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Abstract. In this paper, we have found that the efficiency of p-type mono-crystalline silicon (mono-Si) passivated emitter
and rear contact (PERC) solar cells can be increased by 0.12%abs. with the process of hydrogenation with electron injection
(HEI). However, the same scheme was not suitable for p-type multi-crystalline silicon (mc-Si) solar cells. To promote power
conversion efficiency (PCE) for the mc-Si solar cells, we have explored a developed HEI process for the mc-Si solar cells
to improve the device performance. Meanwhile, we also analysed the mechanization inside the solar cells after applying the
HEI process. Through the design of experiment (DOE), the correlation among injection current, temperature, injection time
and efficiency improvement was analysed in detail. It was proved that mc-Si solar cells require higher current injection and
temperature to passivate the complex impurities in the bulk, when compared to mono-Si solar cells. With the optimal scheme
explored by this paper, the open circuit voltage (Uoc ), short circuit current density (Jsc ) and fill factor (FF) of p-type mc-Si
solar cells, respectively, increased by 1.2 mV, 0.11 mA cm−2 and 0.05%abs. , respectively. The efficiency was improved
about 0.11 ± 0.005%abs. . These results will provide a certain method and basis for further improving the efficiency of mc-Si
PERC cells and overcoming the light-elevated temperature-induced degradation by HEI process.
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1. Introduction
At present, the technologies of wafer processing and solar cell
manufacturing in the photovoltaic (PV) industry are blossoming worldwide, but the development of PV technology is still
facing two vital problems, the high cost and the low conversion efficiency [1,2]. The multi-crystalline silicon (mc-Si)
contains a large amount of metal impurities and defects, which
seriously blocks the increase of PV efficiency. To obtain high
quality mc-Si solar cells, hydrogen atoms are usually introduced to passivate the crystal impurities and defects on the
surface and bulk solar cells [3,4].
The properties and interactions of hydrogen in silicon have
been widely studied over multiple decades with beneficial
effects since 1976 [5]. The active electrical hydrogen in
silicon can interact with almost all impurities and defects, promoting the conversion efficiency of cells to reach a desired
level [6]. The conventional hydrogen passivation technique
manipulated the hydrogen from the SiNx :H layer, which
was deposited by plasma-enhanced chemical vapour deposition (PECVD), and during the metallization, the hydrogen
atoms diffused into silicon bulks to achieve passivation effect.
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However, the diffusion of hydrogen atoms was very limited,
because the binding from other heavier atoms, to passivate
impurities better, hydrogen atoms must exist in the form of
ions [7]. Many studies have found that hydrogen has both
acceptor (E a ) and donor (E d ) energy levels in the band gap
[8]. Hence, the positive (H+ ), the neutral (H0 ) and the negative (H− ) states can be existed in silicon solar cells [8–10],
on which the concentration of hydrogen ions was mainly
depended on the position of the Fermi energy level [1,8]. Different charge states of hydrogen passivate different impurities.
This ability has become an important factor that influence
the passivation effect [11]. Hydrogenation is a process that
can manipulate the charge state of hydrogen by the carrier injection at an appropriate temperature, current density
and reasonable time [11,12]. Hydrogenation can effectively
improve the minority carrier lifetime and enhance the quality
of the cells. Recent research [23,24] found that this process
can also reduce the lightinduced degradation (LID). There
are two main ways to achieve hydrogenation: (1) hydrogenation with photon injection (HPI); and (2) hydrogenation with
electron injection (HEI). HPI can generate excess carriers
in the silicon cells by photon injection, which promotes the
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charge state change of hydrogen [13]. However, for HPI, a
high-power light source is required for the excitation process, such as laser. Obviously, laserbased HPI process is
extremely expensive and has low productivity, blocking its
application in industrialization. On the other hand, the HEI
process can achieve same effect as the HPI process through
electron injection, bring a new frontier for the development of
hydrogenation. HEI process directly injects non-equilibrium
minority carrier electrons into the bulk of silicon by applying
a forward bias onto the p-type silicon solar cells. Through
the treatment of HEI, the charge state of hydrogen can be
tuned by the excessive carriers and appropriate temperature.
There are three main factors that affect the efficiency of HEI,
injection current, temperature and injection time, where the
power conversion efficiency (PCE) can be further promoted
by optimizing the factors of HEI.
Currently, HEI process has a positive effect on the efficiency improvement of p-type mono-Si cells. However, the
effect of HEI for mc-Si cells was still unknown and worth
being deeply investigated. In this paper, the HEI process
was carried out in commercial-grade standard p-type mcSi solar cells to explore its utility. Before investigating the
influence of HEI process on the PCE of mc-Si solar cell, we
carried out a group of mono-Si solar cell as the reference.
Through the comparison of mc-Si and mono-Si solar cell
and a series of experiments, we explore how the HEI process
contributes to the PCE of the mc-Si solar cell and grasp the
trend of improvement to determine the appropriate scheme.
Furthermore, using the statistical principle, the effects of current, temperature and time on the efficiency improvement
were respectively, investigated and further demonstrated that
higher current and temperature are required for mc-Si solar
cells to produce enough available hydrogen ion to passivate
impurities in the bulk. Finally, the optimized HEI could promote the PCE of mc-Si solar cells by 0.11 ± 0.005%abs.
compared to that of the conventional passivation treatment.

2. Materials and methods
The standard commercial-grade boron-doped conventional
p-type mc-Si cells were applied to investigate the effect of
HEI. The wafer specifications were the resistivity of 2–3
 × cm and the thickness of wafer was 190 ± 10 µm. The
size of all wafers was 156.75 × 156.75 mm. By controlling the fabrication, the efficiency of all the solar cells was
in the range of 18.86–19.00%. The experimental process is
shown in figure 1. The surfaces of the raw silicon wafers
were textured and cleaned with HNO3 /HF and HCl/HF, and
then cleaned by blowing pure nitrogen gas. The PN junction was obtained by POCl3 diffusion with a sheet resistance
of 98  sq−1 . Prior to deposition of the dielectric passivation layers, wafers were subjected to chemical edge junction
isolation. After the phosphor silicate glass (PSG) removal,
an 80 nm dielectric layer SiNx :H with a refractive index of
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Figure 1. Experimental process of conventional p-type mc-Si
sister cells.

2.08 was deposited on the surfaces by using standard direct
microwave PECVD systems. Subsequently, the conventional
screen-printing technology was used to fabricate electrodes
on the surface of wafers, and finally metalized at a peak temperature of 913◦ C to form a good ohmic contact. Then, the
sister cells are separated from the same efficiency grade for
2 parts, part 1 was then treated by the HEI process with different groups. Part 2 of solar cells was assembled without
HEI process. Finally, the PCE test was characterized under
the solar simulator for electrical performance comparison. As
the reference group, the mono-Si solar cells were also fabricated on the boron-doped wafers using standard commercial
production equipment. Those experimental wafers have the
uniform specification with the resistivity 1–3  × cm, thickness 190 ± 10 µm and size 156.75 × 156.75 mm. Then, the
same experimental process is followed as for mc-Si wafers
just with different details.
The HEI process is applied after metallization, and is to
apply a forward bias to the cells, which control the temperature by regulating the exhaust, and regulate current through an
external power supply. First, the cells are preheated through
the first chamber, and the temperature generally reaches about
180◦ C. Then, by adjusting the temperature, current and time
in the following seven chambers, the cells are injected with
electron, which take part in the charge state conversion of the
hydrogen. This is the key part of the HEI process. At the last
stage of HEI, the cells are cooled for 40 min, which completes
the HEI process. Before each formal experiment, chambers
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Table 1. The average data of Uoc , Jsc , FF and efficiency obtained from the eight pieces of mono-Si
PERC cells before and after HEI process under the scheme of 11 A, 200◦ C and 30 min.
Scheme
11 A/200◦ C/30 min

Condition

Uoc (V)

Jsc (mA cm−2 )

FF (%)

Efficiency (%)

Before HEI
After HEI
abs.

0.6600
0.6612
0.0012

39.78
39.82
0.04

79.95
80.20
0.25

21.04
21.16
0.12

Table 2. The average data of Uoc , Jsc , FF and efficiency obtained from the eight pieces of mc-Si
solar cells before and after HEI process under the scheme of 11 A, 200◦ C and 30 min.
Scheme
11 A/200◦ C/30 min

Condition

Uoc (V)

Jsc (mA cm−2 )

FF (%)

Efficiency (%)

Before HEI
After HEI
abs.

0.6404
0.6409
0.0005

36.59
36.60
0.01

80.62
80.63
0.01

18.89
18.91
0.02

were preheated to ensure that experimental solar cells were
processed at desired temperature, which reduce the experimental errors caused by different heating rates.

3. Results and discussion
3.1 Effect of HEI process on the efficiency improvement for
p-type mono-Si PERC cells
We have explored the impact of HEI on the improvement
of mono-Si passivated emitter and rear contact (PERC) solar
cells. As summarized in table 1, Uoc , Jsc and FF was increased
by 1.2 mV, 0.04 mA cm−2 and 0.25%, respectively. These
improvements have significantly promoted the absolute efficiency of cells by 0.12%abs. after applying the HEI process.
The treatment of HEI in detail were set at 11 A in current,
200◦ C for 30 min, which are also shown in table 1. Through
the results, HEI process can significantly promote the efficiency for the p-type mono-Si PERC cells.
3.2 Effect of HEI process on the efficiency improvement for
p-type mc-Si cells
The same treatment was applied to mc-Si cells. However,
the benefaction of PCE in mc-Si was much lower than that
of mono-Si solar cells as shown in table 2. To identify the
PCE change, the WT-2000 µ-PCD tool was used to test the
minority carrier diffusion length of the cells before and after
the HEI treatment. The diffusion length was slightly extended
from 558.83 to 572.53 µm in mc-Si solar cells (figure 2). This
is probably because the crystal orientation and grain boundaries of mc-Si solar cells are more complicated than mono-Si
solar cells. Meanwhile, abundant metal impurities are doped

into the bulk and grain boundaries inside of the mc-Si cells
during the fabrication process. Hence, the abundant impurities need much more H to decrease the traps in mc-Si than
that of mono-silicon. The huge amount of impurities in mc-Si
indicated that previous HEI treatment for mono-Si was insufficient for the mc-Si. As a result, a new treatment for mc-Si
should be deeply investigated to further promote the PCE of
mc-Si solar cells.
According to the previous discussion, we performed a
series of experiments to elucidate the correlation between the
effect of HEI process and injection current and temperature
of mc-Si solar cells. Afterwards, the updated scheme (16 A,
255◦ C and 60 min) was carried out to further promote the
performances of p-type mc-Si cells. The parameters before
and after HEI process were summarized in table 3. Before
the HEI, the average Uoc of the eight pieces of experimental cells was 641 mV, the Jsc was 36.64 mA cm−2 and the
FF was 80.50%. After the HEI process, the Uoc , Jsc and FF
were increased respectively, by 1.1 mV, 0.06 mA cm−2 and
0.05%, leading to an enhanced average efficiency by 0.08%abs.
(table 3). Furthermore, the minority carrier diffusion length
was dramatically increased from 536.12 to 627.45 µm after
the updated HEI treatment (figure 3). The results demonstrated that mc-Si solar cells require higher injection and
temperature than mono-Si solar cells, because of the complex defect structure in the bulk. It was interesting to note that
improvement of PCE was mainly reflected in the increase of
Uoc , which was similar to the reference samples processed
on mono-Si solar cells. After the HEI, the Uoc of the former
and the latter was respectively, extended by 1.12 and 1.24
mV (figure 4), which means that the effect of HEI on performance is independent of surface passivation. Excluding this
factor, the improvement of Uoc was more possibly responsible for the decrease in recombination centres. It elucidated
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Figure 2. Minority carrier diffusion length of mc-Si solar cells (a) before and (b) after HEI process under the scheme of 11 A, 200◦ C
and 30 min.
Table 3. The average data of Uoc , Jsc , FF and efficiency obtained from eight pieces experimental solar cells before and after the HEI
process under the scheme of 16 A, 255◦ C and 60 min.
Updated scheme
16 A/255◦ C/60 min

Condition

Uoc (V)

Jsc (mA cm−2 )

FF (%)

Efficiency (%abs. )

Before HEI
After HEI
abs.

0.6408
0.6419
0.0011

36.64
36.70
0.06

80.50
80.55
0.05

18.90
18.98
0.08

Figure 3. Minority carrier diffusion length of mc-Si solar cells (a) before and (b) after HEI process under the updated scheme of 16 A,
255◦ C and 60 min.

that effectiveness of HEI process is for improving the PCE of
mc-Si solar cells. Furthermore, it verified that the idea that
mc-Si solar cells require higher injection current and temperature to passivate impurities in the bulk compared with initial
scheme.
As we have previously introduced, the HEI process was
utilized to manipulate the charge state of H in the bulk of cells
to passivate impurities. Three charge states of H+ , H0 and H−
were existed inside the silicon bulk with different mobilities.
For the neutral H, the movement is faster than the hydrogen

ions (H+ and H− ), because its diffusion is not affected by
the electric field nor the crystal lattice [14,15]. Additionally,
the neutral hydrogen ions have high reactivity due to its own
ability to provide electrons and accept electrons, making it
easy to interact to form H+ and H− .
For p-type mc-Si, H+ occupies a dominant position in silicon wafers, because its majority carriers are holes. However,
since the doping atoms (B, Ga, etc.) in p-type silicon cells are
trivalent atoms, each atom replaces a silicon atom and generates a fixed negative charge. The existence of these fixed
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efficiency above 0.085%abs. at times 35, 60 and 75 min was
respectively, 66.7, 50 and 33.3%. With the increase in current injection and temperature, the efficiency improvement of
mc-Si cells enhanced accordingly at times 35 min (figure 6a)
and 60 min (figure 6b). However, the trend has changed at the
time of 75 min (figure 6c). Due to poor efficiency improvement under high temperature and low electron injection, and
the relatively low proportion under high temperature and high
injection, so the overall trend is discussed in this paper. It can
be concluded that PCE improvement was risen with increase
in temperature and current injection and related to a decreased
treating time.
Many studies have indicated that main source of hydrogen for HEI process was from the SiNx : H dielectric layer
deposited by PECVD [2,16,17]. When the voltage bias was
applied on the cells, it will modulate the charge state of hydrogen from the dielectric layer, so that H+ that dominates the
p-type is transformed into H0 and H− . The transition equation
between three charge states of hydrogen is:
Figure 4. Variation of Uoc of (left) p-type mono-Si solar cells and
(right) mc-Si solar cells before and after HEI process.

H+ + e− ↔ H0 ,
+

+

negative charges limits the motion of H , resulting in the
formation of doping ions, such as B− or Ga− combine with
H+ . These ions block H+ to reach the defect and complete
the passivation process. While H0 and H− can combine with
+
+
BO+ , Fe+
i , Cri , P and other major impurities, which can
rapidly passivate the defects in the cells [13]. Therefore, it is
important to control the charge state of hydrogen and increase
the concentration ratios of H0 and H− in the silicon bulks. The
HEI process participates in the conversion process of three
charge states of hydrogen by applying a current to inject electrons into the silicon cells. At the same time, by applying
temperature, sufficient energy is generated to move the Fermi
level to the middle band gap in rich zones of H0 and H− . The
distribution of three charge states of hydrogen in p-type silicon
cells is shown in figure 5. The electric field generated by the
applied current and the effect of temperature cause H0 and H−
to diffuse into the silicon cells at a faster rate to complete the
bonding with impurities. Hence, the efficiency of the p-type
silicon cells has been improved through the HEI process with a
higher injection current and temperature at 16 A and 255◦ C for
60 min.
3.3 Optimization of HEI process
However, the 0.8%abs. improvement in efficiency cannot satisfy the industrial demand. Therefore, orthogonal test was
adopted to further explore influence of three important factors of HEI process to further enhance PCE of mc-Si cells.
The 11 groups of data were generated by DOE and the experimental results are shown in table 4. Subsequently, correlation
between efficiency improvement and temperature and injection was obtained at times 35, 60 and 75 min, as shown in
figure 6. It can be found that the probability of improving the

+

(1)

H ↔H +h ,
H− ↔ H0 + e− ,

(2)
(3)

H− + h + ↔ H0 .

(4)

0

It can be seen from equations (1–4) that when electron concentration increases, the generation rate of H0 and H− will
be accelerated. The higher injection current, the higher the
concentration of injected charge, thereby, concentration ratio
of H0 and H− in the silicon cells will be increased. Due to the
action of the applied electric field, the H0 and H− migrated
and diffused throughout the silicon cells, which can neutralize
the chemical suspension bonds and passivate the impurities.
Moreover, the sufficient concentration ratio of H0 and H− will
also reduce the rate of defect activation and recombination,
which will greatly improve the PCE of silicon cells. However, the experimental equipment itself has limitations on the
current and the heat release is proportional to the square of
the current. The thermal release was increased along with the
increased current, which will make it difficult to control the
temperature. As a result, the reasonable maximum current is
18 A.
The effect of temperature is a key factor for the HEI process. Higher temperature will produce enough kinetic energy
to move the Fermi level to the middle band gap and accelerate
the release of hydrogen from the dielectric layer. Finally, the
diffusion length of hydrogen was extended by the HEI temperature. According to the previous literature, high temperature
over 600◦ C was carried out to achieve higher concentrations
of H0 and H− charge states [11]. However, the cooling after
high temperature will decrease the energy level of Fermi
energy, and the ratio of H+ and H0 will rise again. Furthermore, the residual heat will reactivate the recombination
centres, leading to a worse passivation. Then, the high temperature has a negative effect to the HEI process. According to
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Figure 5. Distribution of three charge states of hydrogen in p-type silicon cells.

Table 4.
Std. order
7
3
4
9
11
8
6
5
2
1
10

The data generated by DOE and experimental results.
Run order

Current (A)

Temperature (◦ C)

Time (min)

 Efficiency (%abs. )

1
2
3
4
5
6
7
8
9
10
11

14
14
18
16
16
18
18
14
18
14
16

275
275
275
255
255
275
235
235
235
235
235

75
35
35
60
60
75
75
75
35
35
60

0.083
0.097
0.110
0.068
0.089
0.094
0.073
0.082
0.083
0.076
0.085

(Std. order: the standard order generated randomly to reduce the impact of historical factors; runorder: the run order of the experiment).

the previous discussion, we have controlled the temperature
in a range of 235−275◦ C for the HEI process. It has been documented that the concentrations of H0 and H− charge states
produced by simultaneously applying illumination or electricity at low temperatures exhibited a similar behaviour to the
high-temperature-treated samples [18]. Therefore, in the case
of sufficient carrier concentration, the hydrogenation process
at low temperatures was more conducive to the effect of passivation. According to the factor analysis of Minitab software,
the efficiency of the cells would be enhanced with the temperature increasing in the low temperature range. This result was
consistent with the result of ref. [19]. On the other hand, temperature below 235◦ C was not conducive to the migration of
the Fermi level to the middle band gap, and would also make
the diffusion rate lower. However, considering the practical
factors, such as the bearing capacity of the equipment and the
temperature of the exiting cavity after the end of the process,

the experiment can only be adjusted in a limited temperature
range.
Recently, the University of New South Wales (UNSW)
in Australia has found that hydrogen can simultaneously
passivate impurities and activate impurities to reduce passivation [20,21]. Proper hydrogen plays a positive role in
the passivation effect, but excess hydrogen ions will stimulate impurities in the cells and cause some side effects,
such as hydrogen-activated recombination (HAR), hydrogeninduced recombination (HIR) and the resulting series have
other problems [22]. The injection of charge and the application of temperature cause a large amount of H0 and H−
to be generated in the silicon cells and move throughout the
silicon wafer. However, long-time injection and high temperature will continuously generate hydrogen ions, which will
saturate the passivation effect. The additional hydrogen ions
also introduce new recombination defects in the silicon cells,
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Figure 6. (a) Contour plot of efficiency improvement, current and temperature at 35 min; (b) contour plot of efficiency improvement,
current and temperature at 60 min; (c) contour plot of efficiency improvement, current and temperature at 75 min. (The different
colours correspond to the range of efficiency improvement after HEI treatment under different temperatures and current injections.
The width of the same colour scheme represents the proportion of cells in this range. Colour and line are guide to the eyes.)

Table 5. The average data of Uoc , Jsc , FF and efficiency obtained from eight pieces experimental
solar cells before and after the optimized HEI process under the scheme of 18 A, 275◦ C and 35 min.
Optimal scheme
18 A/275◦ C/35 min

Condition

Uoc (V)

Jsc (mA cm−2 )

FF (%)

Efficiency (%)

Before HEI
After HEI
abs

0.6407
0.6419
0.0012

36.57
36.68
0.11

80.61
80.66
0.05

18.89
19.00
0.11

hence, proper injection time is also important for the HEI
process.
The experimental data was optimized by Minitab software,
and the expected efficiency improvement value was set to
0.12%abs. . The optimized parameters for HEI were 18 A of
current, 275◦ C of temperature and 35 min of time, respectively. Then, eight pieces of test silicon cells with the same
specifications as above were subjected to the HEI process
with the optimized process. From the experimental results,
we can find that the electrical properties of the cells with optimized process have been significantly improved by 0.11%abs.
compared with the cells without HEI process, average Uoc

was increased by 1.2 mV, the Jsc was improved by 0.11 mA
cm−2 , and the FF was increased by 0.05%abs. , as shown in
table 5. The box chart of efficiency improvement comparison of above three schemes before and after HEI process is
shown in figure 7. Similarly, in all the three experiences, the
improvement of PCE was largely due to a significant increase
in Uoc . Therefore, we carried out dark current tests with three
different schemes under the same temperature, as shown in
figure 8. The results showed that the saturated dark current
of the cells of all groups with HEI process was lower than
that of the cells without HEI treatment, and the saturated dark
current of updated and optimal scheme with higher injection
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Figure 7. Box chart of efficiency improvement comparison of
experimental mc-Si solar cells with three schemes before and after
HEI process.
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Figure 9. Efficiency distribution diagram of each 100 pieces experimental cells before and after the optimized HEI process.

generally improved. The average efficiency was increased by
0.10%abs. compared to the efficiency of the traditional passivation process. This fully demonstrated that the HEI process
could greatly improve the electrical properties of the silicon
cells, especially under the optimized process. It has meant that
the concentration ratio of H0 and H− was further improved.
Moreover, the diffusion rate of H0 and H− was faster, which
inactivated impurities and defects, so that the efficiency of the
cells was greatly improved.

4. Conclusion
Figure 8. Saturated dark current comparison of experimental mcSi solar cells before and after (with the scheme of initial, updated
and optimal) HEI process.

current and temperature were significantly better than that of
other schemes. It illustrated that the influence of HEI on the
improvement of PCE is mainly reflected in the increase of
Uoc . Moreover, it also further verified that it requires a higher
temperature and injection current to produce large amounts of
H0 and H− to neutralize the impurities in the bulk because of
the complex impurities in the mc-Si solar cells. However, it is
important to note that the hydrogen itself is a kind of impurity
to the silicon bulk, so the injection time should be reasonably
controlled in an appropriate zone to prevent excess hydrogen
from forming the recombination centre.
To further verify the optimized HEI process, 100 pieces
mc-silicon cells were characterized. The distribution diagram
of efficiency before and after the optimized HEI process
is compared in figure 9. Obviously, the efficiency of the
100 piece cells after the optimized HEI process was also

In this paper, HEI treatment was used for both boron-doped
mono-Si cells and mc-Si cells to compare the efficiency
improvement. For mono-Si cells, the Uoc , Jsc and FF was
increased by 1.2 mV, 0.04 mA cm−2 , and 0.25%, respectively,
which finally promoted the absolute efficiency by 0.12%abs.
after HEI process. However, the same scheme was applied
to mc-Si cells with only a 0.02% in efficiency, and the diffusion length was slightly extended from 558.83 to 572.53
µm. Because of the impurities and defects, mc-Si solar cells
require more H0 and H− to inactivate internal impurities,
which means higher injection current and temperature was
worthy applied. With the software of Minitab application,
the optimal scheme was treated to verify the correctness of
this result (18 A, 275◦ C and 35 min). It was found that
the efficiency was increased about 0.11 ± 0.005%abs. . The
effect of HEI process on the efficiency improvement of mc-Si
solar cells and the feasibility of optimal scheme will provide
some ideas and basis for further improving the efficiency of
mc-Si PERC solar cells and overcoming the light-elevated
temperature-induced degradation.
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