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Abstract—The crystalline structure of intermetallic Cu3Sn synthesized by successively condensing thin layers
of copper and tin on a substrate at 150C has been studied. Cu3Sn compound exists in a very narrow homogeneity range and has a long-period close-packed ordered D019 superstructure. It has been found that the
crystal lattice exhibits many slip traces associated with dislocation motion. The dislocation motion is due to
the stressed state of the crystal, which can be characterized as uniform extension. Electron micrographs show
that slip traces in the Cu3Sn crystal are parallel to the ( 1 121 ) and (1121 ) planes belonging to pyramidal slip
system II, which is a main slip system along with pyramidal and basal ones. Slip traces result from the motion
of partial dislocations, as indicated by the amount of slip, which is equal to half the interplanar distance. Since
the crystal is ordered, slip is accomplished by a pair of superpartial dislocations and a slip trace may be a
superstructural or complex stacking fault.
DOI: 10.1134/S1063784219060112

INTRODUCTION
In recent years, the structure and properties of
Cu3Sn intermetallic have attracted much attention
from researchers engaged in various fields of condensed matter physics. Cu3Sn and Cu6Sn5 intermetallics are the only two phases from the Cu–Sn system
existing at room temperature. The properties of Cu3Sn
and Cu6Sn5 intermetallics are of great importance for
microelectronics because of their uncontrolled formation at the tin–copper interface. This generates local
stresses and results in cracking, which adversely affects
the strength of soldered contacts [1, 2]. Usually, contact damage takes place along an intermetallic layer [3,
4], although a thin intermetallic phase may exert a
beneficial effect, improving the adhesive strength of
solder–substrate interfaces [5–7].
In spite of the fact that the Cu3Sn phase exists in all
systems containing a Cu–Sn contact, it can be used as
an independent material to synthesize coatings and
thin films [8, 9]. The crystal structure of Cu3Sn persists up to the melting point, thereby allowing bulk single crystals of this compound to be grown by the standard Bridgman method. Therefore, research on the
strength and deformation properties of Cu3Sn crystals
has become of great significance.
Stoichiometric Cu3Sn compound has a D010 superstructure [10], which can be represented as a stack of
identical hexagonal layers ….abababab…. . The D019
superstructure is similar to L12, in which hexagonal
layers alternate in sequence …. abcabcabcabc…. . The

D019 superstructure is typical of many metals and
metallic compounds, such as Mg, Cd, Cd3Mg, Cu3Ti,
Ti3Sn, Mn3Sn, and Ti3Al. Most studies were devoted
to Ti3Al intermetallic. As for Cu3Sn, its properties
remain obscure. It is known that many crystals with an
L12 superstructure exhibit an anomalous temperature
dependence of strength characteristics [11]. Similar
temperature anomalies may also be expected in intermetallics with a D019 superstructure.
Single crystals with a D019 superstructure (hereinafter, D019 crystals or compounds) are difficult to
study, because temperature anomalies in them combine with the orientation dependence of deformation.
In D019 compounds, yield stress strongly depends on
the direction of deformation. For example, for deformation in the [0001] direction in Ti3Sn, yield stress at
room temperature equals 200 MPa and decreases with
growing temperature (normal behavior). However,
when the orientation differs by 40, yield stress rises to
1200 MPa and continues rising with temperature
(anomalous behavior) [12]. The sharp orientation
dependence of mechanical properties and the low
ductility of D019 alloys at room temperature are
explained by a small amount of slip systems that facilitate deformation for the given direction of loading
[12]. To shed light on the behavior of D019 alloys, it is
necessary to perform direct investigation of dislocation slip systems to find active slip planes and slip
directions, determine the Burgers vectors of superdislocations, and see how superdislocations split into
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same as in the lattice of hcp metals. The unit cell of the
D019 superstructure is shown in Fig. 1.
Subsequently, it turned out that the D019 superstructure is a long-period close-packed one with lattice parameters a = 0.553 nm, b = 4.775 nm, and c =
0.432 nm [15, 17]. The latest studies confirmed that a
long-period lattice is the most equilibrium lattice of
this compound [18].
a2
a3

a
Fig. 1. Unit cell of the D019 superstructure. Grey and black
dots stand for copper and tin atoms, respectively.

partial dislocations with the formation of surface
defects (twin boundaries, stacking faults).
Here, we study the structure of intermetallic
Cu3Sn, which is synthesized in Cu/Sn binary films
along with intermetallic Cu6Sn5.
MATERIAL AND STRUCTURE EXAMINATION
To study the structure and formation mechanism
of intermetallics Cu3Sn and Cu6Sn5, we successively
applied two layers of pure metals on a glass substrate
(first Cu and then Sn) by thermal evaporation in vacuum. During condensation of Cu/Sn layers, the substrate was kept at 150C.
Structural examination was carried out in the
IRGETAS laboratory at the Serikbaev East Kazakhstan State Technical University under a JEM-2100
scanning electron microscope at an accelerating voltage of 200 kV.
CRYSTAL STRUCTURE
At the early stage of investigation, the crystal structure of intermetallic Cu3Sn was assigned to the orthorhombic system [13] with lattice parameters a =
0.549 nm, b = 0.432 nm, and c = 0.474 nm [14].
Cu3Sn compound, as well as many other intermetallics, exists in a very narrow homogeneity range and
has an ordered D019 superstructure [15, 16]. Its stoichiometric formula can be written as AB3. The crystal
lattice of D019 alloys can be represented as a stack of
identical hexagonal atomic layers. Each layer consists
of A and B atoms in a stoichiometric ratio. The
sequence of layers in the D019 superstructure is the

DEFORMATION OF AN Cu3Sn LATTICE
Figure 2 shows a Cu3Sn single-crystalline grain
embedded in a thin-film Cu6Sn5 polycrystalline
matrix. The grain has a prolate form 80 nm in height
and 50 nm in width. Inside the grain, a large number
of slip traces due to dislocation motion in the lattice
are seen. Stresses causing the deformation of the
Cu3Sn grain are confined within the lattice of this
grain, whereas neighboring Cu6Sn5 grains are free of
dislocations. Moreover, an elastic-train-related contrast is not seen in the neighboring grains either. The
deformation of a Cu3Sn grain can be explained by
superstructural compression because of crystal
shrinkage due to ordering [19]. Such a stressed state of
a grain can be characterized as uniform extension.
Thus, the given single-crystalline grain deforms by
loading along a preferred axis, with the load being uniformly distributed over the grain. Such “equilibrium”
loading allows the separation of preferred slip systems,
determine dislocations, and find possible types of
their reconfiguration early in plastic flow.
D019 alloys contain four main slip planes (Fig. 3):
basal plane (0001), prismatic plane, and pyramidal I
{ 1100 } and pyramidal II {1121} planes. Many electron
microscopic studies [20–23], as well as theoretical calculations, demonstrate a strong dependence of slip
along a given slip system on experimental conditions
(temperature, strain rate).
Figure 4 shows the structure of the deformed
Cu3Sn single-crystalline grain. Crystallographic
planes are distinctly seen, and somewhere diffraction
conditions allow us to distinguish the atomic structure
of the grain. In the top-left corner, a magnified image
of the lattice’s atomic structure with highlighted positions of atoms is shown. Direct measurements of the
interatomic and interplanar distances suggest that this
image is the projection onto the (1 100 ) crystallographic plane. Atomic rows in Fig. 4 consist of {1121}
planes, which are normal to the (1 100 ) one.
The electron micrograph in Fig. 4 shows that slip
traces in the Cu3Sn grain are parallel to ( 1 121 ) and
(1121) planes. These planes belong to the pyramidal II
slip system, which is a main slip system along with
basal and prismatic slip systems. Figure 5 depicts the
atomic structure of the (1 100 ) plane and shows the
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Fig. 3. Slip planes in D019 alloys.
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Fig. 2. (a) Deformed Cu3Sn single-crystal grain surrounded by Cu6Sn5 grains and (b) magnified image of the
crystal’s bottom.

Fig. 4. Microstructure of the deformed Cu3Sn single crystal under a high-resolution transmission electron microscope.

positions of projections of the (0001) basal plane and
(1120 ) plane (which is normal to (0001)) relative to
( 1 121) and (1121) planes.

To speculate on the type of planar defect that arises
behind a moving dislocation, it is necessary to find the
slip direction. Since slip lines are parallel to {1121}
planes, two slip directions are possible: 2113 and
1126. It is difficult to find which of these slip directions is activated by only observing slip line projections. It can be supposed that slip systems {1121}1126
are most likely in this case, since they were found in
Ti3Al deformed at temperatures below 573 K and in
Ti3Sn [12, 27]. In those studies, along with dislocations in the basal plane, widely dissociated dislocation
pairs were observed on {1121} planes with a common
Burgers vector of 1/31126; however, dislocations
with a Burgers vector of 2113 were absent. The core
structure of dislocations lying in pyramidal I and pyramidal II planes in Ti3Al was studied by computer simulation in [24, 25]. Simulation data showed that dislocations may slip over {1121} planes, splitting into
superpartials with a Burgers vector of 1/61126.

The edge dislocation shown in Fig. 6a represents an
extra (1121) half-plane. Such dislocations are often
encountered in the single-crystalline grain studied.
However, the question as to whether their motion may
lead to formation of observed slip systems remains
unclear. Having analyzed the crystallographic slip in
the slip trace, we came to the conclusion that the line
of the trace is a stacking fault (SF) fringe. The typical
slip trace and its highlighting (Figs. 6b, 6c) indicate
that the amount of slip equals half the interplanar distance. Therefore, one can suppose that the trace is a
result of motion of a complete, rather than a partial,
dislocation. Considering that the crystal has a superstructure and slip is accomplished by a pair of superpartial dislocations, this defect may be categorized as a
superstructural SF or a complex SF. In the latter case,
it must also contain an antiphase boundary [26].
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The most important result in [12] is that critical
shear stress of slip in pyramidal slip system
{1121}1126 is almost independent or even inversely
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Fig. 5. (1 100 ) crystallographic plane.

dependent on temperature. This may also indicate an
anomalous temperature dependence of Cu3Sn
strength.
From Fig. 4 it follows that dislocation slip traces
form a closed labyrinth configuration. In rare cases,
the trace is broken with a dislocation at its end as a
rule. All observed traces are oriented along {1121}
planes. An interesting feature of slip traces is angular
configurations, in which traces converge at an angle of
60 but do not intersect. Figure 7 shows angular configurations made up of slip traces and highlighted shift
of crystal planes near angles. It was found that there is
a dislocation near the vertex of the angle and that slip
traces are SFs, which also end with dislocations.
One may assume that an angular configuration
arises when a complete superdislocation splits into
partials. For example, a superdislocation slipping in
the basal plane may split into partials with a Burgers
vector allowing slip in the pyramidal plane. In this
case, a sessile configuration arises, which is associated
with SF fringes. Theoretical analysis predicts a large
number of pathways for the formation of such configurations.
CONCLUSIONS
Intermetallic Cu3Sn is synthesized by condensing
copper and tin on a substrate at 150C. Cu3Sn single
crystals are notable for a developed labyrinth system of
slip traces oriented along {1121} planes. Slip traces are
the result of slipping in {1121}1126 slip systems.
Cu3Sn crystals, being ordered, exhibit a D019 superstructure. The amount of slip equals half the interplanar distance; that is, slipping in the D019 superstructure is accomplished by a pair of superstructural dislocations that form a superstructural SF. The
deformation of Cu3Sn crystals can be explained by
superstructural compression because of crystal

Fig. 6. (a) Dislocation, (b) crystallographic plane shift in a
dislocation slip trace followed by SF formation, and
(c) highlighting of crystallographic planes.

(a)

(b)

Fig. 7. Dislocation slip traces with the formation of angles
and (b) highlighting of crystallographic planes and dislocations at the vertices of the angles.
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shrinkage due to ordering. Such a stressed state of the
crystal can be characterized as uniform extension.
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