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Nanoscopic mechanism of Cu precipitation at small-angle tilt boundaries in Si
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We investigate copper (Cu) precipitation at small-angle tilt boundaries on (220) in Czochralski-grown p-type
silicon (Si) ingots using transmission electron microscopy, atom probe tomography, and ab initio calculations. In
the initial stage of precipitation, Cu atoms agglomerate along the boundaries, forming coherent layers (less than
about 2 nm thick) of Cu;Si with a body-centered-cubic structure in a metastable state (¢ = 0.285 nm). As the
layers thicken, they become semicoherent with misfit dislocations on the (220) interphase boundaries, reducing
coherency strains. Subsequently, the metastable layers convert into incoherent polyhedrons of orthorhombic
7n”-CusSi in the equilibrium state, forming interphase boundaries on {112} in Si. These results are similar to
the Cu precipitation processes found in metallic alloys: the formation of Guinier-Preston zones followed by a

conversion into the equilibrium 6 phase.
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I. INTRODUCTION

Polycrystalline materials contain grain boundaries (GBs).
A system with GBs involves excess energy because of their
structural imperfection, and the amount of energy can be
reduced by the nanoscopic structural changes of the GBs via
impurity gettering [ 1-3]. Even though these local changes only
occur close to GBs, they play a decisive role in determining
the macroscopic properties of most polycrystalline materials,
including metals [4,5] and semiconductors [6—8], and in
fabricating stable nanostructures [9,10]. Therefore, a compre-
hensive knowledge of the gettering mechanism is essential
for engineering the distributions and sizes of impurity-related
nanostructures at GBs in a controlled manner in order to
produce cost-effective functional devices [11].

Impurity gettering at GBs is frequently examined in
terms of the GB character, which is described using five
crystallographic parameters [12]. Among them, the tilt angle is
considered to be the most influential parameter with respect to
the physical properties of GBs. GBs that have a tilt angle less
than about 10°, composed of parallel edge dislocations whose
density is determined by the tilt angle [13], are regarded as
small-angle tilt boundaries (SATBs). SATBs are frequently
introduced in photovoltaic materials, such as silicon (Si) [14].
Even given a small areal fraction, they significantly modify
the photovoltaic properties via the contamination of metallic
impurities because of their high gettering ability [15-17]. Even
though this ability is primarily dominated by the density of the
edge dislocations composing the SATBs, it is also influenced
by other GB parameters, such as the boundary plane and the
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twist angle [17,18]. Therefore, we introduce pure SATBs on a
specific plane in Si crystals using the Czochralski (CZ) method
and examine the intrinsic impurity gettering at the SATBs with
high spatial resolution and a low impurity detection limit using
transmission electron microscopy (TEM) and atom probe
tomography (APT) in combination with ab initio calculations.
Because copper (Cu) is a ubiquitous contaminant in Si
technologies, we examined Cu precipitation. Cu atoms can be
precipitated at heterogeneous nucleation sites, such as SATBs,
in crystal growth and thermal processes [19,20]. The n”-phase
Cu;Si precipitates in the equilibrium state at room temperature
(RT) [21] are observed at GBs [22]. These precipitates can
reduce the minority-carrier diffusion length in solar cells by
forming bands of states in the band gap [23], depending on their
spatial and size distributions [11]. Furthermore, these Cu-Si
systems with nanoscale interfaces have potential applications
in spintronics and electronics, such as field emitters and
interconnects, passivation, and antireflective layers [24,25],
as well as in catalytic oxidation [26]. In this work, we
microscopically determine the Cu precipitation conditions at
the SATBs, depending on the Cu contamination levels, and
propose a nanoscopic mechanism of the precipitation. These
findings can aid the control of Cu contaminants using gettering
[18,22,27,28], passivation [17], and thermal [29] processes.

II. EXPERIMENTAL

Si ingots (approximately 1 inch in diameter), which were
codoped with boron (approximately 0.01 at. %) and Cu (of
order 107 at. %) atoms, were grown with bicrystal seeds using
the CZ method. A seed was prepared by combining two square
prisms of Si with nearly {100} surfaces, and it was pulled along
[001] with a rate of 3 um/s from a melt of granulated boron,
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Cu, and Si. SATBs with a rotation axis of [001] that were
parallel to the growth direction were accidentally introduced
in an ingot. Small pieces of Si with an SATB were cut from
the ingot and annealed at 900 °C for 50 h in a vacuum in order
to allow the Cu atoms to diffuse toward the SATB (with a
diffusion length of 5 mm). These Si pieces were then cooled
to RT at arate of —1 °C/s.

The atomic structure of Cu precipitates at the SATBs
was examined using high-angle annular dark-field (HAADF),
high-resolution (HR), and dark-field (DF) TEM (with JEOL
JEM-ARM?200F and 2000EX microscopes). The damage-
free TEM specimens with SATBs were prepared using only
mechanochemical etching [30]. A three-dimensional (3D)
distribution of Cu atoms at the SATBs was examined using
APT, and APT specimens with SATBs were prepared by ap-
plying focused-ion-beam (FIB) milling under in situ scanning
electron microscopy. APT data were obtained using a local
electrode atom probe (Ametek, LEAP4000X HR). The ratio
of the doubly charged state to the singly charged one for Si
exceeded 150 [31]. Furthermore, the 3D distribution of Cu
atoms was determined by the Integrated Visualization and
Analysis Software (IVAS) protocol [32].

III. RESULTS AND DISCUSSION
A. Cu precipitation conditions in as-grown Si

As can be seen in Fig. 1(a), an SATB in an as-grown
ingot was observed using DF-TEM. Most of the boundary
segments were on (220) and were composed of an array of
parallel dislocations, arranged in intervals of 5-10 nm. Each
dislocation extended along the pulling direction of [001], and
the Burgers vector, b, in which was a/2[110] (i.e., was an
edge type). Therefore, the tilt angle of the boundary was
approximately 2°—4°, which was confirmed using transmission
electron diffraction (not shown). The twist angle was less than
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FIG. 1. (a) DF-TEM, (b) HAADF-TEM, and (c), (d) HR-TEM
of an SATB in an as-grown crystal. The incident directions are (a)
[011], (b), (c) [001], and (d) [010]. The lattice fringes of (e) (220)
and (f) (220) were obtained using the Fourier filtering in (c). Arrows
in (c) and (f) indicate the edge dislocations that compose the SATB.
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0.2°, indicating a low density of screw dislocations on the
boundary.

Bright dots, which originated from the Cu precipitates,
were observed along the SATB shown in Fig. 1(a) using
HAADF-TEM [Fig. 1(b)]. Thus, Cu atoms were precipitated
at the SATB in the crystal growth process. Moreover, Cu
precipitates were observed as a dark band along the SATB,
less than about 2 nm in thickness, using HRTEM [Fig. 1(c)].
The image intensity that correlated with the volumes of the
Cu precipitates was not uniform along the band because
the precipitates distributed inhomogeneously. In particular,
intensity was high around the cores of the edge dislocations
that composed the SATB. This suggests that Cu atoms were
preferentially precipitated around the dislocation cores.

The maximum Cu concentration in the precipitates was
estimated to be 75 at. % (72 +3 at. % on average) using
energy-dispersive x-ray spectroscopy (EDX). The atomic
density of the Si in the Cus3Si precipitates was approximately
half the density in Si, which was estimated using electron
energy loss spectroscopy. This indicates that the atomic density
in the precipitates was approximately twice the height of the
density in Si. Furthermore, the precipitates and the Si matrix
had similar square lattices in the projections along [001] in
the Si matrix. The (220) interphase boundaries were coherent
[Fig. 1(e)], even though edge dislocations that composed
the SATBs existed [Fig. 1(f)]. A similar square lattice was
observed in the [010] projections [Fig. 1(d)]. The square
projections of the precipitates differed from those of the
orthorhombic Cu3Si phase in the equilibrium state [21], which
is commonly observed at GBs [22]. Considering the similar
fourfold symmetries in projections along both [001] and [010],
and given an atomic density twice as high as Si, the Cu3Si
precipitates should have a body-centered-cubic (bcc) structure,
which is observed in large-angle GBs [33].

B. Cu precipitation conditions in annealed Si

The bee-CusSi precipitates were developed by annealing
[Fig. 2(a)]. In projections along [001] in the Si matrix, even
though the precipitates had a square lattice, as in the as-grown
crystals, its lattice constant (0.202 nm) was +5% larger
when compared with the Si matrix [Fig. 2(b)]. Therefore,
misfit dislocations with b = a/2[110], which were similarly
arranged in approximate 5-nm intervals, were introduced along
[001] on the (220) interphase boundaries [Fig. 2(c)] and
were accompanied with edge dislocations that composed the
SATBs [b = a/2[110] in Fig. 2(d)]. The lattice constant of the
stable bce-CusSi precipitates was estimated to be 0.285 nm
(0.202,/2 nm).

In addition, polyhedral Cu precipitates were observed at
the SATBs near a surface in the annealed crystals [Figs. 3(a)
and 3(b)]. Although the maximum Cu concentration of 75 at.
%, which was estimated using EDX and APT, equaled the
maximum in the bce-Cu3Si layers, diffraction spots due to
the n”-CuzSi phase [21] were observed from the polyhedra
[Fig. 3(c)]. The volumes of the n” precipitates increased as
the depth from the surface decreased [Fig. 3(b)]. Because of
the out-diffusion of the Cu atoms during the cooling process,
the Cu contamination level increased as the depth decreased
[19]. Therefore, the n” precipitates should form when the
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FIG. 2. (a) HRTEM image of an SATB in an annealed crystal for
the [001] incident. (b) Fast Fourier transform image for (a). Lattice
fringes of (c) (220) and (d) (220) that were obtained using the Fourier
filtering in (a). In (a), (c), and (d), single and double arrows indicate
misfit dislocations and the edge dislocations that compose the SATB,
respectively.

chemical driving force for precipitation overcomes the barriers
for precipitation [34].

The SATBs near the critical depth for the formation of
n"-CuzSi polyhedrons were examined using APT, and a 3D
distribution of the nuclei was clarified. Here, n”-Cu3Si nuclei,
each with an approximate size of 10 nm, were observed on the
boundaries [Fig. 4(a)]. They were positioned in similar inter-
vals of approximately 12 nm on a net with mesh basis vectors
directed toward [001] and [111] [Fig. 4(b)]. They grew toward
the exteriors of the SATBs, forming interphase boundaries that
nearly paralleled {112} in Si (e.g., the precipitate marked with
an asterisk in Fig. 4). Before the n” phase formed, bce-Cu3Si
layers with misfit dislocations existed on the SATBs (Fig. 2).
Given b = a/2(110), misfit dislocations should extend on the
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FIG. 3. DF-TEM images of an SATB close to a surface in
an annealed crystal for the (a) [220] and (b) [010] incidents. (c)
Diffraction pattern of 1”-Cu;Si polyhedra for the [220] incident.
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FIG. 4. (Color online) Cu distribution in an APT specimen with
an SATB at a depth of approximately 1.5 um in an annealed crystal
viewed (a) parallel to and (b) normal to the boundary. The lattice in
(b) corresponds to the misfit dislocation networks on (220) for the
bce-Cu;Si/Si system. The large precipitate marked with the asterisk
is surrounded by {112} interphase boundaries.

SATBs along [111] or [111], as well as along [001]. These
dislocations can act as gettering sites for Cu atoms, similarly
to the edge dislocations that compose the SATBs [Fig. 1(c)].
The n”-Cuj3Si nuclei should then form on the misfit dislocation
networks.

C. Energetic stability of Cu precipitates

The energetic stability of the Cu3Si phases was investigated
using ab initio calculations. The n phase, which is in an
equilibrium state at high temperatures, is the precursor of
the n”-CuzSi phase [21]. Therefore, a structural model of
bce-Cus3Si, based on the Zintl phase [35], and that of the n
phase were examined. Given the binary systems of Cu and
Si, the model’s precipitation energy can be defined as the
difference between the model’s total energy per atom and
the energy of the segregation limit per atom in the chemical
composition. Energy was calculated after the outer and inner
relaxes of the model occurred using the Vienna Ab initio
Simulation Package code. The projector augmented wave
potential was used, and the cutoff energy was set to 1000 eV
[36]. The bee phase was the most stable with a precipitation
energy of —0.01 eV when the lattice constant was 0.29 nm.
The calculated constant was close to the lattice constant of
0.285 nm, which was estimated using HRTEM [Fig. 2(b)].
On the other hand, precipitation energy was estimated to be
—0.03 eV for the 1 phase. Therefore, the 1 phase is more stable
than the bcc phase.

The interface energy between a coherent bcc phase and
the Si matrix was also calculated. The energy can be defined
as (ECuSi/Si — Esi — Ecysi)/S, in which ECuSi/Si is the total
energy of a model with an interphase boundary, and S is the
boundary area. Here, Eg; represents the total energy of Si
whose volume equaled that of Si in the model, and Ecys;
represents the total energy of Cu;Si whose volume equaled
that of Cu3Si in the model. The interface energy of 1.64 J/m?
for the {220} interphase boundaries exceeded the minimum
energy of 1.17 J/m? for the {001} boundaries, but it was
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comparable to the energies provided by the high-angle tilt
boundaries, excluding ¥ 3{111} [37].

D. Mechanism of Cu precipitation at SATBs

In order to discuss the precipitation process of Cu atoms at
SATBs, the hypothesis that impurity atoms are precipitated at
GBs is imposed, reducing both the strain and GB energies.
Therefore, the precipitate’s stability can be determined by
balancing the precipitation and interface energies for the
precipitate and the elastic energy due to lattice mismatch
and the edge dislocations that compose the SATBs. The
bee- and n-CusSi phases that have similar atomic densities
(approximately 80 nm~3) can induce similar elastic effects
in association with their precipitation. With respect to the
Si matrix, the bcc phase exhibits good lattice coherency,
whereas the n phase is incoherent. Thus, the bcc phase with
coherent interphase boundaries, whose interface energy should
be lower than that of the n-Cu;Si/Si incoherent interphase
boundaries, can form in the initial stage of Cu precipitation,
even though its precipitation energy exceeds that of the n
phase. In fact, bee precipitates were preferentially formed on
(100) with the lowest interface energy rather than on (220)
[Fig. 1(b)].

The bce structure can be constructed by introducing Cu
atoms into every octahedral and tetrahedral interstitial site
in the Si matrix (Cujp and Cujr) and substituting the Cu
atoms with half of the Si atoms in the lattice sites (Cug)
without deforming the framework of the Si matrix (Fig. 5).
The bec structure involves the clusters of one Cug and three
adjacent Cu;p, which was proposed by Shirai et al. in [38],
with the lowest formation energy in the Cuy clusters [39].
Given the lattice mismatch of +5% against the Si matrix, the
coherent bce phase can be formed in a manner that reduces
the tensile strains around the SATBs, especially at the cores
of the edge dislocations that compose the SATBs [Fig. 1(c)].
This is similar to the oxygen gettering conditions observed at
SATBs [41]. When this coherent phase grows and its thickness
exceeds a critical value (approximately 2.5 nm, according to
the Matthews and Blakeslee equation [40]), coherency strains
are relieved by the misfit dislocations with b = a/2[110],
as well as by the edge dislocations, where b = a/2[110],
that compose the SATBs (Fig. 2). Finally, as the Cu atoms
agglomerate further, n”-Cu3Si incoherent precipitates are

Si Bcc-Cu,Si

Si:Cu=1:1""___ ~3=0.285nm
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FIG. 5. (Color online) Precipitation model for a semicoherent
bce-CusSi phase. Cujp or Cuyr, respectively, indicates a Cu atom
in an octahedral or tetrahedral interstitial site in the Si matrix. Cug
signifies that a Cu atom is substituted in a Si lattice site.

PHYSICAL REVIEW B 91, 235315 (2015)

formed in the thermal equilibrium state (Figs. 3 and 4),
presumably by trigonal distortions of the bcc phase [21],
forming {112} interphase boundaries, in which the interface
energy should exceed that of the bcc-CusSi/Si interphase
boundaries. These results are similar to those produced by Cu
precipitation processes in metallic alloys, that is, a formation of
Guinier-Preston (GP) zones [42,43] followed by a conversion
into the 6 phase in the equilibrium state.

It should be noted that the Cu precipitation process at
the SATBs somewhat differs from that at the localized
nucleation sites, such as the isolated dislocations and point
defects. The precipitation ability of these nucleation sites
is less than the ability achieved with SATBs [44], and
precipitates often accompany the extended defects, such as
dislocation loops and stacking faults [45]. This ability is
enhanced at the SATBs as a result of the confinement of
the tensile strains near the boundary planes because coherent
Cu precipitates can preferentially expand along the planar
strains. Other metallic impurities, such as iron and nickel, can
also preferentially accumulate in the SATBs through similar
coherent precipitation mechanisms in the initial stage of their
precipitation.

ADb initio calculations revealed that the bcc-CusSi phase
acts as a conductor. Therefore, the bcc-CusSi layers may
apply to Cu-Si interface nanotechnologies, such as nanoscale
field emitters and interconnects. The thicker layers have a
high density of misfit dislocations, which are introduced even
at low levels of Cu contamination. These thicker layers are
candidates for the devastating centers of SATBs with tilt angles
of approximately 2°, which are observed in nominally clean
crystals used for solar cells [17].

IV. CONCLUSION

Cu precipitation at the SATBs in p-type CZ-Si ingots
was investigated at an atomistic level using TEM, APT,
and ab initio calculations. The precipitation mechanism was
explained in terms of a balance between the precipitation
and interface energies for the precipitates, as well as in
terms of the elastic energy produced by a lattice mismatch
and the edge dislocations that compose the SATBs. The
precipitation process, which is similar to the formation
process of GP zones in metallic alloys, could be a univer-
sal phenomenon in noninsulating polycrystalline materials
with metallic impurities. This result could help fabricate
functional polycrystalline devices via the control of impurity
precipitation.
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