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Abstract. Although the monocrystalline silicon (mono-Si)-passivated emitter and rear contact (PERC) solar cells have
achieved incredible efficiency, they still can be further improved by hydrogenation. So the hydrogenation was performed
to investigate the improvement of large area ([240 cm2) mono-Si PERC solar cells and estimate the significance of
previous light-induced degradation (pre-LID) under a high-intensity infrared (HI-IR) LEDs source platform. Then, the
results indicated that the parameters, such as open-circuit voltage (Uoc) and short-circuit current density (Jsc) and fill factor
(FF), could be better improved after LED hydrogenation with the execution of the pre-LID. The efficiency of mono-Si
PERC solar cells with pre-LID increased by *0.190 ± 0.005%abs. for 2 min, which was higher than that without pre-LID
(0.115 ± 0.005%abs.). Moreover, the results showed that the efficiency of large area mono-Si PERC solar cells with lightinduced degradation (LID) treatment after LED hydrogenation only existed a slight degradation of about
-0.253 ± 0.005%rel.. Compared with mono-Si PERC solar cells without pre-LID, the efficiency improvement and LID
mitigation of mono-Si solar cells with pre-LID was faster and more significant by LED hydrogenation, so that the LED
hydrogenation time significantly can shorten from 6 to 2 min. Additionally, the possible presence of a boron-oxygen (BO)
model was estimated, and this BO model is susceptible to be activated by the injection of external energy, resulting in
more BO defects in the process of pre-LID, so that subsequent hydrogenation rate becomes faster.
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Introduction

The light-induced degradation (LID) in boron-doped
Czochralski (Cz) silicon solar cells has caused significant
attention in both academic circles and the photovoltaic
industry for decades, especially on those utilizing the higher
efficiency passivated emitter and rear contact (PERC) cell
technology [1–4]. Numerous studies have undertaken
detailed defect analysis studies and defect formation and
recovery kinetics to identify a possible root cause [4,5]. For
boron-doped and oxygen-rich silicon cells, the carrier lifetime would be limited by a recombination centre that was
associated with related boron-oxygen (BO) defects [3].
Moreover, the formation of boron–hydrogen (B–H) pairs
also accelerated the regeneration of BO defects that were
inactive in the dark [6,7].
Hallam et al [8–11] have indicated that the efficiency and
degradation of monocrystalline silicon (mono-Si) PERC

solar cells have an improvement by using laser hydrogenation technology. Hydrogenation played a significant role in
improving the performance of low or high-efficiency silicon
solar cells [12]. The recombination rate of the photon-generated carrier, the generation rate of the electron–hole pairs
and the radiative recombination of each photon energy was
strictly balanced [13–15]. The hydrogen can interact with
electrons or holes to produce hydrogen ions with different
charge states [6,16,17]. Previous researches indicated a
critical mechanism of hydrogenation by manipulating
atomic hydrogen with three charge states called the positive
(H?), negative (H-) and neutral (H0) in SiNx:H layer to
improve the efficiency of silicon solar cells [17–19].
The main impurities in mono-Si PERC solar cells are
oxygen, carbon and metal [15], and their properties and
types have been extensively analysed for decades [20]. For
mono-Si PERC solar cells, the negative impact of the carbon and metal impurities has been effectively eliminated by
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gettering, so the oxygen was almost a major impurity in
mono-Si PERC solar cells and was an unavoidable light
element impurity [21]. The research suggested that the
dependence of the defect formation rate upon the total
majority carrier concentration and the BO concentration has
not necessarily reached the equilibrium state after treatment
[22,23]. The presence of impurities can cause recombination centres that reduce parallel resistance and lead to a
reduction in conversion efficiency. Moreover, Song et al
[18] and Krugel et al [24] indicated that hydrogen played a
critical role in the passivation of the unavoidable impurities
?
and defects, such as B-, P?, Fe?
i and BO , particularly in
the permanent deactivation of BO complexes.
Generally, impurities and defects in silicon solar cells are
electrically neutral and inactive. When more impurities or
defects are present in the hydrogenation process as early as
possible, the rate of hydrogenation will increase. Therefore,
it is necessary to consider whether these impurities and
defects should be activated in advance to accelerate and
improve hydrogenation. When hydrogen with different
charge states migrates into silicon solar cells during the
hydrogenation, it is difficult to react quickly in the absence
of a sufficient amount of active impurities within the silicon
wafer. However, when the active impurities exist in the
silicon cell, the hydrogen ions migrated into the silicon cell
have a high probability of recombining impurity ions.
In this article, compared with directly hydrogenated silicon
solar cells, we carried out the previous light-induced degradation (pre-LID) on mono-Si solar cells to activate a sufficient
number of impurities or defects in advance, for effectively
performing high-intensity infrared (HI-IR) LEDs hydrogen
regeneration. After hydrogenation, we compared the hydrogenation effect of mono-Si PERC solar cells with or without
pre-LID treatment, considering whether pre-LID treatment
needed to supply in advance for more effectively improving
the performance of mono-Si PERC solar cells. Additionally,
the possible presence of a BO model was estimated.

2.

Experimental

The mono-Si PERC solar cells produced by Wuxi Suntech
Power Co., Ltd. were used, which used 100% upgraded metallurgical grade silicon wafers that came from the same silicon
ingot. The commercial-grade boron-doped Cz p-type mono-Si
wafers were utilized to fabricate the PERC silicon cells by the
standard PERC processing sequence, and the specification
was, resistivity 1–3 Xcm, thickness 200 lm and size
156.75 9 156.75 mm2, U 210 mm. Prior to the deposition of
the dielectric passivation layers, wafers were saw-damage
etched and surface textured by KOH solution, followed by
HCl/HF cleaning [25]. The sheet resistance of the emitter was
*90 X sq-1. An AlOx:H layers were deposited using standard
Roth & RauÒ remote microwave plasma enhanced chemical
vapour deposition (PECVD) systems, and SiNx:H layers [26]
are deposited using CentrothermÒ direct PECVD systems.
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Sixteen pieces of cells were selected from the same
efficiency grade, then twelve of them were divided into two
groups as Group A and Group B for hydrogenation treatment. Moreover, two pieces of cells chosen from the
remaining four cells were respectively cut into nine small
pieces by laser, then randomly selecting six of each largearea silicon solar cells as Group C and Group D. Groups B
and D were subjected to a pre-LID treatment before LED
hydrogenation, while Groups A and C were not. The preLID was carried out under the HI-IR LEDs source platform
(about 20 ± 0.5 Suns at a temperature of 50 ± 5°C) for
5 min [27], which was adopted to generate a sufficient
amount of BO defects. Additionally, the final remaining two
silicon solar cells were set up as the independent reference
for assisting the experiment for accuracy.
HI-IR LEDs source was a self-built platform as the
experimental installation with the satisfactory irradiation
non-uniformity [25], and the intensity of light source was
measured and calculated by the photon flux density, which
can reach over 20 Suns [28]. Hence, the hydrogenation
condition was light intensity *20.0 ± 0.5 Suns, the
wavelength at 940 nm and photon flux density about
1.27 9 1023 m-2 s-1, the surface temperature of silicon
PERC solar cells was *240 ± 3°C. The temperature of
240°C has been used for mono-Si PERC since that has been
shown to be most effective for passivating the BO defects,
which were dominant [29]. After the end of the experiment,
the illumination would be turned off, and the silicon wafer
would be removed from the heating platform and placed
in the cold air outlet for rapid cooling. The Xe-lamp (AM
1.5 G) was carried out for the LID treatment under the
irradiation for 5 h. The Xe-lamp condition was light power
1000 W m-2, and the temperature in the LID chamber was
*45 ± 3°C.
Moreover, photoluminescence (PL) images and the opencircuit voltage (Uoc), short-circuit current density (Jsc) and
fill factor (FF) could reflect the effect of hydrogenation and
LID, which were measured by the standard solar simulator
for analysing electrical properties of silicon solar cells after
treatment. The test data obtained in the experiment were
corrected, and the testing error was also eliminated by
adjusting with an independent reference group.

3.

Results and discussion

Some mono-Si solar cells as Group A was carried out by
direct LED hydrogenation without pre-LID, and others as
Group B was treated with pre-LID for 5 min [27] before
LED hydrogenation, which was for clearly understanding
the subsequent hydrogenation effect induced by pre-LID or
not. The mono-Si PERC solar cells were placed on the
hotplate with heating at the bottom at approximately
240 ± 3°C and were illuminated under the HI-IR LEDs
with an intensity of *20 Suns for 2 min, which was the
condition of hydrogenation both for Groups A and B. When
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the LED hydrogenation was complete, the treated solar cells
would be quickly removed and placed on another platform
for rapid cooling. Subsequently, the multiple performances
of the treated mono-Si solar cells were measured, as shown
in figures 1 and 2.
Compared with the initial treatment process, the mono-Si
solar cells were significantly improved in Uoc, Jsc and
FF after LED hydrogenation, as shown in figure 1. The
results indicated that the Uoc, Jsc and FF showed an
enhancement of 2.0 ± 0.1 mVabs., 0.05 ± 0.01 mA cm-2
abs.
and 0.23 ± 0.01%abs., respectively. Moreover, the maximum efficiency improvement was 0.15 ± 0.01%abs. (in
figure 1d). The electrical properties (Uoc, Jsc, FF and efficiency) of the mono-Si solar cells treated by pre-LID
treatment and LED hydrogenation are also displayed in
figure 2. As shown in figure 2, the Jsc and FF were only
slightly improved, while the Uoc has a significant increase,

Figure 1. Improvement of the mono-Si solar cells without preLID after hydrogenation: (d) efficiency, (a) open-circuit voltage,
(b) short-circuit current density and (c) fill factor.

Figure 2. The Uoc, Jsc, FF and efficiency of mono-Si solar cells
treated with pre-LID after different treatment processes (G1:
initial, G2: hydrogenation after pre-LID, G3: LID).
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which resulted in a maximum efficiency improvement by
0.19 ± 0.01%abs. and the average efficiency increased by
0.16 ± 0.01%abs.. Most importantly, the calculated efficiency after the LID was improved from *-4.0%rel. to
*-0.3%rel., which indicated that defects or impurities in
the silicon solar cells could be hydrogenated to form the
more stable substance that was not easy to dissociate in the
LID.
Moreover, the PL images from Group A and Group B
were measured, as shown in figure 3. After hydrogenation,
the colour contrast of PL images has significantly changed,
and the PL counts per second were visually darker than
before. Through the comparison between figure 3a and b,
the improvement of mono-Si PERC solar cells from Group
B with pre-LID was better than that from Group A with no
pre-LID, which indicated that the application of pre-LID
before LED hydrogenation did appear to result in some
benefit for the passivation of mono-Si solar cells.
Also, the discussion on whether commercial production
needs to use pre-LID to improve the LED hydrogenation
time of mono-Si solar cells has attracted our attention. Then
the average efficiency improvements of Group C with no
pre-LID and Group D with pre-LID at different hydrogenation times are as illustrated in figure 4. The results in
figure 4a illustrated that 1-min hydrogenation effect without
pre-LID (0.063 ± 0.005%abs.) was lower than that with preLID (0.102 ± 0.005%abs.). When the hydrogenation time
reached 6 min, the efficiency of silicon cells with pre-LID
increased by almost 0.196 ± 0.005%abs., while that of silicon cells with no pre-LID improved by only
0.152 ± 0.005%abs., and the efficiency in the subsequent
hydrogenation was hard to have further improvement.
Moreover, initial efficiency and the efficiency after LID are
as shown in table 1, and the average relative efficiency
difference of Group C (without pre-LID) and Group D (with
pre-LID)
was
-0.404 ± 0.005%rel.
and
-0.253 ± 0.005%rel., respectively. So the mono-Si PERC
solar cells treated by pre-LID showed a more significant
effect on suppressing the LID.
Moreover, the contrast of the PL images of C1 (without
pre-LID) and D1 (with pre-LID) was different after LID
treatment, as shown in figure 5. From the above test results,
it illustrated that the pre-LID treatment had further
improvement in efficiency and degradation compared with
no pre-LID treatment. The reason for this is that the main
impurities in mono-Si solar cells are BO-related impurities
rather than the other impurities [15,30] and then passivated
BO-related impurities were difficult to dissociate again
under this condition. After the pre-LID treatment of the
mono-Si solar cells, the proportion of the excitation impurities was higher than that without the pre-LID treatment,
and other unknown impurities or defects were even activated so that the improvement on efficiency and LID of
Group C was more significant than that of Group D.
However, as shown in figure 4b, compared with the
mono-Si solar cells without pre-LID, the efficiency of the
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Figure 3.
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PL images of the mono-Si solar cells: (a) hydrogenation without pre-LID and (b) hydrogenation with pre-LID.

Figure 4. The efficiency improvement of mono-Si solar cells treated without pre-LID and with pre-LID: (a) from 0
to 6 min and (b) from 0 to 120 s.

Table 1.
Efficiency
Group C
Initial
LID
Rel.
Group D
Initial
LID
Rel.

Comparison of the initial efficiency and the efficiency after light-induced degradation (LID).
1#

2#

3#

4#

5#

6#

Ave.Rel.Eff.

20.412%
20.333%
-0.387%

20.404%
20.316%
-0.431%

20.412%
20.339%
-0.358%

20.417%
20.333%
-0.411%

20.405%
20.321%
-0.412%

20.424%
20.337%
-0.426%

20.412%
20.330%
-0.404%

20.405%
20.353%
-0.255%

20.416%
20.365%
-0.250%

20.409%
20.353%
-0.274%

20.432%
20.378%
-0.264%

20.411%
20.368%
-0.211%

20.399%
20.345%
-0.265%

20.412%
20.360%
-0.253%

Group C: no pre-LID, Group D: pre-LID, Ave.Rel.Eff.: average relative efficiency.
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PL images of C1 without pre-LID from Group C and D1 with pre-LID from Group D.

mono-Si solar cells treated with pre-LID was improved
faster in 2-min hydrogenation. The efficiency improvement
of the mono-Si solar cells with pre-LID could reach about
0.190 ± 0.005%abs. in 2-min hydrogenation, and then the
subsequent efficiency improvement trended to be stable.
Because some impurities or defects, such as BO-related
defects, were stimulated in advance by pre-LID treatment,
more interstitial impurity ions would appear in mono-Si
solar cells treated by pre-LID in the early stage of hydrogenation. Moreover, the degradation of the mono-Si solar
cells was mainly from the effect of BO-related defects, but
the other impurities were also accounted for a certain proportion. Then some unknown impurities and defects also
can be activated by hydrogen ions during the subsequent
hydrogenation, so more active impurity ions were converged at the initial stage of hydrogenation. Thus, the rate of
hydrogenation of mono-Si solar cells with pre-LID would
be faster than that without pre-LID, and the hydrogenation
time significantly shortened from 6 to 2 min, which
demonstrated that the pre-LID could stimulate some
impurities and defects in advance to assist the hydrogenation. Subsequent hydrogenation treatment after 2 min
would still slowly activate and passivate the BO-related
impurities and defects, but the efficiency improvement of
mono-Si solar cells after extending hydrogenation time was
very slight. From figure 4, table 1 and figure 5, the hydrogenation process can completely passivate almost most of
the BO-related impurities induced by excitation, while the
improvement on efficiency and LID of the mono-Si solar

cells treated with pre-LID was more significant than that
without pre-LID within 2-min hydrogenation.
For the mechanism of LED hydrogenation of mono-Si
solar cells, the continuous supply of hydrogen in the
hydrogenation process is extremely significant. Fortunately,
the source of hydrogen is sufficient for the hydrogenation,
which was supplied by PECVD AlOx:H and SiNx:H layers
[15]. The hydrogen with the appropriate charge states could
diffuse and migrate into the silicon, as shown in figure 6.
The loss of efficiency occurs only in the presence of boron
and oxygen in the silicon wafer, so it is considered that the
reason for the attenuation is the BO complex in mono-Si
PERC cells [15,30].
Oxygen atoms can occupy a slightly biased gap in the
centre of silicon–silicon bond in silicon lattice, which exists
in the form of Si–O–Si. During the process of doping, boron
is introduced and replaces one of the silicon atoms.
According to references [5,31–35], only one interstitial
oxygen atom or two oxygen atoms may exist in the silicon
lattice, the simple schematic diagrams of BO-related models is illustrated in figure 7. Chen et al [36,37] indicated that
only one interstitial oxygen atom in the silicon lattice is
difficult to diffuse at room temperature, but when a lattice
contains two oxygen atoms, the diffusion capacity of oxygen would be enhanced. Moreover, the energy level of the
BO complex is located in the 0.45 eV position in the conduction band, which is consistent with the energy level
position of {BO2} model [38]. So BO complex does not
exist in the form of {BO} but should be {BO2}. Hence some
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Figure 6.
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Schematic diagram of hydrogen diffusion during hydrogenation: (a) N-type and (b) P-type mono-Si solar cells.

Figure 7.

Simple schematic diagram of BO-related models: (a) {BO} and (b) {BO2} models.

outer electrons are shared among the boron atom, the
oxygen and the silicon atoms to form some covalent bonds,
which achieves the eight-electron stable structure, as shown
in figure 7b.
While the atomic radius of two interstitial oxygen
atoms, substituted boron atom and silicon atom and their
controlling forces on the outer electrons are different,
some covalent bonds will break and recombine to form
new structures due to some externally injected energy.
After the pre-LID treatment, the structure shown in figure 8 is a possible {BO2} model for the following reasons. As shown in figure 8, one outer electron sharing
with each of the three atoms around to form a covalent
bond, the oxygen atom itself still retains three outer
electrons. Then two of three outer electrons can form an
electron pair together to be a stable state, but the
remaining electron would be excited and lost, causing the
BO-related defects. Compared to the {BO2} model in
figure 7b, the electrons from {BO2} model shown in

figure 8 are more likely to be stimulated and separated off
to generate free electrons, which results that the {BO2}
model becomes positively charged complexes. During the
hydrogenation, the general mechanism of the hydrogenation reaction is as follows:
fBO2 gþ þ H ! fHBO2 g0

ð1Þ

fBO2 gþ þ H0 þ e ! fHBO2 g0

ð2Þ

From the average relative efficiency (Group C: -0.269%rel.,
Group D: -0.271%rel.) of table 1, so the component of
{HBO2}0 might be quite stable in light or heating.
The vibration absorption peak of BO bond was measured by Fourier transform infrared (FTIR) spectrum
before and after the pre-LID treatment, as shown in
figure 9, and the peak was at 1270 cm-1, where the
intensity of BO bond had an enhancement after pre-LID.
The results shown in figure 9 indicated that the {BO2}
model would be more likely to exist in the form similar
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Figure 8.

Unstable {BO2} structure model.
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Conclusion

Most of the current hydrogenation researches of silicon
solar cells were carried out by the laser source [8–11], but
this work demonstrated some hydrogenation improvements
for a large area ([240 cm2) of mono-Si PERC solar cells
under HI-IR LEDs source. Then through performing the
pre-LID before LED hydrogenation, the performance of
the mono-Si PERC solar cells was better improved after
hydrogenation and LID. The improvement of Uoc, Jsc and
FF was about 2.0 ± 0.1 mVabs., 0.05 ± 0.01 mA cm-2
abs.
and 0.23 ± 0.01%abs., respectively. The efficiency could
be improved by nearly 0.190 ± 0.005%abs. for 2 min,
which was higher than that with no pre-LID
(0.115 ± 0.005%abs.). The efficiency of large area of
mono-Si PERC solar cells treated with LID after LED
hydrogenation only existed a slight degradation of about
-0.253 ± 0.005%rel.. Moreover, the efficiency improvement of the mono-Si solar cells with pre-LID was faster
and more significant than that without pre-LID, so that the
hydrogenation time significantly shortened from 6 to
2 min. Then a possible BO model was proposed, which
was susceptible to be activated by the injection of external
energy, resulting in more BO defects in the process of preLID and making subsequent hydrogenation rates faster.
Assuming that the hydrogenation time was limited to
2 min, the increase in efficiency improvement of the
mono-Si solar cells treated with pre-LID was higher than
that without pre-LID.
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Figure 9.

FTIR spectrum of the BO bond.
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