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a b s t r a c t

Dislocations can severely limit the conversion efficiency of multicrystalline silicon (mc-Si) solar cells by
reducing minority carrier lifetime. As cell performance becomes increasingly bulk lifetime–limited, the
importance of dislocation engineering increases too. This study reviews the literature on mc-Si solar
cells; it focuses on the (i) impact of dislocations on cell performance, (ii) dislocation diagnostic skills, and
(iii) dislocation engineering techniques during and after crystal growth. The driving forces in dislocation
density reduction are further discussed by examining the dependence of dislocation motion on tem-
perature, intrinsic and applied stresses, and on other defects, such as vacancies and impurities.
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1. Introduction

Despite the benefits of solar cells as a next-generation energy
source, their high cost per wattage has kept them from achieving
widespread use [1,2]. Although multicrystalline silicon (mc-Si)
solar cells currently account for �50% of worldwide photovoltaic
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Fig. 1. Correlation between dislocation density and effective bulk lifetime, calcu-
lated using Donolato's model [7], for different dislocation-free lifetime (τ0) of the
Si bulk.
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production owing to their low cost and scalability [3], conven-
tional processes introduce many deleterious defects within the
material, which deteriorate cell performance and hence offset the
cheaper production costs [4,5]. For example, at a given cost target
of electricity (�6 cents per kWh), an increase in the module
efficiency from 10% to 20% allows an increase (from $10/m2 to $75/
m2) in the module price [6].

Dislocations are well known as one of the most serious defects
limiting the performance of mc-Si solar cells [7]. In principle, the
reduction of dislocation densities from 106–108 cm�2 to as low as
103–104 cm�2 may lead to an improvement in the cell perfor-
mance (from 13–14% to 420%). Hence, efforts have been made to
suppress the harmful impact of dislocations on cell performance,
to avoid the formation of dislocations during crystal growth [8,9]
and to remove dislocations after ingot growth [10–13]. Despite
numerous studies on the passivation of dislocations and the get-
tering of fast-diffusing metal impurities from dislocations, the
improvement of cell performance after these processes is still very
limited in regions with high dislocation densities (4106 cm�2)
[14]. One possible reason for this is that metal impurities and
precipitates trapped in dislocation cores cannot be readily
removed during gettering [15]. These impurities form deep-level
recombination centers, which deteriorate cell performance [16].
Hence, alternative approaches for dislocation removal are
required, in addition to gettering or passivation methods.
Although technical reports on engineering dislocations during/
after ingot growth have been published elsewhere; each work is
concerned only with certain types of materials under certain
conditions.

The present work departs from previous approaches in several
respects. First, it reviews previous literature to provide a com-
prehensive understanding of (i) when dislocations are harmful, (ii)
how they can be detected, and (iii) how they can be controlled in
mc-Si. Second, it examines the underlying physics to clarify the
thermal-mechanical conditions necessary to annihilate disloca-
tions effectively. The effects of each key parameter, namely ther-
mal input, activation energy for dislocation motion, and stress, on
dislocation density reduction are investigated.
2. Impact of dislocations on the performance of Si solar cells

Extended crystal defects (e.g., dislocations, twins, stacking
faults, and grain boundaries) interrupt crystal periodicity, inducing
dangling bonds and deep states in the silicon band gap [17–20].
Stacking faults are relatively rare and twins are usually clean so
they have negligible recombination activity in mc-Si [21,22]. Fur-
thermore, Arafune et al. reported that the correlation between
minority carrier lifetime and grain size is uncertain [17]. This is
because the grain size of mc-Si is on the order of millimeters to
centimeters, which is larger than the minority carrier diffusion
length (generally less than 100 mm). Therefore, among crystal
defects, dislocations are thought to be the most crucial defects
limiting the photovoltaic performance of Si solar cells because
they constitute the main source of recombination centers [23].

Dislocations act as recombination centers for electrons and
holes by inducing deep trapping centers in the conduction and
valence bands in Si. Dislocations primarily store carriers ejected
from a band, and the extra carriers are promptly recombined
when the source of excess carriers is removed. However, excess
holes or electrons are ejected at a very low rate and the corre-
sponding photocurrent decays very slowly, providing a slow and
non-exponential recombination of holes and electrons, which
deviates from the Shockley–Read theory. The space charge barrier
surrounding the dislocation may have a dominant effect in
determining the characteristics of recombination. Fig. 1 shows the
correlation between dislocation density and effective bulk lifetime,
which is calculated using Donolato's model [7]. A significant
degradation of the effective bulk lifetime of mc-Si is predicted as
the dislocation density increases.

Although dislocations themselves may influence the electrical
properties and photovoltaic performances of an mc-Si solar cell,
significant additional degradation of the cell performance also
occurs when dislocations are decorated with impurities. Disloca-
tions are usually positively charged by holes in p-type silicon, and
interact with carbon-related impurities (e.g., CiOi) or metal
impurities so as to form a space charge region around the dis-
locations [24]. Block-cast mc-Si wafers exhibit areas of reduced
lifetime around the wafer edges owing to impurities diffusing from
the crucible wall into the silicon melt during solidification. At the
boundaries, different grains meet and strain fields attract con-
tamination, leading to an increased recombination activity [25].
Dissolved iron, iron complexes, and precipitates are known to
introduce deep levels in the band gap, thereby increasing the
carrier recombination rate. Precipitated iron has a less detrimental
effect on lifetime compared to interstitial iron [26]. The higher
concentration of Fe-B pairs is also the main cause for the dete-
rioration of carrier lifetime in the order layer of the wafer [27].
Carbon and oxygen precipitation are also known as the decisive
factor for a grain boundary acting as a current collecting defect
[28].

The cell performance depends not only on the number of
defects in the substrates, but also on how the defects are dis-
tributed [4]. On mc-Si wafers, the defect density is spatially
inhomogeneous. Areas of high dislocation densities show very low
short circuit current, and their influence on the total current is
much more important than that of the grain boundaries. When
dislocations are decorated with impurities, their influence on cell
performance greatly varies according to their distribution [29].
Areas with high dislocation density introduce excess currents
under reverse bias conditions, revealing hot spots through loca-
lized Joule heating of the material [30]. This significantly limits the
photocurrent, the photovoltage, and the minority carrier diffusion
length.

The geometric characteristics of the dislocation also affect the
recombination behavior at the dislocations. In particular, recom-
bination at dislocation loops [31] gives rise to dislocation-related
radiation, which is attributed to local gettering, and thereby
causing a large increase in the minority carrier lifetime. Further-
more, dislocation loops generate a local strain field, thereby pro-
viding efficient room temperature electroluminescence at the Si
band-edge. It is more efficient when the loops are smaller and
their density is higher because the individual strain fields are more
readily overlapped with the closer dislocation loops [32]. The
dislocation loop edge distorts the silicon lattice by applying a
negative hydrostatic pressure to the adjacent silicon lattice just
outside the loop. It was found that dislocation conduction may
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increase the dark current of solar cells [33]. However, dislocations
in solar cells typically contain electrically disconnected segments,
making it difficult to evaluate the conductivity of the dislocations.
It is expected that in an ordered array of dislocations (i.e., dis-
location networks) the conduction effect of dislocations is more
significant.
3. Diagnosis of dislocations in Si solar cells

3.1. Direct observation of dislocations

3.1.1. Dislocation etching processes
One common way to observe defects in Si solar cells is the

“defect etch”. Chemicals containing hydrofluoric acid (HF)
repeatedly form and dissolve SiO2 on Si. Eventually, etch pits are
favorably formed at defect sites because the bonds around defects
are weak and the electric charges around defects stimulate the
etching process.

The so-called dash etch, which contains HNO3, HF, and HAc
(HAc is acetic acid [34]) reveals dislocations in all orientations, but
it requires long etch times of 4–16 h. Afterward, several etching
methods, such as the Sirtl etch (CrO3 in water mixed with HF [35]),
the Wright etch (CrO3 and Cu(NO3)2 �3H2O in a mixture of water,
HNO3, HF, and HAc [36]), the Secco etch (K2Cr2O7 in water mixed
with HF [37]), and the Schimmel etch (a kind of modified Secco
etch [38]), have been developed to employ oxidants as an alter-
native to HNO3. The Sirtl and Wright etches form non-uniform
etch pits according to the surface or grain orientations [37]. The
Schimmel etch leaves a heavy stain on the samples. However, all
these etchants contain metallic oxides, possibly contaminating the
sample and clean processing area by leaving the remaining
metallic ions. In response, Sopori developed an oxidant-free
etchant (a mixture of HNO3, HF, and HAc at a volume ratio of
2:36:15) [39].

Reimann et al. recently reported that dislocations are not
revealed by the Secco etch when the Fermi energy level of the
dislocations is unpinned in the highly doped p-type Si after long-
term boron gettering. With a suitable etching solution for highly
doped Si, the Wright etch in one case, dislocation etch pits are
revealed even after long-term boron diffusion gettering [13]. On
the other hand, when crystal defects are decorated with metals
(e.g., Cu or Li), defect etching tends to be accelerated. Typical
values for activation energies and selectivity of non-decorated
dislocations are 29–33 kJ/mol and 1.95, respectively, while those of
decorated dislocations are 25–34 kJ/mol and 3.0 [40].

Etch pits are generally observed using an optical microscope
(OM) [41] and sometimes using a scanning electron microscope
(SEM) [42]. A software package to quantitatively measure dis-
location density, developed at MIT [43], is freely available online at
http://pv.mit.edu/dlcounting/. Since the spatial resolution of defect
etches is limited by etch-pit sizes (typically 3–6 mm), the mea-
surable maximum dislocation density is below 107–108 cm�2.
Another limitation of this method is that it requires high-
resolution microscope scanning with a spatial resolution better
than 1 mm, which is time-consuming: 1-μm-resolution microscope
scans takes �1 h per square centimeter [44].

Commercial dislocation counting systems, such as PV scan [45],
greatly accelerate image acquisition availability for statistical
measurements on large-scale samples, but they are costly and are
affected by errors if scanned areas contain other crystal defects
(e.g., multiple twins) [46]. Needleman et al. recently developed a
rapid dislocation counting method that can measure the disloca-
tion density of 15.6�15.6 cm2 wafers in less than five minutes
using a flat-bed scanner [47].
3.1.2. Microscopic analyses
A number of microscopic analyses are available for defect

observation in Si solar cells. Electron back-scattering diffraction
(EBSD) is frequently used for simultaneous observation of defect
morphology and crystallographic features [48]. An atomic-
resolution transmission electron microscope (TEM) with high
voltage provides high-resolution observation of dislocation activ-
ities at a theoretical resolution of up to �1.9 Å [49]. For example,
Kolar et al. have observed moving and stationary dislocation kinks
and have measured the energies for kink formation, mobility, and
unpinning based on TEM analysis [50]. Interaction between dis-
locations and other defects (e.g., Cu precipitation [51,52] and
interstitial atoms [53]) is also addressed by TEM analysis. In situ
TEM analysis enables researchers to observe real-time dislocation
activities in Si under certain stresses and at high temperatures
[54–56]. Ultra-high-vacuum reflection electron microscopy pro-
vides a new approach to revealing the micro-topography of their
surfaces [57]. Annular dark-field scanning transmission electron
microscopy (ADF-STEM) is less sensitive to the diffraction constant
due to the convergent beam, thereby allowing large deviations
from the exact Bragg condition to display dislocation images from
the tilting series [58]. TEM analysis, combined with a secondary
ion mass spectrometry (SIMS) technique, gives information about
the interaction between point defects and pre-existing extended
defects in silicon, through associated changes in the transient
enhanced diffusion of boron [59]. Electron energy-loss spectro-
scopy (EELS) attached to TEM is useful for yielding valuable
information about the electronic levels associated with disloca-
tions using EELS spectra acquired on various dislocation cores in
silicon [60]. Atom probe tomography (APT) is known to have a
very high in-depth spatial resolution, enabled by an atom-by-atom
field-evaporation process [61]. The accumulation of impurities on
Si dislocation loops, the so-called Cottrell atmosphere, can be
effectively detected using APT [62]. Neutron irradiation using
optical and atomic force microscopes (AFM) gives information
about the structure and deformation characteristics of Si [63].

Microscopy analysis with infrared, Raman, or X-rays is also
useful for obtaining certain information about dislocation activ-
ities. Birefringence measurements, using a scanning infrared
polariscope (SIRP) with high sensitivity, are useful for detecting
residual stress induced by crystal detects throughout the sample
[64]. Micro-Raman spectroscopy is a highly selective and sensitive
technique for the probing of local atomic environments [65].
White-beam X-ray topography (WB-XRT) is widely used for the
characterization of both long-range and short-range strain in sin-
gle crystals [66–69]. High-resolution X-ray topography (XRT)
provided quantitative measurements of misfit dislocation line
density [70], together with the monitoring of in situ and real-time
nucleation, growth, and movement of dislocations in silicon at
high temperatures [71]. In situ XRT using synchrotron radiation
during mechanical testing [72] or crystal growth [73] helped to
reveal the mechanism of dislocation formation. A light beam–

induced current map [74] also clarified the electrical effects of
dislocations at different wavelengths, based on minority carrier
diffusion length maps with deep-level transient spectroscopy.
High-intensity synchrotron X-ray sources allowed in situ obser-
vation by XRT of a low density of dislocation segments moving in
silicon samples of a whole gauge length of during creep experi-
ments [75]. A technique using symmetric reflection via an azi-
muthal rotation of a sample was employed to characterize the
three-dimensional distribution of dislocations in single crystals.
An analytic formula was derived to transform the three-
dimensional geometry of a straight dislocation into its two-
dimensional projection onto the detector plane. By fitting topo-
graphy to the formula, the orientations and locations of disloca-
tions were quantitatively determined [76]. A combination of a

http://pv.mit.edu/dlcounting


Fig. 2. (a) Minority carrier lifetime mapping with laser-microwave reflection;
(b) band-to-band PL intensity (290 K); (c) ‘defect’ PL intensity (290 K);
(d) dislocation density measured by EPD technique [79].
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number of microscopic techniques provides substantial informa-
tion about dislocation activities in Si. For example, a combined
technique of X-ray and Fourier transform infrared spectroscopy
(FTIR) mapping [77] clarified the mechanism for the generation of
structural defects in directionally solidified mono-like Si.

3.2. Indirect diagnosis of dislocations

The effect of the presence of dislocations on the electrical
behavior of Si solar cells can be diagnosed using a variety of
techniques that use electrons or photons. Owing to their high
spatial resolution, electron-beam induced-current (EBIC) and
light-beam induced-current (LBIC) are considered to be the most
suitable techniques for studying the recombination characteristics
of an individual extended defect in a semiconductor [78]. These
techniques are effective for detecting the segregation behavior of
metallic impurities on individual extended defects. As shown in
Fig. 2, photoluminescence (PL) spectroscopy, combined with laser-
microwave reflection and dislocation etch mapping, can be applied
to obtain a spatially resolved defect diagnosis in mc-Si ingots and
to assess the corresponding electronic properties of high-quality
solar-grade materials [79].

Deep-level transient spectroscopy (DLTS) was used to identify
electrically active defects and the interaction between impurities
and dislocations [80,81]. Dislocation networks formed by silicon
wafer bonding were analyzed using a combination of EBIC and PL
analyses [33]. DLTS is also facilitated by combining EBIC or LBIC
techniques to address dislocation-impurity interaction [82] and to
detect electrically active defects [83]. The LBIC mapping technique
at different wavelengths together with DLTS enabled researchers
to recognize and detect these arrays and to evaluate their
recombination strength [84]. A comparison of various techniques
may provide precise information about dislocation behaviors [85].
The use of direct-current, continuous–operation, glow discharge
mass spectrometry (GDMS) has become an established technique
for multi-element investigation of trace- and ultra-trace impurities
in highly pure metals and semiconductors [86].

PL mapping or microwave-detected photoconductivity (MDP)
have been frequently employed for in-line low-quality diagnosis
of. PL imaging has been introduced as a fast tool for imaging the
lifetime of a wafer, i.e., its diffusion length or iron contamination.
Using PL imaging, the lifetime can be acquired with high spatial
resolution. The generation of dislocations during crystal growth
and areas of reduced lifetime were detected at the edges of the
crystallization crucible and near the top or bottom of a brick in the
line [25]. MDP and surface photovoltage measurement are estab-
lished techniques for the measurement of FeB concentration. The
FeB concentration was determined from the lifetime before and
after optical dissociation of iron–boron pairs [87–89]. It was
recently confirmed that an SIRP is also useful in monitoring the
device processes of silicon wafers [90].

These measurements can also be compared with microscopy
analyses. EBIC analysis with a defect etch, micro-Raman spectro-
scopy, and EBSD analysis have been used to clarify the influence of
defects in stress fields on the electrical activity and residual stress
states of as-grown edge-defined film-feed mc-Si ribbons. EBIC was
used to evaluate the recombination activity of dislocations, while
defect etching, micro-Raman spectroscopy, and EBSD were used for
visualization of surface defects, millimeter-scaled internal stress
fields, and the features of crystalline orientations and crystalline
boundaries, respectively [91]. A new electron diffraction technique
for obtaining direct experimental evidence of dislocation core
structures was developed by combining electron spin resonance,
the Hall effect, deep-level transient spectroscopy, etch-pit mea-
surements, X-ray topography, internal friction measurements, and
in situ TEM [92]. Highly spatially resolved PL and EBSD techniques
were used to observe the characterization of harmful defects (by PL)
and the effect of the grain angle, grain orientation, and other grain
parameters (by EBSD) [93]. It also provided information about the
three-dimensional structure of the intragrain defects [94]. A com-
bination of grain boundaries and point defects with high recombi-
nation activity was detected by X-ray fluorescence, EBIC, EBSD, and
a defect etch [17]. PL or cathodoluminescence (CL) imaging com-
bined with a defect etch, SEM, or TEM was used to address the
formation [95] or annihilation mechanisms [96] of dislocations
together with recombination activities in dislocations [26].
4. Dislocation engineering in Si solar cells

During the processing of Si solar cells, two main techniques are
used to reduce the impact of defects and improve the performance
of mc-Si materials: (i) passivation of crystal defects with atomic
hydrogen that diffuses from a SiNx: H coating layer into bulk sili-
con during contact co-firing and (ii) gettering of fast-diffusing
metal impurities during phosphorus diffusion and aluminum back
contact formation, which is based on the enhanced metal solubi-
lity in the p-diffused layer and the liquid Al-Si layer. Grain
boundaries and dislocations in mc-Si are sinks for doping impu-
rities and contamination, including oxygen [79,94]. However, it
was observed that hydrogen passivation may be insufficient to
eliminate the detrimental effect on carrier lifetime of oxygen
precipitates at grain boundaries and dislocations [74]. Phosphorus
gettering has been found to effectively remove the interstitial iron
atoms and fully recover the lifetime of minority carriers in a low
dislocation density region in Si [97]. However, a high dislocation
density affects the effectiveness of gettering in removing metallic
impurities. It suppresses the gettering effect, resulting in reduced
conversion efficiency [98]. Therefore, a great deal of effort has
been made to develop techniques for suppressing the generation
of dislocations during crystal growth or for annihilating disloca-
tions via post-annealing.

4.1. Suppression of dislocation generation during crystal growth

Dislocations are mainly generated during crystal growth as a
result of thermal stresses and different crystal orientations. A model
was developed based on the constitutive Alexander–Haasen–Sumino
model to describe the nucleation of dislocation clusters during



Fig. 3. (a) Occurrence of dislocation cluster seeds over ingot height. Blue (All): all
investigated bricks. Magenta (A), orange (B), and green (C): groups of growth
processes showing different behaviors in cluster seed generation; (b) diagram
showing the relative frequency where cluster seeds occur regarding to grain
structure [103]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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crystal growth near the solid–liquid interface [99]. Anisotropy in the
elastic modulus of Si, stemming from the different crystal orienta-
tions, introduces shear stress to the slip plane and generates dis-
locations. The dislocation density was also found to rapidly increase
during the cooling process after solidification of the ingot [100].
During directional solidification, Si crystals are subjected to com-
pressive forces from a crucible because the Si crystals expand by
approximately 10% in volume when the Si melt is crystallized.
Lambropoulos and Wu conducted a numerical analysis to calculate
the effect of cooling rate on dislocation density in a Si ingot [9]. The
maximum dislocation density in the silicon ingot using a cooling rate
of 1.2 kW/h was about 1.5 times larger than that using a cooling rate
of 4.7 kW/h, even though the maximum value of the residual stress
in the Si ingot using a cooling rate of 4.7 kW/h was about three times
larger than that using a cooling rate of 1.2 kW/h. Interestingly, the
results showed that a fast cooling process, with large residual stress,
introduces a low dislocation density, which contradicts the experi-
mental observations reported elsewhere [101].

PL imaging combined with microscopy analysis was used to
detect intragrain defects in mc-Si. Several important findings have
thus far been reported: (i) the dislocations occur at the grain
boundaries (GB), (ii) dislocations propagate as growth proceeds, (iii)
dislocations are introduced near the solid–liquid interface during
directional solidification and the initially generated dislocations act
as the source of other dislocations, (iv) dislocations occur only in
one grain at the GB, and (v) a rapidly solidified wafer has a higher
defect density than a slowly solidified one. Hence, dislocation size
and density depend on crystallographic orientation and growth
conditions [94]. Furthermore, as the temperature of the Si ingot
decreases, the rate of generation of dislocations also gradually
decreases. The microstructure evolution, solid–liquid interface, and
dislocation structure under different growth conditions revealed
that (i) the distribution of dislocations is highly inhomogeneous
among the grains and (ii) the dislocations are arrayed in the form of
dislocation clusters, showing a typical slip dislocation characteristic
[102]. They also indicated that the generation of crystal defects,
such as dislocations or twin boundaries, is highly related to the
characteristics of grain boundaries. The role of the grain boundaries
is shown in Fig. 3 [103]. Fig. 3(a) shows that most dislocation seed
clusters were generated in the lower part of an ingot and Fig. 3
(b) clearly reveals that most (�91.7%) dislocation cluster seeds have
their origin at grain boundaries. While �5.6% of cluster seeds are
formed at triple junctions, over 97% of all cluster seeds have a
connection to a grain boundary [13,103].

Some researchers have attempted to reduce dislocation density
during Si ingot growth by adjusting process parameters [10–12].
The square root of the maximum dislocation density was found to
correspond to the difference in the cooling flux in radial or axial
directions, which denotes that the energy accumulation and dis-
sipation rates inside the whole crystal are respectively controlled
by the expansion and contraction rates of the crystal, thereby
determining the applied stress levels [104]. A slightly concave
interface may lead to dislocation-free growth, while a highly
concave interface could introduce dislocations through plastic
deformation. Several groups have tried to utilize dendritic growth
[105–107] in the initial stage of crystal growth to achieve mc-Si
with controlled crystalline orientation and large grain size. They
proposed a seeded-growth technique to grow mc-Si with a
monocrystalline-like (mono-like) structure, which has fewer
defects than conventional mc-Si ingots. Thermal-stress-induced
dislocations can also be suppressed through the doping effect.
Doping with electrically active impurities in Si controls the Fermi
energy level of dislocations and induces supersaturation of
vacancy-like defects, thereby suppressing dislocation formation.
4.2. Reduction of dislocation density after crystal growth

4.2.1. Physics of dislocation activities
A considerable number of investigations have been conducted

on the modeling and simulation of the dynamic behavior of dis-
locations [108–111]. Furthermore, several attempts have been made
to quantitatively examine the effect of stress and temperature on
dislocation mobility in mc-Si in experiments [108,112,113]. The
results indicated that dislocation mobility increases with tempera-
ture and stress, which is consistent with the Peierls–Nabarro model
[112]. However, some research, such as large-scale atomistic simu-
lations on a 60° dislocation motion in Si for temperatures ranging
from 100 to 900 K and applied stresses ranging from 100 to
3000 MPa [112], revealed that dislocation velocity decreases as the
temperature increases. According to the phonon drag model
[108,113], thermal phonons inherent in a crystal lattice scatter from
a moving dislocation and thereby dampen the dislocation motion.
This phonon damping effect is proportional to the temperature.

A technology flow chart describing the underlying physics and
practical techniques for dislocation density reduction is shown in
Fig. 4. The prevailing hypothesis for dislocation density reduction is
that annealing in the presence of a driving force (e.g., high thermal
fluctuations and mechanical stresses) results in pairwise dislocation
annihilation (dislocations with the opposite sign attract each other



Fig. 4. A technology flow chart for dislocation density reduction.

Table 1
Studies of relationships between annealing temperature and dislocation density reduction behavior.

Authors Materials Annealing profile Results

Hartman et al. [115] Ribbon MC-Si Annealing temperature: 1100, 1233,
1366 °C

Dislocation density reduction according to the models of Kulmann and Nes

Annealing time: 6 h
Heating rate: 20 °C/min
Cooling rate: 7 °C/min

Xu. et al. [120] UMG-Si ingot Annealing temperature: 1160, 1260,
1360 °C

Dislocation density reduction but reduction of minority carrier lifetime and resistivity of
the wafers as the annealing temperature increases

Annealing time: 6 h
N2 atmosphere

Wu et al. [121] UMG-Si ingot Annealing temperature: 1000, 1100,
1200, 1300 °C

(1) The arrange order of dislocation density of UMG-Si ingot from the lowest in the
bottom and low in the top before and after annealing

(2) Dislocation density reduction with an increase of annealing temperatureAnnealing time: 3 h
Heating rate: 10 °C/min
Cooling rate: 10 °C/min
pure Ar atmosphere

Stokkan et al. [122] MC Si ingot Annealing temperature: 1350 °C Dislocation density reduction near the sample surface.(area within 50 mm from the
surface)Annealing time: 4 h

Heating rate: 20 and 7 °C/min
Cooling rate: 7 °C/min
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and annihilate pairwise) or out-diffusion of dislocations to surfaces
at high temperatures. Dislocations become mobile within certain
crystallographic glide planes at temperatures above the brittle-to-
ductile transition temperature (i.e., 530–660 °C for Si, depending on
dopant concentration and strain rate) [114]. Vacancy diffusion
causes dislocations to climb out of the glide plane at temperatures
above 1000 °C. Driving forces, such as thermal fluctuations and
mechanical stresses, are required for dislocations to overcome a
certain amount of activation energy to be mobile. Hence, higher
temperatures, lower activation energy, and a sufficient amount of
stress may lead to an enhancement of the dislocation velocity or the
rate of reduction of dislocation density.

Within this scope, a number of technologies to reduce dis-
location density in mc-Si have thus far been suggested. A high-
temperature isothermal annealing near the melting point has been
reported to result in significant reduction in dislocation density
[115,116]. It has been proposed that small amounts of external
stress [116] or the presence of a unidirectional flux of point defects
[117] may stimulate dislocation motion, accelerating the annihi-
lation of dislocations.

4.2.2. Effect of temperature
Table 1 summarizes the research on the relationship between

temperature and dislocation density reduction. Although the
experimental details, such as the starting materials, annealing
atmosphere, and cooling profile, are varied, they exhibit similar
tendencies. Hartman et al. reported a significant dislocation den-
sity reduction (495%) after high-temperature (i.e., 1366 °C)
annealing, following the models of Kuhlmann [118] and Nes [119].
Xu et al. [120] also reported that dislocation density can be
reduced after thermal annealing, while the minority carrier life-
time decreases as annealing proceeds. Dislocation density was
found to vary according to location in an ingot; it was lowest in the
middle and highest in the top, both before and after thermal
annealing [121]. A number of metal impurities may impede dis-
location annihilation processes in the top of the ingot. Stokkan
et al. [122] reported that annealing of mc-Si at 1350 °C for 4 h
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results in a dislocation density reduction within 50 mm from the
sample surface.

In general, the dislocation density decreases with the increas-
ing annealing temperature and time. Experimental data from the
studies in Table 1 are plotted in Fig. 5. The data is also compared
with the theoretical calculation according to the models of Kuhl-
mann [118] and Nes [119]:

dN
dt

¼ �K � exp�Q�βGN=L
kBT

;

where N is the dislocation density after annealing, t is the time, K
and β are constants, Q is the activation energy, L is the length of
each slip line, kB is the Boltzmann constant, and T is the tem-
perature. According to the theoretical calculation, the dislocation
density reduction increases with the increasing annealing tem-
perature and time. Since the experimental data were obtained
from different materials, they deviate somewhat from the theo-
retical calculations. However, they exhibit an overall tendency
consistent with the theoretical equations.

High-temperature thermal annealing has also been known to
be effective in reducing other crystal defects, such as GBs and sub-
grain boundaries (sub-GBs), as well as dislocations [96]. Further
reduction was reported with increased annealing temperatures as
the mobility of the crystal defects increases in the case of B-doped
Si with a B impurity density less than 1019 cm�3 [123]. Further-
more, a reduction of sub-GBs, resulting from the annealing and
elimination of the associated dislocations, was evident in the PL
analysis.

4.2.3. Effect of point defects
A certain amount of energy, the so-called activation energy, has

to be provided for the dislocations to overcome the barriers that
they encounter during movement. Intrinsic point defects, such as
vacancies and self-interstitials, as well as impurities, may have
several significant effects on the magnitude of this activation
energy. Some of these are beneficial, but most impede dislocation
movement.

Studies using atomic-scale simulations have reported that,
when a dislocation encounters vacancies or self-interstitial clus-
ters in Si, it will pass through the clusters, and its slip velocity will
decrease slightly, leading to up/down climbing of the dislocation.
It will facilitate the annihilation of misfit dislocations owing to
their opposite Burgers vectors, thereby reducing the threading
dislocation density [124]. One study investigated the interaction
between dislocations and two different types of vacancies sub-
jected to an applied shear stress using a molecular dynamics
simulation. The existence of V6-type vacancies was thought to
decrease the slip velocity of the dislocation, as indicated by the
work of Bolkhovityanov et al. [125]. On the other hand, the diva-
cancy was found to have almost no influence on the slip velocity of
the dislocation, which is consistent with the mechanism proposed
by Kasper et al. [126]. The self-interstitial-cluster–dislocation
interaction was studied via a molecular dynamics simulation at
different temperatures and external loadings, and the I4 cluster
was observed to be a barrier to dislocation motion by dragging the
middle segment of the dislocation [127]. The concentration of
vacancies and self-interstitials in Si is related to the ingot growth
rate and growth temperature [117]. Vacancies remain in the crystal
when the thermal gradient near the growth interface is small,
while interstitial Si atoms generate Frank dislocation loops when
the thermal gradient is large [128–131]. Hence, the equivalent
recombination of vacancies with Si interstitial atoms provides
defect-free crystals.

Stacking faults may also form strong barriers to lattice dis-
location movement and to the formation of sub-grain boundaries.
Stepped and curved stacking fault edges appear to generate dis-
locations. Their presence at elevated temperatures will therefore
affect the overall dislocation mobility, including recovery pro-
cesses, which has an impact on the evolution of the microstructure
of residue dislocations and their density. Furthermore, stacking
faults in mc-Si appear to be actively engaged in dislocation gen-
eration [132].

Oxygen, nitrogen, and hydrogen are most frequently found as
non-metallic point defects in Si and these are known to sig-
nificantly affect dislocation motion. The effect of shallow dopants
on the dislocation behavior in Si was studied using a simple
indentation technique [133], and non-electrically active dopants,
such as nitrogen and oxygen, were reported to strongly impede
dislocation motion. Contrary to oxygen and nitrogen, hydrogen
was reported to lower the activation energy of dislocation move-
ment; the formation energy for point defect decreases with the
increase in the number of hydrogen atoms, so dislocation core
states are passivated by hydrogen, thus reducing the activation
energy for dislocation movement and enhancing dislocation
velocity with rising hydrogen atom concentration [134].

A study using indentation tests at room temperature revealed
that hydrogen is adsorbed on dislocations, diffuses along them,
and changes electronic states. It was found that hydrogen also
enhances dislocation mobility even at room temperature [135]. It
was also reported that the velocity of dislocation motion was
remarkably enhanced by the irradiation at temperatures below
about 480 °C. The activation energy for dislocation glide was
reduced to 1.2 eV under hydrogen plasma from 2.2 eV in the
hydrogen-free condition [136]. Such hydrogen was thought to be
trapped at some sites on the dislocation line and believed to
interact with kinks, lowering the formation energy of these
defects. At high temperatures, however, hydrogen rarely affects
the dislocation annihilation at high temperatures. Fig. 6 shows the
normalized intensity of FTIR spectroscopy peaks for hydrogen in
mc-Si annealed up to 1100 °C in the present study. As shown, all
the hydrogen diffused from Si before the dislocations were mobile
enough to be annihilated.

Oxygen is an unavoidable impurity in Si, as it results from the
dissolution of the walls of the silica crucible surrounding the melt.
The first experimental observation of oxygen–dislocation interac-
tion in 1975 concluded that neither interstitial oxygen nor SiO2

precipitates had a pinning effect on dislocations [137]. Since then,
however, reports using a variety of methods, such as indentation
[138], in situ X-ray topographical techniques [139], and transmis-
sion electron microscopy [140], have shown that oxygen is effec-
tive at locking dislocations in Si. Furthermore, it was found to be
possible for precipitates to form at the core of dislocations under
particular annealing conditions, effectively impeding the disloca-
tion motion. One study reported that oxygen precipitates with a
density of 108–1010 cm�3 do not affect dislocation motion [141].
Conversely, small oxygen precipitates with a density on the order
of 109 cm�3 exhibited a remarkable pinning effect on dislocation
motion [137]. Hence, it is assumed that the pinning effect of
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oxygen precipitates on the dislocation motion is dependent on
both their size and density [142]. Another study on dislocation
locking by oxygen in Cz-Si showed that oxygen is capable of
immobilizing dislocations in the 350–850 °C temperature range
[143]. The shape of oxygen precipitates is also an important factor.
Dislocation locking mainly involves a stress field interaction
between precipitates and dislocations, and it was found that the
interaction between dislocations and oxygen precipitates is more
valid for platelet oxygen precipitates and likely less valid for
polyhedral oxygen precipitates [144].

Since the late 1990s, there has been a drive to improve Si
substrates with the deliberate addition of nitrogen to encourage
oxygen precipitation for the collection of unwanted fast-diffusing
metallic contaminants, in a process known as intrinsic gettering.
Perhaps the simplest nitrogen defect in Si is substitutional nitro-
gen, lying on sites along [111]. However, the majority of nitrogen in
Si takes the form of a dimer, N2. The first research on the influence
of nitrogen on the dislocation motion of Si was conducted by
Sumino et al. in 1983 [145], and nitrogen was found to significantly
immobilize the dislocations. Many other studies found that
nitrogen interacts with dislocations and, moreover, can suppress
interstitials and vacancy-related defects, thus introducing N-O
complexes at high temperatures [146,147]. At lower tempera-
tures, the reversed reaction becomes stable, and N2V complexes
can form again, thus suppressing vacancy aggregation. Recently,
Giannattasio et al. [148] confirmed that nitrogen is highly effective
at locking dislocations in FZ-Si and that the locking effect is similar
to that of oxygen in Cz-Si. Sumino et al. [141] found, by means of
tensile tests at high temperatures, that dislocations in nitrogen-
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Fig. 6. Fourier Transform Infrared (FTIR) spectroscopy shows that hydrogen has
diffused out of the samples by the time they reach roughly 1100 °C and before
dislocation density reduction is observed. The above plot shows the normalized
intensity of FTIR peaks involving hydrogen bonds.

Fig. 7. (a) Fourier Transform Infrared (FTIR) spectroscopy; (b) X-ray diffraction (XRD) of
grown reference sample.
doped Cz-Si are much slower than those in common Cz-Si,
because the ejection of nitrogen impurities enhances the forma-
tion of small N-O complexes [149]. However, nitrogen's dislocation
locking ability was found to fall to zero (within experimental
error) at annealing temperatures above 1000 °C [150].

To examine the effect of oxygen and nitrogen on dislocation
density reduction, SiOx and SiNx were deposited on a 180-μm-
thick mc-Si wafer, and the evolution of the dislocation density of
the deposit and bare samples was measured after annealing at
1200 °C for 6 h. Fig. 7 shows the FTIR (Fig. 7(a)) and XRD (Fig. 7(b))
results of SiNx-coated, SiOx-coated, and bare mc-Si wafers ((as-
grown reference samples)) annealed at 1200 °C for 6 h. The N–O
complexes and oxygen peaks are observed for the samples with
SiNx and SiOx films, respectively. Furthermore, except for the peaks
for Si, nitrides and oxides were not detected in the XRD analysis,
confirming that nitrogen and oxygen are perfectly dissolved in Si
rather than forming compounds.

Fig. 8(a) shows dislocation etch-pit images for the samples after
annealing and the measured evolution of dislocation density (N/
N0, where N is the initial dislocation density and N0 is that after
annealing) is plotted in Fig. 8(b). Bare Si exhibits �12% dislocation
density reduction, which is comparable with the results in Fig. 5.
Interestingly, nitrogen is found to stimulate dislocation density
reduction while oxygen locks dislocations, helps dislocation mul-
tiplication, and finally increases dislocation density. Although
nitrogen is much more effective at locking than oxygen, the nitride
film creates vacancies at the same time, stimulating the dislocation
annihilation process [151].

According to the theory to account for the effect of doping on
dislocation velocity, doping of dislocations with donors raises the
Fermi level by increasing the electron concentration around the
dislocations, which stimulates the formation of kinks and increa-
ses dislocation velocity. Conversely, doping with acceptors lowers
the Fermi level and reduces the formation of kinks, thereby
decreasing dislocation velocity. Indeed, an experimental study has
shown that the velocity of dislocations at 800 °C in arsenic-doped
Si is twice that in undoped Si [152]. Another measurement for
boron-doped material revealed a fundamentally different behavior
in the lower yield stress in comparison to phosphorus doping.

Transition metal impurities in Si are also of interest. The accu-
mulation of impurity atoms at a dislocation core during annealing
at high temperature may immobilize the dislocation. To move a
locked dislocation, additional energy must be applied. The magni-
tude of this stress depends on the number of and nature (e.g.,
atoms, precipitates) of the impurities segregated to the dislocation
core [153]. Nickel and copper metal impurities are primarily found
at dislocations in as-grown crystals, and the release of these
impurities from defects occurs rapidly. The gettering process is
known to be effective at dissolving metal impurity precipitates to
SiNx coated, SiOx coated, bare mc-Si wafers, annealed at 1200 °C for 6 h, and an as-
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o2–5 nm in size; however, the material performance was some-
times not greatly enhanced [153]. Under specific conditions,
impurities play a positive role in removing dislocations [154]. An
effort was made to annihilate dislocations in mc-Si at temperatures
as low as 820 °C with the assistance of an additional driving force to
stimulate dislocation motion. A reduction in dislocation density
greater than 60% was observed for mc-Si with iron, copper, and
nickel impurities in tens of parts per billion after phosphorus get-
tering at 820 °C. The hypothesis, supported by two different
experiments, is that the net unidirectional flux of impurities in the
presence of a gettering layer can cause dislocations to glide in a
preferential direction and subsequently to sink at grain boundaries
or surfaces. The minority carrier lifetime increases after phosphorus
gettering, possibly as a result of the combined effects of dislocation
density reduction and impurity concentration reduction.

4.2.4. Effect of external stress
Shear stress may enable dislocations to become mobile within

certain crystallographic glide planes at temperatures above the
brittle-to-ductile transition temperature (i.e., 530–660 °C for Si,
depending on dopant concentration and strain rate) [114]. Fur-
thermore, tensile or compressive stresses may promote mass flux,
including vacancy diffusion, which helps dislocations to climb out
of the glide plane at temperatures above 1000 °C. Hence, a suffi-
cient amount of stresses may lead to enhancement of dislocation.

Bertoni et al. [116] reported that, after thermal annealing at
1350 °C and applying three-point bending, areas with 410 MPa
exhibited higher dislocation densities while areas with o5 MPa
were dislocation-free. Areas with tensile stress showed higher
dislocation densities than those with equivalent compressive
stress. The density appears to be sensitive to normal stress rather
than shear. From this evidence, it is considered that atomic dif-
fusion strongly involves the creep deformation in Si under certain
conditions (i.e.,o5 MPa, 1350 °C). It might cause dislocations to be
annealed out. Shear stress is a driving force for dislocation slip,
whereas normal stress is a driving force for the diffusion of atoms
or vacancies. Hence, the recovery might be sensitive to normal
stress rather than shear stress. Furthermore, compression is a type
of vacancy-closing mode, whereas tension is a vacancy-opening
mode. Hence, atoms might diffuse to areas under compression and
vacancies might diffuse to areas under tension, while dislocations
under a small amount of compressive stress might be readily
annealed out. An image force on the sample surface may help to
annihilate more dislocations. Stokkan et al. [122] found a sig-
nificant reduction in dislocation density near the sample surface
(to a depth of �50 mm from the surface), presumably due to the
presence of an image force.

A pioneering experimental study by Samuels and Roberts
clearly demonstrated a sharp transition from brittle-to-ductile
behavior at a temperature above �870 K [114]. However, dis-
locations can be generated at lower temperatures, even at room
temperature, when the applied stress is sufficiently high [155]. Wu
et al. [156,157] indicated that amorphization and dislocation
nucleation are two dominant mechanisms and that the deforma-
tion sequence in nanoscratching is amorphization, stacking faults/
twin development, and full dislocations. Some experimental
results also indicated that dislocations can be mobile, even at
temperatures below the brittle-to-ductile transition temperature.

The generation and emission of the first partial dislocation after
phase transformation was observed under nanoscratching at room
temperature [158]. It was revealed that impurity accumulation in
Si can also be enhanced by the presence of stresses. This occurs at
temperatures where both impurities and dislocations are mobile.
The superposition of thermal stresses generates residual stress
fields and dislocations, and, moreover, electrical activity increases
at regions of higher dislocation densities and stresses [91].

From the perspective of electrical performance, low-stress or
stress-free defect configurations are less likely to promote the
gathering of metallic impurities at single dislocations or to gen-
erate new recombination-active dislocations under external
mechanical and thermal stresses. Internal tensile or compressive
stresses of several tens of megapascals are not thought to affect
electrical activity through band structure modification but they
can enhance the accumulation of metallic impurities and conse-
quently the minority carrier recombination. High-magnetic-field
treatment was found to have an apparent effect on dislocation–
impurity interaction in Si [159]. Tension/compression load cycles
at temperatures between 650 and 750 °C may induce resolved
shear stresses on the primary slip system of 10–20 MPa. Both
atomistic simulations and experiments showed that mobile dis-
locations strongly interact with point defects during their motion
[72].

For other ceramic materials, such as undoped GaN, in-plane
tensile stress, which is generated during film growth, can cause
dislocations to become mobile and be released, producing arrays
of a-type dislocations and reducing the overall dislocation density
[160]. Interestingly, string ribbon mc-Si samples yielded an �80%
dislocation density reduction after annealing at 1200 °C in air for
6 h with the aid of compressive and tensile residual stress present
during film growth, while only �40% dislocations were annihi-
lated under the same conditions when the residual stress was
released by creating free surfaces.
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5. Conclusions

This study reviewed the literature on the impact of dislocations
on cell performance, the diagnosis of dislocations, and the engi-
neering of dislocations during and after crystal growth, particu-
larly focusing on multicrystalline silicon. The literature review on
dislocations in multicrystalline silicon can be summarized as
below.

(1) The impact of dislocations on the performance of Si solar cells:
Dislocations, especially those decorated with impurities, have
a negative impact on cell performance. In particular, inter-
stitial iron and Fe-B pairs lead to a significant deterioration of
the carrier lifetime. Furthermore, the influence of impurity-
decorated dislocations on cell performance varies significantly
with the distribution of these dislocations; photovoltaic effi-
ciency is severely limited in hot spots (high-dislocation-
density regions), owing to localized Joule heating.

(2) Diagnosis of dislocations in Si solar cells:
To confirm the presence and determine the impact of dis-
locations, methods relying on photons or electrons (indirect
observation techniques) have been used in combination with
various microscopic techniques (direct observation techni-
ques). Recent studies enable atomic-scale-resolution analysis
of dislocations and impurities via TEM, AFM, and synchrotron
X-ray-based techniques. At the same time, rapid dislocation
diagnosis methods have been developed for in-line monitor-
ing in industries.

(3) Dislocation engineering in Si solar cells:
Significant effort has been expended in developing techniques
that suppress the generation of dislocations during crystal
growth or annihilate dislocations via post-annealing. The
generation of dislocations can be suppressed by reducing the
thermal stresses or by manipulating the crystal structures
during crystal growth. Dislocation annihilation after crystal
growth is affected primarily by the temperature, activation
energy for dislocation movement, and stress. Although the
dislocation density decreases with increasing annealing tem-
perature and time, prolonged high-temperature annealing
leads to significant contamination of the ingot and, conse-
quently, deterioration of the minority carrier lifetime. The use
of vacancies, foreign atoms (e.g., hydrogen, nitrogen or other
impurities), and stresses has been attempted as means of
providing additional energy that can replace the thermal
energy. In particular, the unidirectional flux of impurities or
a sufficient amount of stress may promote dislocation annihi-
lation at temperatures below 1000 °C.
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