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In order to investigate the light-induced-degradation (LID) and regeneration of industrial PERC solar cells made from different
positions of silicon wafers in a silicon ingot, five groups of silicon wafers were cut from a commercial solar-grade boron-doped
Czochralski silicon (Cz-Si) ingot from top to bottom with a certain distance and made into PERC solar cells by using the
standard industrial process after measuring lifetimes of minority carriers and concentrations of boron, oxygen, carbon, and
transition metal impurities. Then, the changes of their I-V characteristic parameters (efficiency η, open-circuit voltage Voc,
short-circuit current Isc, and fill factor FF) with time were in situ measured by using a solar cell I-V tester during the 1st LID
(45°C, 1 sun, 12 h), regeneration (100°C, 1 sun, 24 h), and 2nd LID (45°C, 1 sun, 12 h). The results show that the LID and
regeneration of the PERC solar cells are caused by the transition of B-O defects playing a dominant role together with the
dissociation of Fe-B pairs playing a secondary role. The decay of η during the 1st LID is caused by the degradation of Voc, Isc,
and FF, while the increase of η during the regeneration is mainly contributed by Voc and FF, and the decay of η during the
2nd LID is mainly induced by the degradation of Isc. After regeneration, the decay rate of η reduces from 4.43%–5.56%
(relative) during the 1st LID to 0.33%–1.75% (relative) during the 2nd LID.

1. Introduction

Although boron-doped (B-doped) Czochralski silicon
(Cz-Si) 11solar cells possess the advantages of low cost, high
efficiency, and mature production technology, they also have
a problem of light-induced degradation (LID) which restricts
their development. It is generally accepted that boron-
oxygen (B-O) defects formed under illumination are mainly
responsible for the LID in minority carrier lifetime of B-
doped Cz-Si wafers thus the electrical performance of solar
cells based on the Si wafers [1–3]. Since specific composition
of B-O defects is still unknown [1, 2] and B-O defects related
LID (BO-LID) can bring about huge losses in power genera-

tion to customers [4], the investigations on the LID of
boron-doped Cz-Si solar cells and its elimination are not only
of great scientific research value but also of great practical sig-
nificance [4]. In order to suppress BO-LID, many research
works have been done. In 2006, Herguth et al. proposed a
method called regeneration to alleviate the recombination
activity of B-O defects by illumination at elevated tempera-
tures [5]. After regeneration treatment, the electrical perfor-
mance of B-doped Cz-Si solar cells can nearly be recovered,
and especially, they possess an anti-LID ability under solar cell
working conditions. Thereafter, effectiveness of the regenera-
tion reaction of B-O defects has been confirmed in B-doped
Cz-Si wafers [1, 2] and even in p-type compensated Cz-Si solar
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cells [6], and the regeneration treatment has been regarded as
an effective way to suppress or eliminate the LID of B-doped
Cz-Si solar cells [4].

However, most experiments on BO-LID and regeneration
effect were conducted on lifetime samples. In contrast, there
are few reports on the LID and regeneration of B-doped Cz-
Si solar cells especially the new type PERC solar cells. Just as
Basnyat et al. from the National Renewable Energy Laboratory
(NREL) noted in their paper in 2015, “although a great deal of
information is available on B-O effects in silicon, LID in solar
cell has not been understood fully. LID effect on crystalline sil-
icon solar cells is studied by a small number of research groups,
using comparatively small sets of samples. Even the results
reported in literature show large diversity” [7]. Different from
the structures of the lifetime samples, Cz-Si solar cells have
multiple functional layers and interfaces, therefore, to what
extent can the findings obtained on the lifetime samples be
applied to Cz-Si solar cells remains unknown [8]; thus, it is nec-
essary to directly study the LID and regeneration of B-doped
Cz-Si solar cells especially the PERC solar cells. Herguth et al.
and Fertig et al. [9, 10] first reported the LID and regeneration
of the PERC solar cells in 2015. However, their research results
were based on the prototype PERC solar cells prepared in lab-
oratory, which cannot represent those of real industrialized
PERC solar cells [11]. In 2018, Modanese et al. studied the
effect of Cu-LID on the PERC solar cells and found that copper
contamination and silicon wafer quality are the key factors
affecting the degree of Cu-LID [12]. Herguth et al. investigated
a LID phenomenon of unknown source in PERC solar cells in
2018, which is characterized by a slight loss in Jsc, a strong loss
in Voc, and a great loss in FF and efficiency. It was found that
degradation of front contact resistance results in significant
degradation of series resistance, and back-surface-related deg-
radation can give a consistent explanation on the experimental
results [13]. In 2019, Fertig et al. reported that regenerated
PERC solar cells suffer a severe LID of 19.1% (relative value)
after a prolonged dark annealing (150°C, 552h); in contrast,
the measured LID was only 5.6% (relative value) for the PERC
solar cells fabricated without regeneration treatment [14]. In
2019, Helmich et al. reported that the regeneration rate con-
stant of the B-O defects in PERC solar cells increases propor-
tionally with the excess carrier concentration [15].

Although several research works have been done on the
LID and regeneration of the PERC solar cells, much more
research works are still needed to thoroughly understand
the LID and regeneration of B-doped Cz-Si solar cells espe-
cially the PERC solar cells. Different from previous studies,
this paper focuses on in situ investigation on the LID and
regeneration of industrialized PERC solar cells fabricated
by using the silicon wafers from different positions of a com-
mercial B-doped Cz-Si ingot. The research results are helpful
to clarify the effects of the silicon wafer positions and resul-
tant impurity concentration difference on the LID and
regeneration of the industrialized PERC solar cells.

2. Experiment

Five groups of 156:75mm × 156:75mm pseudosquare
silicon wafers were cut from a commercial solar-grade

B-doped Cz-Si ingot with a certain distance and were
numbered group 1 to group 5 in order from the top to
bottom. For each group of silicon wafers, the concentra-
tions of transition metal impurities (iron, copper, and
nickel) were measured by inductively coupled plasma
mass spectrometer (ICP-MS), and the concentrations of
interstitial oxygen and carbon were measured on 2mm
thick neighboring silicon wafers by a Fourier transform
infrared (FTIR) spectrometer at room temperature
according to ASTM F 121:1983 using a calibration factor
of 2:45 × 1017, while substitutional boron content was
indirectly determined by measuring the resistivities of
the wafers by using a four-probe tester after killing ther-
mal donors using 650°C annealing in Ar for 2 h. After
removing about 8μm damaged layer on each side by
using 20% KOH solution at 80°C and thermally growing
about 5 nm SiO2 film on each side at 760°C, the minority
carrier lifetimes of the wafers were measured by a Semi-
Lab WT-2000 lifetime tester. Then, five groups of silicon
wafers were made into PERC solar cells by using the
standard industrialized process, which includes removing
the damaged layer and texturing by KOH solution, POCl3
diffusion at 850°C to form an emitter about 85 Ω/□,
removing phosphorosilicate glass (PSG) and back junction
by HF/HNO3 solution, depositing about 20nm AlOx/
140 nm SiNx passivation layer on the rear side by PECVD
at 400°C, depositing about 80 nm SiNx antireflection film
on the front side by PECVD at 450°C, laser grooving
on the back passivation layer to form electrical contact
windows, screen printing the front and back electrodes,
and final sintering with temperature up to 800°C. It
should be mentioned that no regeneration treatment was
performed on the as-prepared PERC solar cells, and the
efficiencies of the PERC solar cells (cell area = 244:67
cm2) were in the range of 20.3% to 20.8% at the STC
condition (AM1.5 spectra, 1000W/m2, 25°C). It should
be emphasized that the measured efficiencies are lower
than the real values because the solar simulator was cali-
brated to output 1 sun light intensity but the shading loss
caused by the five-row-probe cartridge above the tested
solar cell sample was not taken into account.

Finally, the as-prepared PERC solar cells were treated by
the first 12-hour LID (45°C, 1 sun), 24-hour regeneration
(100°C, 1 sun), and the second 12-hour LID (45°C, 1 sun) in
sequence on a IVT VS-6821M solar cell I-V tester. At the four
time nodes (before the 1st LID, after the 1st LID, after regener-
ation, and after 2nd LID), we performed full-area LBIC scan on
the PERC solar cells using 2μm step by a SemiLab WT-2000
lifetime tester at room temperature. However, the LBIC map-
ping results are not shown in this paper as some of LBIC maps
contain a large proportion of blank areas formed by void data
points which may result from limitations of the instrument
itself. Although the results obtained from LBIC scan including
two-dimensional LBIC (light beam-induced current) mapping
diagrams and DL (diffusion length) distribution diagram are
unreliable and invalid and cannot be used for explaining our
experimental results, LBIC scan step offered the conditions
for formation of Fe-B pairs as the process was carried out in
a dark box for about 2.5h. Since the I-V characteristic
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parameters (efficiency η, short-circuit current Isc, open-circuit
voltage Voc, and fill factor FF) of the PERC solar cells were in
situ measured by the VS-6821M solar cell I-V tester at regular
time intervals (10 s in the first hour, 1min from the 1st hour to
the 3rd hour, and 5min after the 3rd hour) during the 1st LID,
regeneration, and 2nd LID processes, the in situ LID and regen-
eration curves of the I-V characteristic parameters of the PERC
solar cells were obtained. According to the claim of the manu-
facturer (IVT Corporation of Singapore) of the VS-6821M I-V
tester, the uncertainties of measurement results of Isc, Voc, FF,
and η in the confidence level of 95.4% are 4.99%, 0.51%, 0.48%,
and 5.00%, respectively.

3. Basic Knowledge about Solar Cell
Device Physics

To facilitate discussion, we give a brief review on fundamen-
tals of solar cell device physics. According to single diode
model, the I-V characteristic equation of a solar cell can be
expressed as [16]

I = Iph − ID − Ish = Iph − I0 e
q V+IRsð Þ

nkT − 1
h i

−
V + IRs
Rsh

, ð1Þ

where I and V are the current and voltage on the load,
respectively; Iph is the photogenerated current; ID is the leak-
age (or dark) current through the diode; Ish is the shunt cur-
rent through the shunt resistance Rsh; I0 is the reverse
saturation current of the diode in the dark; q is the elemen-
tary charge; Rs is the series resistance; n is the ideality factor
of the diode; k is the Boltzmann constant; and T is the device
temperature. For a practical solar cell with finite dimensions,
I0 can be written as [17]
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where A is the cross-sectional area of the p-n junction; ni
and Eg are the intrinsic carrier concentration and band gap
of the semiconductor material, respectively; Dp and Dn are
the diffusion coefficients of holes and electrons, respectively;
Lp and Ln are the diffusion lengths of holes and electrons as
minority carriers, respectively; ND and NA are the donor and
acceptor concentrations in the n region and p region, respec-
tively; Nc and Nv are the effective density of states in the

conduction band and valence band, respectively; τp and τn
are the lifetimes of holes and electrons as minority carriers,
respectively; Sp and Sn are the surface recombination veloci-
ties of the n region and p region, respectively; and WN and
WP are the thickness of the n region and p region, respec-
tively. Obviously, for our case, the reverse saturation current
I0 is mainly determined by the properties of silicon, the
cross-sectional area of the p-n junction, thickness, surface
recombination velocities, crystalline quality (τp, τn, Lp, and
Ln), and doping concentration (ND, NA) of the n region
and p region as well as temperature.

When a solar cell is at the short-circuit state, V = 0 and
I = Isc, the dark current ID through the diode is very low
and can be neglected; from equation (1), we have

Isc =
Iph

1 + Rs/Rshð Þ : ð4Þ

For the general case, Rsh > >Rs; thus, Isc ≈ Iph holds.
When a solar cell is at the open-circuit state, I = 0 and

V =Voc, assuming that the Rsh is large enough so that the
Ish can be neglected, from equation (1), we have

Voc =
nkT
q

ln
Iph
I0

+ 1
� �

: ð5Þ

Fill factor FF is defined as the ratio of maximum power
Pm output by a solar cell to the product of Voc and Isc, i.e.,

FF = Pm
VocIsc

: ð6Þ

For an ideal solar cell in which the effect of Rs and Rsh can
be neglected, its fill factor FF0 can be expressed by [17, 18]

FF0 =
voc − ln voc + 0:72ð Þ

voc + 1 , ð7Þ

where voc is the dimensionless voltage voc = qVoc/nkT .
Equation (7) shows that the ideal fill factor FF0 increases with
the voc. After considering the effect of Rs and Rsh, the FF of
a p-n junction solar cell can be given by [17, 18]

FF = FFs 1 − voc + 0:7ð ÞFFs
voc∙rsh

� �
: ð8Þ

Here,

FFs = FF0 1 − 1:1rsð Þ + r2s
5:4

� �
, ð9Þ

where FFs is the fill factor of a solar cell in which only the effect
of Rs is considered and rs and rsh are the normalized resis-
tances, which are equal to Rs and Rsh divided by Voc/Isc,
respectively. From equations (7)–(9), we can see that FF is
affected by multiple factors such as Rs, Rsh, Voc, n, I0, and Isc
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in a complex way. To improve FF, one can decrease Rs and I0
and increase Rsh, Voc, and Isc meanwhile.

Efficiency η is defined as the ratio of maximum power
Pm output by a solar cell to the incident light power Pin on
the device, i.e.,

η = Pm
Pin

= Voc∙Isc∙FF
Pin

: ð10Þ

Equation (10) shows that the η is determined by the
product of Voc, Isc, and FF for the given incident light inten-
sity and area of a solar cell.

4. Results and Discussion

4.1. Impurity Concentration and Lifetime of Silicon Wafers.
Table 1 shows the measured lifetimes and resistivities as well
as boron (B), oxygen (O), carbon (C), iron (Fe), copper (Cu),
and nickel (Ni) contents of the five groups of silicon wafers.
As shown in Table 1, from the top to bottom of the Cz-Si
ingot, O content gradually decreases while B, C, Fe, Cu,
and Ni contents gradually increase. With the increase of B
content, the lifetime and resistivity gradually decrease. It
should be mentioned that O content is approximately one
order of magnitude higher than C content, two orders of
magnitude higher than B content, three orders of magnitude
higher than Fe content, and four orders of magnitude higher
than Cu and Ni contents.

For the impurities such as B, C, Fe, Cu, and Ni, their dis-
tributions along the solidifying direction of the Cz-Si ingot
are basically determined by their segregation coefficients in
silicon; herein, the segregation coefficient is defined as the
ratio of the solubility of the impurity in the solid phase at
the liquid-solid-interface to the solubility in the liquid phase
[19]. Since B, C, Fe, Cu, and Ni impurities all possess segre-
gation coefficients less than 1 in silicon [19, 20], their con-
tents gradually increase towards the tail of the Cz-Si ingot.
For O impurity, its distribution along the solidifying direc-
tion of the Cz-Si ingot is determined not only by its segrega-
tion coefficient in silicon but also by the contact area
between the quartz crucible and the silicon melt, and the lat-
ter may play a more important role because O impurities in
the Cz-Si ingot mainly come from the dissolving quartz cru-
cible wall under corrosion of the silicon melt at high temper-
ature. As the growth proceeds, the contact area between the
quartz crucible and the silicon melt is gradually reduced,
which results in decreasing O incorporation in the silicon
melt and thus decreasing O content towards the tail of the
ingot [21]. Furthermore, this distribution is enhanced by
the segregation coefficient of O which is larger than 1 [19].
Obviously, our test results on concentrations of the impuri-
ties can be given a good explanation from the point of view
of impurity segregation and major origin of O. As compared
with impurity distribution reported in Cz-Si, our O distribu-
tion along Cz-Si ingot is consistent with ref. [21] and our
transition metal impurity distributions are in good agree-
ment with ref. [22]. Since different groups of the Si wafers
show little difference in C content and C content has little
effect on lifetime of Cz-Si wafers [23], we will neglect the

influence of C content on the LID and regeneration of the
PERC solar cells in the following.

4.2. PERC Solar Cells. Figure 1 shows the in situ changes of
the I-V characteristic parameters of five groups of PERC
solar cells with time during the 1st LID (45°C, 1 sun, 12 h).
As shown in Figure 1, η, Isc, Voc, and FF of most samples
exhibit the typical characteristics of BO-LID, which is char-
acterized by a double exponential decay corresponding to a
“fast decay” and a “slow decay,” respectively [2, 24]. Further-
more, P3 has the highest η and Voc, whereas the bottom
samples (P4 and P5) have larger LID in Voc.

Under the condition of the 1st LID, the changes of Rs, Rsh,
and surface passivation can be neglected, therefore, the decays
of I-V characteristic parameters of the PERC solar cells are
mainly caused by the LID of bulk minority carrier lifetime τ.
For the as-prepared PERC solar cells, Rs is about 0.2 Ω·cm2

while Rsh is above 2000Ω·cm2, which means Rsh>>Rs, thus,
Isc ≈ Iph holds according to equation (4). It can be seen from
equations (2)–(5) that the LID of the τ can result in the
decrease of the collection efficiency thus decay of Isc or Iph
on the one hand [25] and the increase of dark saturation cur-
rent I0 thus the decay of Voc on the other hand. Furthermore,
the decay of Iph can also induce the degradation ofVoc accord-
ing to equation (5). It is easily known from equations (7)–(9)
that the decay of FF is mainly determined by that of Voc when
the changes of Rs and Rsh are neglected. From equation (10),
the decay of η is the product of the decays of Voc, Isc, and FF.
In a word, the degradations of Voc, Isc, FF, and η during the
1st LID result from the LID of τ, and degradation of τ under
LID conditions has been reported by ref. [1, 3]. The larger
LID in Voc of bottom samples (P4 and P5) may result from
their higher B and Fe contents. Ref. [26] has shown that the
higher B content means the higher B-O defect concentration
when the O content is in a range of 5:0 × 1017 cm-3 to 8:0 ×
1017 cm-3. In addition, the Coulomb attraction between Fe+

and B- reduces the efficiency of phosphorus diffusion gettering
(PDG) [27], resulting in higher Fe-B pair concentration in the
samples with higher B and Fe content, and the dissociation of
Fe-B pairs would result in LID of most I-V characteristic
parameters of a solar cell [28]. P3 has the highest η and Voc,
which may be related to its moderate B and O content and
lower transition metal impurity content.

Figure 2 shows the in situ changes of the I-V characteristic
parameters of five groups of PERC solar cells with time during
the regeneration (100°C, 1 sun, 24h). As shown in Figure 2, the
η of P1-P5, Voc of P3-P5, and FF of P2-P4 first decay then rise
and finally reach saturation, with the extent of the rise much
larger than the extent of the decay. Furthermore, the decay
and rise extent in η, Isc, and Voc as well as the time required
to reach saturation basically increases with B content. Different
from above regeneration curves, theVoc of P1-P2 and FF of P1
first rise linearly and then tend to reach saturation. In addition,
the Isc of P1-P3 first decreases, then increases, and finally
decreases slowly, while the Isc of P4-P5 first decreases, then
increases, and finally tends to reach saturation.

We note that FF shows similar regeneration curves to
Voc, which implies that under our regeneration condition,
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the change of FF is basically determined by that of Voc, and
the changes of Rs and Rsh can be neglected. In addition, η
also shows a similar regeneration curves to Voc, indicating
that the change of η is also dominated by that of Voc. In con-
trast, Isc shows different regeneration curves from those of η,

Voc, and FF, with decreased Isc values after the regeneration
except P5. The reason why Isc shows very different regener-
ation curves from Voc is as follows: (1) the lifetimes limited
by B-O defects or Fe-B pairs (or interstitial Fe ion Fei

+) are
both injection dependent; however, Voc and Isc are measured

Table 1: The average values of lifetime, resistivity, and B, O, C, Fe, Cu, and Ni concentrations of five groups of Si wafers.

Group Lifetime (μs) Resistivity (Ω∙cm) B (atoms/cm3) O (atoms/cm3) C (atoms/cm3) Fe (atoms/cm3) Cu (atoms/cm3) Ni (atoms/cm3)

1 27.60 1.79 8:10E + 15 9:65E + 17 0:78E + 17 3:25E + 14 2:26E + 13 1:07E + 13
2 24.19 1.78 8:16E + 15 8:53E + 17 0:81E + 17 3:40E + 14 3:23E + 13 1:12E + 13
3 24.17 1.49 9:83E + 15 7:51E + 17 0:90E + 17 3:44E + 14 3:41E + 13 1:23E + 13
4 22.95 1.29 11:47E + 15 7:24E + 17 0:97E + 17 4:47E + 14 3:73E + 13 1:36E + 13
5 21.57 1.16 12:91E + 15 6:43E + 17 1:12E + 17 5:39E + 14 3:94E + 13 1:68E + 13
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Figure 1: In situ variation of I-V characteristic parameters of five groups of PERC solar cells with time during the 1st LID (45°C, 1 sun,
12 h).
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at very different excess carrier concentrations (Δn), which
results in the very different behavior of Voc and Isc [29]. Tak-
ing the dissociation of Fe-B pairs as an example, the recom-
bination activities of a Fe-B pair and Fei

+ change with
injection level of minority carriers. When the injection level
is lower than excess carrier concentration corresponding to
the crossover point (ΔnCOP), the recombination activity of
a Fe-B pair is lower than that of Fei

+, which means that dis-
sociation of a Fe-B pair will result in LID of minority carrier
lifetime τ; when the injection level is higher than ΔnCOP, the
recombination activity of a Fe-B pair is higher than that of a
Fei

+, which means that dissociation of a Fe-B pair will give
rise to photo-induced enhancement of τ [29]. The Isc mea-
sured at injection levels always below the ΔnCOP would
degrade when FeB pairs dissociate, while the Voc may

decrease, or remain constant, or even increase, depending
on the position of excess carrier concentration under
open-circuit condition relative to ΔnCOP [29]. (2) Voc
and Isc have different dependencies on τ. Specifically
speaking, Isc is proportional to τ1/2, while Voc is propor-
tional to ln τ. That is to say, with the decrease of τ, Isc
decreases more remarkably than Voc. In other words, Isc
is more sensitive to the change of τ than Voc. (3) The fur-
ther slow decay after the slow rise in Isc of P1-P3 may
result from the degradation of PECVD AlOx/SiNx rear
passivation [13]. However, no further decay occurs in Isc
of P4-P5, which may be due to the higher B-O defect con-
centration of P4-P5 and the positive effect of B-O defect
regeneration reaction on τ compensating the negative
effect of back passivation degradation in P4-P5.
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Figure 2: In situ variation of I-V characteristic parameters of five groups of PERC solar cells with time during the regeneration (100°C,
1 sun, 24 h).
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Interestingly, we note that at the initial stage of regener-
ation, the Voc of P1-P2 increases directly, while the Voc of
P3-P5 first decreases and then increases, and the degrada-
tion and regeneration extents increase with increasing B
and Fe contents. In order to explain the experimental phe-
nomenon, we explore the three possibilities (BO-LID,
LeTID, and dissociation of Fe-B pairs): (1) the degradation
of Voc at the initial stage of regeneration cannot be caused
by B-O defects. After the 1st LID treatment (1 sun, 45°C,
and 12h), the B-O defects in PERC solar cells exist mainly
in the form of degradation state. Because no dark annealing
treatment above 100°C was performed on the samples before
the regeneration, no B-O defects in annealed state were
formed [30], and no BO-LID would occur at the initial stage
of regeneration. (2) LeTID (Light and elevated Temperature-
Induced Degradation) was also not involved in the degrada-
tion of Voc at the initial stage of regeneration. Although
there is still controversy about whether LeTID exists in
B-doped Cz-Si [31, 32], the possibility of occurrence of LeTID
in our samples has to be carefully examined. By using the
method given by ref. [33] for judging whether the as-used illu-
minated annealing conditions can activate LeTID defects, we
measured the IDLS (Injection-Dependent Lifetime Spectra)
curves of five groups of lifetime samples made from same posi-
tion of silicon wafers as five groups of PERC solar cells by
using a WCT-120 equipment after sintering, dark annealing
at 200°C for 30min, and regeneration at 100°C and 1 sun for
24h. It should be mentioned that the lifetime samples were
prepared by the fabrication process of PERC solar cells with-
out the steps of phosphorus diffusion, removing PSG, laser
grooving on the back passivation layer, and screen printing
front and back electrodes. In order to avoid the influence of
Fei

+ on the measurement results, all the samples were kept in
the dark at room temperature for 3h before each of the IDLS
measurements to make most of Fei

+ in the samples change
into Fe-B pairs. The measurement results are shown in
Figure 3. It can be seen from Figure 3 that the lifetimes of five
groups of lifetime samples after the regeneration are all close
to those after sintering and dark annealing at 200°C for
30min, or even slightly higher than the latter two. This result
illustrates that the LeTID defects generated in the Cz-Si sam-
ples by our regeneration treatment (100°C, 1 sun, and 24h)
can be neglected. (3) The degradation ofVoc at the initial stage
of regeneration can be attributed to the dissociation of Fe-B
pairs. According to ref. [28], the dissociation of Fe-B pairs into
Fei

+ under illumination would lead to a degradation in most I
-V characteristic parameters of crystalline silicon solar cells. In
particular, Isc and η always show a pronounced degradation,
whereas the Voc either decreases or keeps constant or even
increases depending on Fe contamination levels. Our observed
experimental phenomenon at the initial stage of regeneration
can be well explained by ref. [28]. Specifically speaking, for
P1-P2 with lower Fe content, Voc keeps constant, while η, Isc
, and FF degrade. As a comparison, for P3-P5 with higher Fe
content, all the I-V characteristic parameters degrade. In a
word, the variation of I-V characteristic parameters of P1-P5
at the initial stage of regeneration can be well explained by
the dissociation of Fe-B pairs. In addition, Fe-B pairs formed

during 2.5h LBIC scan before regeneration, together with
the experimental results of the degradation extent increasing
with B and Fe contents, further justify our judgement.

Figure 4 shows the in situ variation of the I-V character-
istic parameters of five groups of PERC solar cells with time
during the 2nd LID (45°C, 1 sun, 12 h). As shown in Figure 4,
the η and Isc of all the samples suffer a certain degradation at
the early stage of the 2nd LID. In contrast, Voc and FF of all
the samples excluding the Voc of P2 basically remain stable
throughout the 2nd LID, and the Voc of P5 as well as FF of
P4 and P5 even show an upward trend.

At the early stage of the 2nd LID, the Isc and η of all the sam-
ples suffer a degradation, while theVoc either decreases or keeps
constant or increases. After that, the I-V characteristic parame-
ters of all the samples basically keep stable. Obviously, our
experimental results observed at the early stage of the 2nd LID
are in good accordance with the change features of the I-V
characteristic parameters induced by dissociation of Fe-B pairs
[28]. Since Isc andVoc are measured at very different excess car-
rier concentrations, the dissociation of Fe-B pairs always results
in a pronounced degradation in Isc and η, but different changes
in Voc, which either decreases or keeps constant or even
increases, depending on the position of excess carrier concen-
tration relative to ΔnCOP [28]. During the 1st LID, the degrada-
tions of all the I-V characteristic parameters occur, which
means that even the excess carrier concentration under open-
circuit condition is still below the ΔnCOP for each sample. How-
ever, the situation for the 2nd LID totally changes. Before the 2nd

LID, the minority carrier lifetimes of all the samples were
improved by regeneration treatment, and Fe-B pairs were
formed during 2.5h LBIC scan. According to the calculation
formula of excess carrier concentration Δn =G · τ and constant
generation rate G corresponding to 1 sun light intensity for our
case, the improved minority carrier lifetime τ means the
increased Δn, and the increased Δn may approach to or even
surpass the ΔnCOP, leading to a constant Voc or even increased
Voc due to dissociation of Fe-B pairs. Specifically speaking, the
decreased, constant, and increased Voc of P2, P3, and P5 indi-
cate that the Δn of P2, P3, and P5 are below, near, and above
the ΔnCOP, respectively. In a word, the changes of I-V charac-
teristic parameters of the PERC solar cells during the early stage
of the 2nd LID can be given a good explanation by the dissoci-
ation of Fe-B pairs. It should be mentioned that no BO-LID
would occur under the 2nd LID condition, because most of B-
O defects in PERC solar cells have been converted into the sta-
ble regenerated state after the regeneration.

Figure 5 shows the relative changes of I-V characteristic
parameters of five groups of PERC solar cells before and after
each process. As shown in Figure 5, for all the samples the
decrease of η during the 1st LID results from the decrease of
Voc, Isc, and FF, while the increase of η during the regeneration
is mainly contributed by Voc and FF, and the decrease of η
during the 2nd LID is mainly caused by the decrease of Isc.
During the 1st LID, the PERC solar cells made from top and
bottom silicon wafers have larger decay in η and Voc than
those made from middle silicon wafers, and the decay rate of
η is in the range of 4.43%–5.56% (relative). After the regener-
ation, all the samples have an increase in η, Voc, and FF but
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suffer a decay in Isc excluding P5. Furthermore, the rate of rise
of η increases with B content, and it ranges from 5.71% to
9.26% (relative). In addition, generally, the higher the decay
rates in Voc and FF during the 1st LID, the higher the increase
rates in Voc and FF during the regeneration, which can be
given a good explanation from the regeneration of B-O
defects. During the 2nd LID, all the samples except P2 show
a good stability in Voc and FF but suffer a decay in η and Isc.
Moreover, the decay rates of η reduce to 0.33%–1.75%
(relative). In addition, the relative change rates of Voc and FF
during the 2nd LID also decrease, which are two and one order
of magnitude lower than those during the 1st LID, respectively.

Because all the Cz-Si wafers were made into PERC solar
cells by using the same standard industrialized process, the
difference in LID and regeneration of P1-P5 should be
mainly caused by the difference in impurity concentration
in as-used Cz-Si wafers. In fact, it can be seen from the
impurity content that B-O defects and Fe-B pairs (or Fei

+)
should be responsible for the observed LID and regeneration

because of significantly higher O, B, and Fe contents in the
base of as-prepared PERC solar cells. The reasons are as fol-
lows: (1) for all the Cz-Si wafers we used, the contents of B
and O are far larger than those of transition metal impuri-
ties. As shown in Table 1, O content is about two orders of
magnitude higher than B content, while the B content is at
least one order of magnitude higher than Fe content and
two orders of magnitude higher than Cu and Ni contents.
It should be emphasized that O and B contents listed in
Table 1 just correspond to the concentrations of interstitial
O and substitutional B in the silicon wafers which are lower
than practical O and B contents. In contrast, the contents of
Fe, Cu, and Ni impurities shown in Table 1 are the total con-
tents of them in various forms (interstitial state, substitu-
tional state, complex, precipitation, etc.) in the silicon
wafers, which are much higher than those of Fe, Cu, and
Ni impurities with electrical activity. Therefore, the differ-
ence between the contents of B and O and those of transition
metal impurities are much larger than those shown in
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Figure 3: The IDLS spectra of five groups of lifetime samples corresponding to five groups of PERC solar cells measured after sintering, dark
annealing at 200°C for 30min, and regeneration at 100°C and 1 sun for 24 h.
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Table 1. (2) After the phosphorus diffusion gettering (PDG)
step included in the fabrication process of PERC solar cells,
nearly all of Cu and Ni impurities can be removed from the
silicon wafers excluding Fe impurities. The phosphorus dif-
fusion condition we used is diffusion at 850°C for about
30min, drive-in at 870°C for about 15min, and total time
of about 1.5 h for silicon wafers staying above 800°C.
According to the empirical formulas given by ref. [34], we
calculated the diffusion coefficients and the solubilities of
Cu, Ni, and Fe impurities in silicon at 800°C, which are
4:49 × 10−5 cm2/s, 1:24 × 10−5 cm2/s, and 8:32 × 10−7 cm2/s
and 5:54 × 1016 atoms/cm3, 1:58 × 1016 atoms/cm3, and
2:84 × 1012 atoms/cm3, respectively. As compared with the
measured concentrations of Cu, Ni, and Fe (<3:94 × 1013,
<1:68 × 1013, and >3:25 × 1014atoms/cm3 for Cu, Ni, and

Fe, respectively), Cu and Ni contents are much lower than
their solubilities whereas Fe content is much higher than
its solubility in silicon at 800°C, which means that Cu and
Ni impurities can be completely dissolved while Fe impurity
can only be partially dissolved in the silicon wafers at 800°C.
Thus, Cu and Ni impurities can be effectively removed by
PDG step due to their high diffusion coefficients and PDG
gettering efficiency [27]. In contrast, partial dissolution and
lower diffusion coefficient of Fe impurity together with lower
gettering efficiency caused by Coulomb attraction between
Fe+ and B- result in a part of Fe impurities remaining in
the samples especially with higher B and Fe contents after
PDG, which may exist in forms of Fei

+, Fe-B pairs, Fe pre-
cipitation, etc. The recombination activity of Fe precipitation
can be neglected as compared with that of Fei

+ and Fe-B
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Figure 4: In situ variation of I-V characteristic parameters of five groups of PERC solar cells with time during the 2nd LID (45°C, 1 sun,
12 h).
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pairs, if they are formed by the same amount of Fe impu-
rities [25]. (3) After the PDG and hydrogen passivation
(sintering with SiNx :H and AlOx :H/SiNx :H passivation
layer) steps included in the fabrication process of PERC
solar cells, the base minority carrier lifetime of as-
prepared PERC solar cells can be significantly improved,
which means that most of the defects caused by transition
metal impurities can be effectively removed by PDG or
passivated by hydrogen [25, 27]. However, whether Fei

+

or Fe-B can be effectively passivated by hydrogen remains
controversial up to date [25].

In conclusion, the LID and regeneration of as-prepared
PERC solar cells are caused by B-O defects and dissociation
of Fe-B pairs. During the 1st LID, the decay of Voc, Isc, FF,
and η results from B-O defects and dissociation of Fe-B
pairs. The double exponential decay of I-V characteristic
parameters of most samples suggests the dominance of
BO-LID. During the regeneration, the initial change of the
I-V characteristic parameters of the samples can be attrib-
uted to dissociation of Fe-B pairs, while the subsequent rise

and saturation of the I-V characteristic parameters are
caused by the regeneration of B-O defects. The extent of rise
is much larger than the extent of decay, which indicates the
dominant role of B-O defects. In addition, the further slow
decay after the slow rise in Isc of P1-P3 is ascribed to the
slight rear passivation degradation. During the 2nd LID, the
initial change of the I-V characteristic parameters of the
samples is induced by the dissociation of Fe-B pairs. By
comparing the 1st LID and 2nd LID, we can see that the
extent of degradation caused by B-O defects is much larger
than that by dissociation of Fe-B pairs. In addition, although
P5 was fabricated by using the wafer with the highest B and
Fe content, it nearly shows the largest decay and rise in η,
Voc, and Isc during the 1st LID and the regeneration and
minimum decay and highest value in η during the 2nd LID.
This result further indicates that B-O defects dominate the
LID and regeneration of as-prepared PERC solar cells. In a
word, the LID and regeneration of the PERC solar cells
result from B-O defects playing a dominant role and dissoci-
ation of Fe-B pairs playing a secondary role.
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5. Conclusion

Five groups of silicon wafers cut from a solar grade Cz-
silicon ingot from the top to bottom with a certain distance
were made into PERC solar cells by using the standard
industrial process; then, the as-prepared PERC solar cells
were treated and in situ measured on a solar cell I-V tester
by 1st LID (45°C, 1 sun, 12 h), regeneration (100°C, 1 sun,
24 h), and 2nd LID (45°C, 1 sun, 12 h). The results show that
the LID and regeneration of I-V characteristic parameters of
as-prepared PERC solar cells are mainly caused by B-O
defects playing a dominant role and dissociation of Fe-B
pairs playing a secondary role. Specifically, during the 1st

LID, the decay of Voc, Isc, FF, and η is induced by B-O
defects and dissociation of Fe-B pairs. During the regenera-
tion, the initial change of the electrical parameters of the
PERC solar cells can be attributed to dissociation of Fe-B
pairs, while the subsequent rise and saturation of the electri-
cal parameters result from the regeneration of B-O defects.
During the 2nd LID, the initial change of the electrical
parameters of the PERC solar cells is ascribed to dissociation
of Fe-B pairs. Moreover, the decay of η during the 1st LID is
caused by the degradation of Voc, Isc, and FF, while the
increase of η during the regeneration is mainly contributed
by Voc and FF, and the decay of η during the 2nd LID is
mainly induced by the decrease of Isc. After regeneration,
the decay rate of η reduces from 4.43%–5.56% (relative) dur-
ing the 1st LID to 0.33%–1.75% (relative) during the 2nd LID.
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