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Abstract. The dislocations are the deep level defects with a negative impact on the multi-crystalline silicon (mc-Si)
solar cells. Though potential mechanisms of dislocation formation on the silicon ingot have been studied, few investigations consider the effect of LED hydrogenation on dislocation clusters. In this study, we have explored the influence of
hydrogenation on the dislocation clusters of large-area (244.34 ± 0.05 cm2) mc-Si solar cells using the high-intensity
infrared LED source. However, applying normal cooling measure to hydrogenation will trigger the instability of the
hydrogenation improvement effect due to residual thermal stress, so we proposed an appropriate rapid cooling measure
(RCM) followed by hydrogenation and achieved optimized results. The results indicated that electrical properties,
minority carrier lifetime, current density, power density and external quantum efficiency were enhanced through LED
hydrogenation and RCM, and the degradation of mc-Si solar cells also was significantly suppressed. To estimate the
content of dislocations after LED hydrogenation and RCM, we applied the X-ray diffraction techniques to calculate the
dislocation density using the full-width at half maximum of the rocking curve at (111), (220), (311), (400) and (331)
reflections. The dislocation density of mc-Si PERC solar cells was decreased by 0.12 9 108 cm-2 (±0.02 9 108 cm-2)
after LED hydrogenation and RCM. Meanwhile, photoluminescence images also illustrated that LED hydrogenation
passivated dislocation clusters as well as impurities and defects gathered by dislocations. Therefore, LED hydrogenation
of dislocation clusters is an effective measure to improve the performance of dislocation-containing mc-Si solar cells.
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Introduction

The dislocations are the crystallographic defects or
structural defects in multi-crystalline silicon (mc-Si) passivated emitter and rear contact (PERC) solar cells, which
significantly generate recombination centres through dangling [1–4]. Dislocations could influence the growth of
multi-crystalline material, particularly around the edge of
the ingot [4–6]. Two reasons can be applied to explain the
formation of dislocation: (1) various problems, such as
thermal stress, mechanical stress and component stress,
would induce the dislocation in silicon ingot [4]; (2) lattice
atoms shift from original sites, such as slide or atom
missing, also can induce the dislocation in silicon ingot.
When the local load is higher than that of the slip system
existing in the region, the crystal surface begins to slip,
leading to lattice distortion [7]. Dislocation clusters slid on

the slip plane perpendicular to the solid–liquid interface,
and then the Frank-Read dislocation source may be formed
and later developed into dislocation clusters [8]. The shear
stress on the sliding surface around the grain boundary may
be the main reason for the dislocation clusters [9,10]. The
silicon solar cells with the dislocation clusters are less
efficient than those without dislocations. Therefore,
improving the dislocation clusters of mc-Si solar cells
gradually attracts the discussion.
The interaction between the dislocation stress field and
impurity can cause impurities to deposit in the dislocation
line, such as interstitial iron (Fei?), interstitial chromium
(Cri?) and the boron–oxygen (B–O?) complex [4,11]. The
heavy metal impurities with small solubility and fast diffusion in silicon may form a large number of deep-level
recombination centres with conductive channels [12,13].
Hence, the efficiency loss of solar cells could be over
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3.0%abs. due to the dislocation clusters, which significantly
block the promotion of solar cells [12]. However, when the
mc-Si solar cells were treated by heating at an appropriate
temperature, the dislocation density inside the silicon
wafers would be greatly decreased [1]. Moreover, some
recent works have demonstrated the improvement effect of
hydrogenation on dislocations in silicon [11,14,15]. The
advanced hydrogenation and laser annealing of the finished
mc-Si solar cells can further enhance the passivation effect
of dislocation clusters [4,16,17]. The hydrogen with an
appropriate charge state migrates to the vicinity of dislocation clusters by hydrogenation and then binds or compensates the dislocations [4,18–20]. Then the hydrogenated
dislocations clusters are hard to slip, which makes the
strength of silicon greatly improved.
Dube and Hanoka [21] investigated the passivated dislocations by hydrogen in silicon ribbon grown based on the
electron beam-induced current method [22]. The results
indicated that the hydrogenation of dislocation in silicon
could reach a depth of over 200 lm. Though the diffusivity
of hydrogen in dislocation clusters was determined, the
further study on the dislocation density was rarely concerned. Although Vyvenko et al [15] have developed a new
procedure to find dislocations lying on the desired depth,
and moved hydrogen and dissolved iron atoms away from
the surface using reverse bias anneal treatments, subsequent
low-temperature hydrogenation of dislocations only produce bit passivation effect. Moreover, some measures were
adopted to mitigate the negative influence of dislocation
clusters, but the mechanism of dislocation is still ambiguous
whether treatments can effectively permanently eliminate
dislocation clusters.
In this study, we utilized LED hydrogenation and rapid
cooling measure (RCM) for mc-Si PERC solar cells with
dislocation to suppress the negative effect of dislocation
clusters. Then we applied the X-ray diffraction (XRD)
techniques to estimate and calculate the dislocation density
using the full-width at half maximum (FWHM) of the
rocking curve at (111), (220), (311), (400) and (331)
reflections. Meanwhile, photoluminescence (PL) images
were also used to investigate the area of dislocation clusters
and observe whether hydrogenation can lessen or even
eliminate dislocation clusters of mc-Si PERC solar cells.

2.

Experimental

The original mc-Si wafers with dislocations were fabricated
into mc-Si PERC solar cells by the standard PERC processing sequence with surface texture and clean to metallization. The wafer specification had resistivity 1–3 X cm,
thickness 190 lm and size 156 mm 9 156 mm. Before the
deposition of the dielectric passivation layers, wafers were
saw-damage etched and surface textured by the HNO3/HF
solution, followed by HCl/HF cleaning, as shown in figure 1. The sheet resistance of the emitter was *95 X sq-1.
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Figure 1. Casting process and experimental treatments of silicon
solar cells.

The standard Roth & RauÒ remote microwave plasma
enhanced chemical vapour deposition (PECVD) systems
and CentrothermÒ direct PECVD systems were applied to
deposit hydrogenated aluminium oxide (AlOx: H) layer and
hydrogenated silicon nitride (SiNx: H) layers, respectively.
In the characterization part, we applied a high-intensity
infrared LED source to perform previous degradation (preDeg) for 5 min [23–25] and LED hydrogenation for 2 min
[25] on mc-Si solar cells. The LED source with highqualified irradiation non-uniformity was achieved based on
a home-made platform for hydrogenation [26]. The intensity of the light source was measured and calibrated by the
photon flux density, and the light intensity of 20.0 ± 0.5
Suns (1 Sun = 1000 W m-2) as a condition for pre-Deg and
LED hydrogenation [27]. The hydrogenation time is 2 min,
and the surface temperature of silicon cells is around 300°C.
Through extensive experiments, the mc-Si PERC solar cells
used in this work have been shown to respond best to
hydrogenation processes at *300°C for 2 min, and then the
above temperature and time conditions were therefore used
here. The high-intensity infrared LED source is applied as
the experimental treatment, Xe-lamp is simultaneously used
to test the improvement effect of hydrogenation and
degradation according to the attenuation detection standards
of IEC 60904-1. Note, the Xe-lamp (AM 1.5G) was applied
to carry out the degradation treatment followed by hydrogenation under the irradiation for 5 h. The Xe-lamp condition maintained at a constant of light power 1000 W m-2
(1 Sun as previously mentioned), the temperature in the Xelamp chamber was set within 45 ± 3°C. Then appropriate
cooling methods were adopted to avoiding the additional
influences caused by the temporary high temperature [28].
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Followed by the hydrogenation, two cooling methods can
be selected for the silicon solar cell to cool down, as shown
in figure 1. The way of controlling the temperature difference between the ambient temperature (20 ± 1°C) and the
silicon solar cell to cool the silicon wafer is called the
normal cooling measure (NCM). Additionally, we use a
semiconductor refrigeration platform with a set temperature
of 20 ± 1°C and introduce air at a temperature of 10–15°C
to flow through the surface of the silicon solar cell, which is
called rapid cooling measure (RCM) in this article.
The experimental wafers with similar dislocations were
selected from the same silicon ingot position to cast the
standard mc-Si PERC solar cells. Then prepared mc-Si solar
cells were subjected to pre-Deg, hydrogenation and degradation treatment, respectively. To measure the XRD rocking curves, we carried out some processing on the mc-Si
solar cells as follows. Firstly, the silver electrodes of mc-Si
solar cells were corroded by nitric acid (HNO3), followed
by the aluminium back-surface field (BSF) by hydrochloric
acid (HCl). Then hydrofluoric acid (HF) was used to
remove the AlOx: H layer and SiNx: H layers. Lastly, the
mc-Si solar cells were cleaned by DI (de-ionized) water for
removing the rest of the acid and stains attached to the
surface, followed by natural drying in dark conditions, as
shown in figure 1.
Moreover, the open-circuit voltage (Uoc), short-circuit
current density (Jsc), fill factor (FF) and conversion efficiency were tested by the standard solar simulator to estimate the electrical performance. The testing errors have
been calibrated and eliminated by adjusting with independent reference wafers. The minority carrier lifetime of these
mc-Si solar cells also was measured with nine points sampled per wafer [29] by using WT-2000 (Semilab Instruments) over each processing period. PL images and external
quantum efficiency (EQE) were measured to understand the
influence of dislocation clusters. Additionally, two pieces of
mc-Si PERC solar cells were used as a reference group to
assist with the experiments for calibrating test error.

3.

Results and discussion

Deep-level impurities are located in the concentrated area of
dislocation clusters, and the conductivity of these impurities
is better than that of silicon itself. Because the dislocation
clusters induced internal circuit, the conversion efficiency in
mc-Si PERC solar cells was dramatically decreased by
dislocations and their other effects. Figure 2 shows the
electrical properties of mc-Si PERC solar cells with dislocation clusters using NCM. Though the open-circuit voltage
(Uoc) and short-circuit current density (Jsc) of Sample C
(blue up triangle) and Sample D (pink down triangle)
emerged a slight improvement, in figure 2a and b, the fill
factor (FF) and conversion efficiency of Samples C and D
showed a significant decrease, in figure 2c and d. The main
reason for the loss of conversion efficiency after subsequent
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hydrogenation is the decrease of FF, which is affected by
temperature. The heating temperature caused the thermal
stress in the hydrogenation process, and the thermal stress
caused instability of dislocations and then damaged the
performance of silicon solar cells. Thus, NCM to hydrogenation has a great possibility in causing instability of
hydrogenation improvement, and then cooling measures
need to further optimization.
To ensure the stability of improvement effect on dislocations during hydrogenation, we summarized a reasonable
RCM and applied it to this study through repeated experiments. Figure 3 displayed the measurement of the electrical
properties of mc-Si PERC solar cells with dislocation
clusters using RCM. The results indicated that the Uoc, Jsc,
FF and conversion efficiency after hydrogenation treatment
increased by 1.26 ± 0.02 mV, 0.04 ± 0.01 mA cm-2,
0.06 ± 0.01%abs. and 0.12 ± 0.01%abs., respectively. The
electrical properties after degradation treatment also displayed an improvement compared with those of the preDeg. The attenuation rate after degradation treatment was
suppressed from -1.91 ± 0.01%rel. to -1.23 ± 0.01%rel.,
as shown in figure 3. Through the hydrogenation of the
dislocation-containing mc-Si PERC solar cells, the results
indicated that the passivation was beneficial for improving
the electrical properties.
The minority carrier lifetime measurement was characterized by WT-2000 (Semilab Instruments). Results showed
that the minority carrier lifer was improved by the RCM.
The minority carrier lifetime of silicon solar cells using
LED hydrogenation and RCM increased by an average of
28.2 ± 0.5 ls compared to the initial state, as shown in
figure 4a. Dislocation converged and adsorbed a large
number of impurity ions that can form the recombination
centre of the minority carrier so that the minority carrier
lifetime emerged a decrease, as shown in figure 4a. However, the degradation level of minority carrier lifetime after
degradation treatment was not as large as that of the preDeg. Before the degradation treatment, some impurities and
defects in the silicon bulk have been passivated by the
previous hydrogenation, thus the number of impurity and
defect activated by the degradation treatment will be less
than those stimulated by the pre-Deg process. Based on the
decrease of impurity, the recombination centre of bound
minority carriers after the degradation treatment will be less
activated than that of pre-Deg. Then, both current density
and power density were tested through the equipment of
Suns-Voc, as shown in figure 4b. The results indicated that
the current density and power density of the silicon solar
cell using the RCM after LED hydrogenation were significantly increased compared with the silicon solar cell using
the NCM. The samples underwent the hydrogenation
treatment and RCM, hence both the open-circuit voltage
and short-circuit current were improved, and then the power
density showed an improvement.
Moreover, EQE was measured after hydrogenation and
RCM, as shown in figure 5. Figure 5 displays that the light
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Figure 2. The electrical properties of mc-Si PERC solar cells with dislocation clusters using NCM: (a) open-circuit voltage (Uoc);
(b) short-circuit current density (Jsc); (c) fill factor (FF) and (d) conversion efficiency.

Figure 3. Electrical properties of mc-Si PERC solar cells with dislocation clusters using RCM:
(a) open-circuit voltage (Uoc); (b) short-circuit current density (Jsc); (c) fill factor (FF) and
(d) conversion efficiency. I: initial; P: pre-Deg; H: hydrogenation and D: degradation treatment.
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Figure 4. (a) The minority carrier lifetime of mc-Si PERC solar cells with dislocation clusters after hydrogenation
and RCM, pre-Deg: previous degradation. (b) The current density and power density of the silicon solar cell using
RCM compared to the silicon solar cell using the NCM.

photo flux /in = Pin/Eph, where Eph is photon energy, and
Pin is power. The EQE is equal to the number of electron–
hole pairs per second collected to produce the photocurrent
Iph, divided by the number of incident photons per second
[30]. So the EQE is as follows,
EQE ¼

Figure 5. EQE measurement of mc-Si PERC solar cells with
dislocation clusters.

absorption coefficient of silicon solar cells in both the
long-wavelength range and the short-wavelength range was
enhanced. The short-wavelength segment is absorbed on the
front surface, while the long-wavelength light will be
absorbed in the process of transmitting to the back surface
of the silicon bulk. The light absorption in the long-wavelength range illustrated that the mc-Si solar silicon bulk also
was improved. Furthermore, the long waveband segment of
EQE can reflect the passivation effect of the silicon bulk
and the rear surface, while the middle waveband can represent the defect at junction and bulks. Hence, the dislocation clusters, as deep-level defects in silicon wafers, are
reflected in the absorption of long-wave photons. Figure 5
exhibited the improvement of EQE in the middle and long
waveband, which indicated that hydrogenation had a passivation effect on dislocation clusters (green triangle).
Theoretically, light incoming into the silicon bulk generated

Iph Eph

;
q Pin

ð1Þ

where q is the electron charge.
The results illustrated that the photocurrent Iph and EQE
displayed a positive correlation through equation (1). The
EQE is higher in the case of the hydrogenated sample than
the initial sample, which indicated that the generated photocurrent of the hydrogenated sample is stronger than the
initial sample. As a result, hydrogenation improved the
silicon solar cells and passivated the dislocation. Meanwhile, the EQE is higher in the case of degradation sample
than the pre-Deg sample, which indicated that passivated
dislocation was stable and was hard to be reactivated by
light soaking. From figures 4 and 5, the minority carrier
lifetime is less in the case of the pre-Deg sample than the
degradation sample, then EQE is higher in the case of the
degradation sample than pre-Deg. The reason for this is that
the EQE is directly proportional to the absorbed photon
intensity and the lifetime of photo-generated excitons.
Though the electrical properties of the dislocationcontaining mc-Si solar cells were improved using LED
hydrogenation and RCM, the reduction of dislocation content in silicon bulk based on hydrogenation was still
ambiguous. To figure out the mechanism of hydrogenation,
XRD was applied to estimate the density of dislocation
clusters of mc-Si PERC solar cells. The XRD rocking curve
can show a characteristic FWHM that can reflect the variation of dislocation density of the dislocation-containing
mc-Si solar cells. Also, the structural defects that induce the
dislocation, such as strain and bending, can all contribute to
the measured width of the XRD rocking curve [31]. So the
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Equation (4) has been applied to some semiconductor
systems [32,33]. Figure 6 displays all of the rocking curves
that included the reflections of (111), (220), (311), (400)
and (331) for calculating the dislocation density. The
measured Bragg angle h and bm from all the above five
reflections (according to figure 6) were marked, as shown in
table 1.
The legend of figure 7 describes the b2mi as a function of
tan2 hi , where hi is Bragg angle (i = 1, 2, 3 and 4). In plots
b2mi vs. tan2 hi , the results are three straight lines given by


b2m1 ¼ 36840 ðarc secÞ2 þ 1060420 ðarc secÞ2 tan2 h1
ð5Þ
b2m2

2

2

2

2

¼ 74918 ðarc secÞ þ 867067 ðarc secÞ tan2 h2


ð6Þ

Figure 6. The XRD rocking curve for mc-Si PERC solar cells
after different treatments.

b2m3

¼ 33618 ðarc secÞ þ 823399 ðarc secÞ tan h3

b2m ¼ b20 þ b2d þ b2a þ b2s þ b2L þ b2B ;

ð2Þ

where b0, bd, ba, bs, bL and bB are the contributions from
the intrinsic rocking curve width of the crystal, the intrinsic
rocking curve width of instrument, angular rotation at dislocation, strain, crystal size and curvature, respectively.
The broadening caused by the intrinsic rocking curve
width of the crystal, the intrinsic rocking curve width of the
instrument, the crystal size and curvature of mc-Si solar
cells is negligible because of the significant gap with bm in
magnitude (i.e., cases for which b20  b2m , b2d  b2m , b2L 
b2m and b2B  b2m ). According to refs [31,32], the analysis
can be considerably simpler than above, so equation (2) can
be simplified to equation (3),
b2m  b2a þ b2s  Ka þ Ke tan2 h;

ð3Þ

where Ka = 2p 9 b2 9 D 9 ln 2 is the intercept [31], and
Ke is the slope.
Considering that the crystal direction of mc-Si PERC
solar cells is complicated, so the index of crystal direction is
unified to h110i for simple calculation. Then the dislocation
density, D can be calculated from:
Ka
D¼
;
ð4Þ
4:36b2
pﬃﬃﬃ
where b is the Burger’s vector, for Si, is to be a= 2
(a = 5.4310 Å).


ð7Þ

2

XRD rocking curves for the dislocation-containing mc-Si
solar cells were measured by the X-ray diffractometer after
different treatments, as shown in figure 6.
As shown in figure 6, the XRD rocking curves are Gaussian
shaped indicating the high quality of silicon crystal. Meanwhile, and the intensity of various components, such as dislocations, are Gaussian in distribution as well. Then the
FWHM of the measured curve (bm) is given by:

2

b2m4 ¼ 50850 ðarc secÞ2 þ 833152 ðarc secÞ tan2 h4


ð8Þ

Thus, Ka1 = 36840 (arc sec)2 = 8.66 9 10-7 rad2, Ka2 =
74918 (arc sec)2 = 1.76 9 10-6 rad2, Ka3 = 33618 (arc
sec)2 = 7.90 9 10-7 rad2 and Ka4 = 50850 (arc sec)2 =
1.20 9 10-6 rad2, and from equation (4), the dislocation
density can be calculated as shown in table 1.
Though the grain boundary type and distribution in the
dislocation concentration region of mc-Si solar cells were
complicated [10], the results from table 1 indicate that the
dislocation density decreased after LED hydrogenation and
RCM. The dislocation density of the untreated mc-Si solar
cell was 1.35 9 108 cm-2 (±0.02 9 108 cm-2), but the
dislocation density increased to 2.74 9 108 cm-2
(±0.02 9 108 cm-2) after pre-Deg treatment. Followed by
LED hydrogenation and RCM, the dislocation density of the
mc-Si solar cell was reduced back to 1.23 9 108 cm-2
(±0.02 9 108 cm-2). The decrease of dislocation density
illustrated that hydrogenation could passivate dislocations
compared with that of untreated state and pre-Deg treatment. When the silicon solar cells underwent the subsequent
attenuation treatment, the dislocation density only recovered to 1.86 9 108 cm-2 (±0.02 9 108 cm-2). The results
indicated that the passivated dislocations are not easily retriggered during the subsequent degradation treatment.
Furthermore, PL images show the changes in the area of
dislocations of dislocation-containing mc-Si solar cells that
underwent different treatments, as shown in figure 8. The
positions of dark red colours are the enrichment area that
converged multitudinous impurities and defects. Compared
with the initial state and hydrogenation in figure 8, the
colour contrast of PL images was significantly improved
and was visually brighter than before. Macroscopically, PL
images displayed that defect-rich areas had an improvement
due to a significant reduction in area (black dashed
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Table 1.
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XRD rocking curve of mc-Si PERC solar cells with dislocations after different treatments.
Untreated

(hkl)
(111)
(220)
(311)
(400)
(331)
D (cm-2)

48

h1 (deg.)

Pre-Deg

bm1 (arc sec)

14.177
403.2
23.625
468.0
28.016
496.8
34.543
738.0
38.146
842.4
1.35 9 108

h2 (deg.)

Hydrogenation

bm2 (arc sec)

14.165
309.6
23.606
500.4
27.978
626.4
34.480
651.6
38.089
799.2
2.74 9 108

h3 (deg.)

bm3 (arc sec)

14.181
334.8
23.633
399.6
28.032
518.4
34.499
601.2
38.177
752.4
1.23 9 108

Degradation
h4 (deg.)

bm4 (arc sec)

14.171
326.5
23.620
451.8
28.011
536.0
34.530
662.7
38.149
760.0
1.86 9 108

bm is the measured FWHM of the rocking curve for each reflection. The D, dislocation density, is calculated from equation (4).

Figure 7.

b2m vs. tan2 h for mc-Si PERC solar cells.

wireframe), which illustrated that impurities and defects in
the adjacent region of the dislocation clusters were hydrogenated. The shaded area emerged a drop from the initial
state to hydrogenation in PL images, which also demonstrated that the dislocation density of dislocation-containing
mc-Si solar cells decreased after LED hydrogenation. The
phenomenon from PL images is also consistent with the
reduction of dislocation density detected and calculated by
the XRD detection spectrum. As a result, LED hydrogenation reduced the occupation area of dislocation clusters,
and passivated impurities and defects enriched by
dislocations.
With the continuous injection of the photons during LED
hydrogenation, the hydrogen ions with different charge

states are generated and then migrate into the silicon bulk to
passivate the impurity ions. These in-diffusing hydrogen
ions break the original covalent bonds between impurity
ions and minority carriers and then bind interstitial impurity
ions during LED hydrogenation. Meanwhile, some hydrogen ions with a negative charge (H-) are also generated
during the hydrogenation, which can effectively bind to
metal impurity ions and enhance the conductivity of silicon
solar cells. Moreover, independent thermal treatment is
more likely to significantly increase the dislocation density
of the dislocation-containing mc-Si solar cells. Because the
thermal stress generated in the silicon wafer is difficult to
release in a short time, the residual stress will increase
dislocation density. However, the RCM can rapidly cool the
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Figure 8.
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PL images of mc-Si PERC solar cells with dislocation after different treatments.

silicon bulk and prevent the expansion of thermal stress
from producing additional dislocations. Although thermal
treatment is associated with hydrogenation, the dislocation
density of hydrogenated mc-Si solar cells still displays a
decrease. Therefore, the passivation of hydrogen ions plays
a significant role in mitigating the negative impacts of
thermal stress and dislocation clusters.

4.

Conclusion

In this investigation, we performed the LED hydrogenation to improve the performance of the large-area
(244.34 ± 0.05 cm2) mc-Si PERC solar cells with dislocation clusters. But the result of this experiment indicated
that applying NCM to hydrogenation induced the instability
of the hydrogenation improvement effect due to residual
thermal stress. Based on the disadvantages of NCM, we
proposed an appropriate RCM followed by hydrogenation
and achieved better results. The dislocation-containing mcSi solar cells emerged as significant improvement in electrical properties, minority carrier lifetime, current density,
power density and EQE using LED hydrogenation and
RCM. To estimate the concentration of dislocations in silicon bulk after LED hydrogenation and RCM, we applied
the XRD techniques to calculate the dislocation density
using FWHM of the rocking curve at (111), (220), (311),

(400) and (331) reflections. The results demonstrated that
LED hydrogenation and RCM could significantly decrease
the dislocation density of the mc-Si PERC solar cell, which
also illustrated that the dislocation clusters could be
improved using LED hydrogenation and RCM. Then, the
PL images are also in accordance with the reduction of
dislocation density detected and calculated by the XRD
detection spectrum. As a result, LED hydrogenation
reduced the area of dislocation clusters, and passivated
impurities and defects enriched by dislocations. By combining with macroscopic observation and microscopic
calculation, the dislocation clusters could be indeed
hydrogenated and lost the ability to damage the performance of the silicon cells. Though LED hydrogenation was
unlikely to eliminate the dislocation clusters absolutely in
this study, hydrogenation could weaken the activity of
dislocations and passivate the impurities and defects enriched by the dislocation clusters. However, some irreparable
dislocation defects would still exist in silicon bulk only by
hydrogenation, so we will continue to carry out and gradually deepen the subsequent study of dislocations.
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