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A B S T R A C T   

The structure and phases formed in Sn/Co thin films are interesting both from the solid-state chemistry point of 
view and due to applications of such a metallic bilayer. The phases forming in thin films Sn/Co obtained by 
thermal vacuum evaporation on two different substrates SiO2 and MgO(100) at different annealing temperatures 
have been studied. Annealing above 110◦С results in intermetallics formation in the films. The hcp-cobalt is 
grown in the films on SiO2 substrate, and the fcc-Co is observed on MgO(100) substrate. It is found that the stable 
α-Co3Sn2 intermetallic is formed at higher annealing temperature in film on MgO(100) substrate. We show that 
transformations related to mass transfer in the Sn/Co bilayers were up to 500◦С and were finished upon reaching 
the thermodynamically equilibrium phase composition at this temperature.   

1. Introduction 

An interest in studying diffusion and solid-state reactions in thin 
films containing several different layers is caused by the problem of 
stability of multilayer film systems in nanoelectronics. An intensive 
developing knowledge on the fundamentals of solid-state chemical 
transformations is also raised the interest in experimental studies in the 
field [1–7]. Cobalt and tin-based cobalt alloys are considered and 
investigated because of their applicability as lead-free solders [8–11]. 
The Sn–Co alloys and Sn/Co contacts are also used in lithium-ion battery 
electrodes [12,13]. The phase formation at the Sn/Co interface has been 
studied in a number of works [9–11]. Most of the works on mutual 
diffusion or formation of intermetallics were performed on layers with 
thickness of 10 μm or more [9–11,14]. However, a miniaturization of 
functional elements down to the nanometer scale requires studies on 
layers with thicknesses from units to tens of nanometers [15,16]. But in 
this case, one can expect peculiarities both in the diffusion and in the 
phase formation at the interface. The great surface role in nanolayers 
leads to a substrate importance. In this work the transformations in 
about 100 nm thick bilayers prepared on different substrates are studied. 

The study was carried out on bilayer Sn/Co structures with the ele
ments ratio of about 1/3, deposited on MgO(100) and glass, at the 
different annealing temperatures up to 500◦С. Note that there are no 
works on this bilayer where annealing temperatures exceed 350◦С 
[9–11]. In this work, we show that transformations related to mass 

transfer in the Sn/Co bilayers were up to 500◦С and were finished upon 
reaching the thermodynamically equilibrium phase composition at this 
temperature. 

2. Materials and methods 

The bilayers Sn/Co were synthesized by thermal evaporation and 
then annealed. The first bilayer Sn/Co films was deposited by a 
sequential thermal evaporation onto glass and monocrystalline MgO 
(100) substrates at a vacuum of 10− 6 Torr. The cobalt layer was 
deposited to substrate heated up to 300◦С using the electron-beam- 
induced deposition from (Mo + Al2O3) – crucible. After deposition, 
the cobalt layer on MgO was immediately annealed in the chamber at 
600◦С for 2 h to ensure high quality of epitaxy. Then the Sn layer was 
deposited onto the Co layer at the room temperature using a molybde
num crucible. 

After that the bilayers were isothermally annealed in a vacuum of 
10− 6 Torr. The annealing was at the temperatures 100, 200, 300, 400, 
500◦С for 90 min. The first annealing was at T = 100 ◦C, then the same 
sample was annealed at T = 200 ◦C, T = 300 ◦C etc. The X-ray diffraction 
and magnetic studies were caried out at room temperature after each 
annealing step. According to an X-ray fluorescent analysis, the Co and Sn 
contents were 76 ± 2 and 24 ± 2 at.%, respectively (the corresponding 
Co and Sn layers thicknesses are 85 nm and 60 nm). The identification of 
the phases was carried out by X-ray diffraction analysis using the DRON- 
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4-07 diffractometer (XRD, CuKα radiation). Measurements of magnetic 
properties (anisotropy constant – K1 and a saturation magnetization MS) 
were carried out using a torsion magnetometer. The studied film sample 
is suspended on a vertical torsion thread and placed in an external 
magnetic field. After that, the rotation angle of the sample is measured at 
different field orientations relative to the sample. The measured torque 
provides information on the magnetization and anisotropy constant 
[17]. The applied field range was 0 ÷ 12 kOe. 

The temperature behavior of the electrical resistance of the samples 
was studied by the four-probe method in a vacuum of 10− 6 Torr from the 
room temperature to 520◦С with the heating rate 4◦С/min. 

3. Results 

The phases formed in the films at the different annealing tempera
tures were identified using the X-ray patterns (see Fig. 1) and provided 
in Table 1. Fig. 1 shows that the films consist only of pure Co and β-Sn 
(tetragonal crystal structure; space group –I41/amd) elements after 
annealing at 100 ◦C of both samples on SiO2 and MgO(100) substrates, i. 
e., no solid state reactions are observed. However, it is revealed that the 
structure of cobalt grown on different substrates is different: the α-Co 
(cobalt with the hcp structure) was formed on the SiO2 substrate, while 
the β-Co (cobalt with the fcc structure) was formed on the MgO(100) 
substrate. Moreover, it is seen from Fig. 1b that the structure of β-Sn and 
Co layers grown on the MgO(100) is related to the substrate crystallo
graphic orientation as β-Sn(100) || β-Co(100) || MgO(100), since the 
XRD peaks in Fig. 1b are only from the (200)β-Co and (200)β-Sn and 
(400)β-Sn planes. This means epitaxy in this system [18,19]. Note that 
the α-Co phase is stable at room temperature. The growing of the 
metastable β-phase on the MgO(100) substrate is mainly caused by both 
the epitaxy of the cobalt layer to the substrate and the subsequent 
annealing at the 600 ◦C (see section “2 Methods and materials”). At the 
600 ◦C, the β-phase of cobalt is stable. During annealing at 600 ◦C 
(before the sputtering of the Sn), both the β-Co and its epitaxial coupling 
with the MgO(100) substrate appear to be formed. The transition to β-Co 

→ α-Co is prevented by that epitaxial coupling at the subsequent cooling. 
The Co layer in the samples obtained on the amorphous substrate 

SiO2 was not exposed to such annealing. Moreover, the growing of a 
cobalt on such substrate is not epitaxial, so the formation of a stable α-Co 
is understandable in this case. After annealing at 200 ◦C and above, the 
films contain Co–Sn intermetallics. The reaction between Co and Sn 
starts with the formation of the α-CoSn3, within the temperature range of 
100 ◦C < T < 200 ◦C on both types of the substrates. The first appearance 
of the α-CoSn3 phase is following to a First phase rule. According to this 
rule [20,21]: the first phase formed at the interface between the film 
reagents is the phase which is coincided with the lowest temperature of 
structural-phase transformation (order-disorder, martensitic, spinodal 
decomposition, eutectic reaction, etc.) in the equilibrium diagram. The 
lowest temperature of eutectic transformation is T = 231 ◦C for the 
α-CoSn3 – Sn pair according to the Co–Sn phase diagram [22]. Thus, the 
fact that the solid-state reaction at the Sn/Co interface starts with the 
α-CoSn3 phase formation is followed to First phase rule. 

However, the binary system Sn–Co with the component ratio Sn:Co 
= 1:3 (our case) would have the phase composition Co + α-Co3Sn2 in the 
thermodynamic equilibrium [22,23]. The formation of this phase 

Fig. 1. X-ray patterns of Sn/Co films: (a) on SiO2 substrate; (b) on MgO(100) substrate.  

Table 1 
Phases formed in the Sn/Co bilayer as the annealing temperature increases. The 
first row corresponds to the as-prepared bilayer Sn/Co. The phases formed 
during annealing at different temperatures are shown below.  

Amorphous substrate SiO2 Single-crystalline substrate MgO(100) 

α-Co + Sn β-Co + Sn 
200 ◦C 

α-Co + Sn + α-CoSn3 β-Co + Sn + α-CoSn3 

300 ◦C 
α-Co + СoSn2 + CoSn + α-CoSn3 β-Co + СoSn2 + CoSn + α-CoSn3 

400 ◦C 
α-Co + α-Co3Sn2 + CoSn β-Co + СoSn2 + CoSn 

500 ◦C 
α-Co + α-Co3Sn2 β-Co + α-Co3Sn2  
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composition is observed after annealing at 500 ◦C. The leverage rule 
evaluation provides an amount of a cobalt in the thermodynamically 
equilibrium samples would be 40%. Since the intermetallics observed in 
this work have no or negligible magnetization [24–26], compared to 
that of pure cobalt (1400 Gs), one can estimate the fraction of cobalt in 
the sample by the value of the film magnetization. Fig. 2 shows how the 
fraction of a Co estimated in this way decreases as the annealing tem
perature increases (see also the discussion for this figure). At the Tan =

500 ◦C, the Co fraction is 0.38 of the initial amounts of pure cobalt 
(38%). Since this perfectly close to the cobalt fraction estimated using 
the leverage rule, it can be concluded that the annealing at 500 ◦C is the 
final point of the solid-state transformations, at which the system is 
reached the thermodynamic equilibrium. 

The equilibrium intermetallic compound α-Co3Sn2 is formed on the 
MgO(100) substrate at a higher annealing temperature. This can be 
explained by the greater perfection of film-surface interfaces in samples 
on the single-crystalline MgO(100) substrate compared to that obtained 
on the amorphous SiO2 substrate. The nucleation of a new phase by the 
heterogeneous mechanism should be stimulated by the surface rough
ness. Since the roughness of the single-crystalline MgO substrate would 
be lower the conditions for the nucleation are suppressed. Thus, the 
temperature of new phase formation is expected to be higher in this case. 

In the method [17], which is used for the estimation of the values of 
Ms and K1, the variation of the torque of the film sample in different 
fields is used. Ultimately, the values of MS⋅V and K1⋅V are independently 
estimated by this method, where V is the volume of the magnetic layer, 
MS and K1 are its magnetization and magnetic anisotropy constant, 
respectively. Since in this paper only the Co layer have spontaneous 
magnetization, the measured values of MS⋅V and K1⋅V are determined by 
the Co volume only. So, by the changing the values of MS⋅V and K1⋅V the 
volume fraction of Co in the film can be estimated as: 

Ms ⋅ VCo
/

Ms⋅Vasprepared
Co = VCo

/
Vasprepared

Co = νCo, (1) 

or 

K1 ⋅ VCo
/

K1⋅Vasprepared
Co = VCo

/
Vasprepared

Co = νCo (2) 

From this estimation (Fig. 2) the Co volume fraction decreases as the 
annealing temperature increase, which one can expect in view of the 
data of Table 1. As mentioned above, this estimation allows us to 
conclude that the thermodynamic equilibrium of the given system, 
predicted by the Co–Sn phase diagram, is reached at the annealing of 
500 ◦C. The sequential emerging of the intermetallics CoSn3, CoSn2, 
CoSn, Co3Sn2 is observed, from the first reaction stage (with forming the 
CoSn3) to the final that (when existing the Co3Sn2), which corresponds 
to a gradual increase in the amount of cobalt in the observed 
compounds. 

The temperature behavior of the electrical resistance of Sn/Co film 
(Fig. 3) with temperature increase indicate the irreversible processes 

(solid-state reactions) starting from 110 to 140 ◦C. This indicates the 
start of phase transformations. The indications and the temperatures of 
the starting transformations are related with significant deviations from 
the linear reversible resistance growth. For example, at the temperature 
range of 110–140 ◦C the resistance starts to increase nonlinearly and 
irreversibly. It seems reasonable to associate this with the beginning of 
the α-CoSn3 formation. The temperature behavior of the electrical re
sistivity allows us to refine the temperatures of the compound forma
tions in the film. The rough estimate of such temperatures was done 
from the XRD analysis (see Fig. 1 and Table 1). The temperatures of the 
start of each phase formation are plotted as the color vertical bands with 
blurred edges, which are associated with the absence of clear boundaries 
of these bands in Fig. 3. 

The intensive irreversible decrease of the resistance is observed at 
the 280 and 430 ◦C. This can be attributed to two mechanisms: 1) the 
transition from island structure of the CoSn (at 280 ◦C) and α-Co3Sn2 (at 
430 ◦C) phases to continuous layers; 2) the changing effective film 
thickness during the solid-state reaction. Reduction of resistance by the 
first mechanism is assumed to be abrupt because the electron dissipation 
in the multilayer system is lower than in the granular system, which 
would have more dissipation centers. 

The second mechanism is that the Sn layer thickness of the as- 
prepared sample is very inhomogeneous. At the initial reaction stages, 
the electrical resistance of the layer is sensitive to the minimal thickness. 
As the intermetallics are formed, the tin layer is uniformly distributed 
over the entire film volume. As a result, its thickness is homogenized and 
the total effective thickness is increased [27], that would also lead to the 
electric resistance decrease. During the film cooling from the maximum 
temperature (520 ◦C), the behavior of the film electrical resistance ex
hibits a linear and reversible decrease. This implies that there are no 
solid-state transformations and this is in accordance with the idea of the 
reaching the thermodynamic equilibrium of the alloy above 500 ◦C 
discussed above. 

Let’s discuss the observed sequence of emerging phases in terms of a 
free energy. The data on the temperature behavior of the free energy of 
the compounds in the Co–Sn system from Refs. [22,28–33] are sum
marized in Fig. 4. 

Since the data of various works concerning the same compounds vary 
significantly and are characterized by certain experimental errors, the 
energy related to one phase in Fig. 4 is represented not by a line, but by a 
blurred bond. Note that the observed sequence of emerging phases is not 
contrary to Fig. 4. It should be expected that the sequence of emerging 
reaction products, as the annealing temperature increases, should be in 
accordance with the energy of the system decrease gradually (ΔG0 >

ΔG1 > … > ΔGn) starting from the initial most nonequilibrium state (Co 
+ Sn). For example, the annealing at 200 ◦C for 40 min leads to the 
formation of the highest energy (closest to the most nonequilibrium 
state – Co + Sn) phase α-CoSn3 (see Table 1). Further, the annealing at 

Fig. 2. Volume fraction of Co estimated from torque measurements in a mag
netic field: diamond symbol is estimation using effective anisotropy constant 
and circle is estimation using the magnetization. 

Fig. 3. Temperature behavior of electrical resistance in Sn/Co film.  
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300 ◦C additionally leads to the formation of phases CoSo2 and CoSn 
characterized by a lower energy, i.e. the average energy of the system 
(CoSo2 + CoSn + α-CoSn3) is below the energy of α-CoSn3. After the 
annealing at 400 ◦C, the system (α-Co3Sn2 + CoSn) is formed, the 
average energy of which is lower than the energy of the previous set of 
phases. Finally, the annealing at 500 ◦C results in the single intermetallic 
compound α-Co3Sn2. According to Fig. 4, the center of the α-Co3Sn2 
band is slightly lower than the center of the CoSn band, so the obser
vation of α-Co3Sn2 is not contrary to Fig. 4, either. 

4. Conclusions 

The phase formation of in Sn/Co thin films on SiO2 and MgO(001) 
substrates at different annealing temperatures obtained by thermal 
evaporation in a high vacuum has been studied using X-ray diffraction 
analysis and torque measurements in a magnetic field. For Sn/Co bilayer 
structures with an element ratio about 1/3 (thicknesses of 60 and 85 nm, 
respectively) the temperatures and the sequence of emerging phases are 
established. In the bilayer on a single-crystal MgO (100) substrate the 
phases formed are: β-Co/Sn (200 ◦C)→ β-Co + Sn + α-CoSn3 (300 ◦C)→ 
β-Co + СoSn2 + CoSn + α-CoSn3(400 ◦C)→ β-Co + СoSn2 + CoSn 
(500 ◦C)→β-Co+α-Co3Sn2. 

In the sample on a glass substrate the sequence of phase trans
formations is: α-Co/Sn (200 ◦C)→ α-Co + Sn + α-CoSn3 (300 ◦C)→ α-Co 
+ СoSn2 + CoSn + α-CoSn3(400 ◦C)→ α-Co + α-Co3Sn2 + CoSn 
(500 ◦C)→ α -Co+α-Co3Sn2. Additional study of the temperature 
behavior of electrical resistivity shows that the formation of in
termetallics begins at 110 ◦C. When the film is annealed above 500 ◦C, 
the thermodynamically equilibrium phase composition is reached ac
cording to equilibrium Co–Sn phase diagram. The β-Co is formed on 
MgO(001) substrate and α-Co on SiO2 substrate. It is found that the 
equilibrium intermetallic phase α-Co3Sn2 is formed on MgO(001) sub
strate at higher annealing temperature than on SiO2 substrate. 
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