphere. The minority carrier lifetime is acquired by
measuring photoconductivity decay curves (WT-2000, Semi-
lab). The Fourier transform infrared spectrum (FTIR) is ob-
tained by spectrophotometer (Nicolet iS5, Thermo Fisher).
The crystal structures of Si(100) wafer are examined by x-ray
diffraction (XRD, Rigaku Ultima IV) with Cu Kα radiation.

3. Results and discussion
Figure 1 shows a schematic diagram of the cross-sectional

structure of the c-Si solar cell used in this work. The as-
received p-type Si based PN junction samples have been tex-
tured at the front surface. We passivate the rear surface with
20 nm thick Al2O3 layers,[30] followed by evaporating antire-
flection coatings and ITO as the front electrode and Al as the
rear one.

ITO

ARC

N»Si

P»Si

Al2O3

Al

Fig. 1. The cross-sectional structure of the c-Si solar cell.

In Figs. 2(a)–2(c), the AFM images of Si(100) wafer sur-
faces after 0-, 6-, and 9-day high-pressure hydrogenation are
given, respectively. Tiny spots or islands are found on the
Si surface after high-pressure hydrogenation, and the longer
the hydrogenation time, the more the number of islands was.

However, the hydrogenated Si surface remains shining in ap-
pearance, and the surface roughness for 0-, 6-, and 9-day hy-
drogenation was 0.448 nm, 0.749 nm, and 0.991 nm, respec-
tively. The EDX characterization shows that the islands were
composed of Si, as shown in Fig. 2(d). The formation of the Si
islands could be attributed to the enhanced surface diffusion of
Si atoms after hydrogenation,[31,32] which facilitates the for-
mation of Si atomic clusters at the surface nucleation sites.
Figure 3 gives the reflection spectra of Si(100) wafer surfaces
and PN junction after 0- and 6-day high-pressure hydrogena-
tion. No obvious difference in reflectivity is found before and
after high-pressure hydrogenation.
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Fig. 2. (a)–(c) The AFM images of Si(100) wafers of 0-, 6-, and 9-day high-
pressure hydrogenation, respectively. (d) The EDX spectrum of islands on
the hydrogenated surface.
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Fig. 3. Reflection spectra of Si(100) surfaces and PN junction after 0- and
6-day high-pressure hydrogenation.

Figures 4(a) and 4(b) give the typical J–V and the EQE
curves of c-Si solar cells after 0-, 3-, 6-, and 9-day high-
pressure hydrogenation, respectively. The photovoltaic pa-
rameters for all the solar cell samples are given in Table 1.
The efficiency data are plotted in Fig. 5. It is seen that the effi-
ciency increases steadily at first with increasing hydrogenation
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time, reaches the maximum at around 6-day hydrogenation
with 10% enhancement as compared to the 0-day cell, and
then goes down. The trend of change in short-circuit current
density agrees with that of conversion efficiency, indicating
that recombination is suppressed by hydrogenation. The EQE
values evolve similarly to that of conversion efficiency in the
whole responsive wavelength range, without reforming the
shape of the EQE spectrum considerably, that is, unusual
change at the short or longwavelength regimes in the EQE
curve is not found.[10,12,14] This indicates that the bulk re-
combination rather than the surface one is mainly suppressed
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Fig. 4. (a) Current density–voltage characteristics, (b) the EQE curves of
the c-Si solar cells with 0-, 3-, 6-, and 9-day high-pressure hydrogenation.

by the high-pressure hydrogenation.[10,12,14] Furthermore, af-
ter high-pressure hydrogenation for up to 6 days, the Rs de-
creases and the Rsh increases with the increasing hydrogena-
tion time. However, for the hydrogenation time of 9 days, the
Rs increases and the Rsh decreases. These trends of the Rs

and Rsh evolution correlate with that of J similarly, showing
that the high-pressure hydrogenation does help to improve the
performance of Si solar cells. But the overloading of hydro-
gen is detrimental. This could be due to the dissociation of
Si–H bonds and the formation of hydrogen platelets when hy-
drogen is over incorporated, as will be discussed below. It
is found in Table 1 that VOC decreases with the increasing
hydrogenation. This could be caused by the lattice deforma-
tion due to the incorporation of interstitial hydrogen atoms and
molecules,[33,34] as will be shown below. Therefore, the com-
promise among photovoltaic parameters to optimize the solar
cell efficiency has to be considered for the high-pressure hy-
drogenation treatment. Also, the results of sheet resistance as
a function of hydrogenation time is shown in Table 2. Within
the range of error, the sheet resistance changes little. This is
quite different from the case of plasma hydrogenation where
large increases of surface roughness and sheet resistance usu-
ally occur.[35]
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Fig. 5. Efficiency of the c-Si solar cells versus high-pressure hydrogenation
time.

Table 1. Photovoltaic parameters of solar cells with different high-pressure hydrogenation time.

Sample J/mA·cm−2 VOC/mV FF/% η/% Rs/Ω Rsh/Ω

0-day 37.3±0.2 563±3 82.2±1.9 17.2±0.4 1.0±0.4 798±341
3-day 39.3±0.4 556±3 83.7±1.8 18.3±0.3 0.7±0.2 1005±274
6-day 42.1±0.6 551±3 81.9±2.2 19.0±0.5 0.5±0.1 1420±460
9-day 40.3±1.1 549±2 80.0±2.8 17.7±0.5 0.8±0.2 1009±419

Table 2. The sheet resistance of PN junction after different high-pressure
hydrogenation time.

Sample 0 day 3 days 6 days 9 days
Sheet resistance/Ω·sq−1 24.9±1.7 26.7±1.6 25.4±1.8 25.8±1.8

Figure 6 gives the measured minority carrier lifetimes of
Si(100) wafers after 0-, 1-, 3-, 6-, and 9-day high-pressure hy-
drogenation. The trend of a lifetime in Fig. 6(b) also agrees

with that of the conversion efficiency. In order to assess the

hydrogen incorporation by high-pressure hydrogenation and

find a general physical picture behind the evolution of conver-

sion efficiency along with those of short-circuit current den-

sity, the EQE value, minority carrier lifetime, and FTIR spec-

tra are measured. The absorbance difference spectra are given
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in Fig. 7(a). The absorbance difference is performed between
Si(100) wafers with and without high-pressure hydrogenation.
The spectra between 2300 cm−1 to 2400 cm−1 have been at-
tributed to Si–H bonds,[36,37] whose integrated intensity can be
taken as an indicator of the degree of hydrogen passivation of
Si dangling bonds. Figure 7(b) shows the integrated intensity
of the difference spectrum as a function of the hydrogenation
time. It is seen that the degree of hydrogen passivation evolves
similarly to the conversion efficiency and the other parame-
ters. Since the high-pressure hydrogenation is conducted at
200 ◦C, prolonged hydrogenation could dissociate some Si–
H bonds and form hydrogen platelets from the viewpoint of
energetics.[26,38] Both the dissociation of Si–H bonds, hence
the degradation of bulk passivation, and the formation of hy-
drogen platelets, would reduce the minority carrier lifetime,
making the photocurrent, the corresponding EQE, and finally
the conversion efficiency decrease.[26] It needs to point out that
if one applies hydrogenation with hydrogen pressure higher
than the ultimate one (2.5 MPa) permitted by the autoclave
used in this work, the hydrogenation time would be reduced
for a desired hydrogen exposure amount, and the efficiency
could be further enhanced due to the decrease of hydrogena-
tion time.
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Fig. 6. (a) Scan image of minority carrier lifetimes of Si(100) wafers after
0-, 1-, 3-, 6-, and 9-day high-pressure hydrogenation. (b) Minority carrier
lifetime versus high-pressure hydrogenation time.

The mechanism of high-pressure hydrogenation is in fact
complex, but in general, the higher density of defects a solar
cell possesses, the more effectively the performance of the so-
lar cell is improved by hydrogen passivation.[27] The approach
of high-pressure hydrogenation includes processes not only of
saturating dangling bonds, but of freeing hydrogen atoms or
molecules from the sample and generating hydrogen related

defects as well.[23,26,33,39] Figure 8 shows the XRD spectra of
Si(100) wafers after high-pressure hydrogenation for different
days. The peak at 69.0◦ is attributed to the characteristic re-
flection of crystalline Si(400) from Si(100). It is observed that
longer hydrogenation time shifts the peak angle to a higher
side. For samples after 3-, 6-, and 9-day hydrogenation, the
peak shifts for that without passivation by 0.18◦, 0.20◦, and
0.34◦, respectively. This result indicates that the incorporation
of interstitial hydrogen can gradually increase the lattice dis-
tortion and lower the crystalline quality,[40–42] which explains
the decreasing VOC in the cell device.[33,34]
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Fig. 7. (a) FTIR absorbance difference spectra. (b) Degree of hydrogen
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4. Conclusion
In this work, we report an approach of high-pressure hy-

drogenation to improve the performance of the c-Si solar cell
by passivating Si bulk defects and facilitating the photo charge
transport. Under the current experimental condition, a maxi-
mal 10% enhancement of photoelectric conversion efficiency
is achieved. This approach could be more convenient and effi-
cient to use to enhance the efficiency of Si and other solar cells
if higher hydrogen pressure and proper hydrogenation time are
applied.

Acknowledgment
The authors would thank Shi-Zheng Li for minority car-

rier lifetime measurement.

References
[1] Nijs J F, Szlufcik J, Poortmans J, Sivoththaman S and Mertens R P

2001 Sol. Energ. Mat. Sol. C 65 249
[2] Saga T 2010 NPG Asia Mater. 2 96
[3] Ribeyron P 2017 Nat. Energy 2 17067
[4] Goetzberger A, Hebling C and Schock H 2003 Materials Science and

Engineering: R: Reports 40 1
[5] Miles R W 2006 Vacuum 80 1090
[6] Sharma S, Jain K K and Sharma A 2015 Materials Sciences and Appli-

cations 6 1145
[7] Lee Y, Park C, Balaji N, Lee Y J and Dao V A 2015 Isr. J. Chem. 55

1050
[8] Haase F, Hollemann C, Schaefer S, Merkle A, Rienaecker M, Krügener

J, Brendel R and Peibst R 2018 Sol. Energ. Mat. Sol. C 186 184
[9] Green M A, Emery K, Hishikawa Y, Warta W and Dunlop E D 2015

Progress in Photovoltaics: Research and Applications 23 1
[10] Wang L, Zhou Z, Hao H and Lu M 2016 Nanotechnology 27 425207
[11] Zarmai M T, Ekere N N, Oduoza C F and Amalu E H 2015 Appl. Energ.

154 173
[12] Zhou Z, Wang L, Shi W, Sun S and Lu M 2016 Nanotechnology 27

145203
[13] Zhou Z, Hu F, Zhou W, Chen H, Ma L, Zhang C and Lu M 2017

Nanoscale Res. Lett. 12 623
[14] Hu F, Zhou Z, Ma L, Zhang C, Zhou W and Lu M 2017 Physica E 94

174
[15] Wang L, Zhou Z, Zhang T, Chen X and Lu M 2016 Nanoscale Res.

Lett. 11 453
[16] Lee S J, Kim S H, Kim D W, Kim K H, Kim B K and Jang J 2011 Sol.

Energ. Mat. Sol. C. 95 81
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