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Abstract 

Stacked elemental layers of Mo/Cu/Sn and Mo/Cu/Sn/Se were employed as samples for 

investigating the formation reaction of Cu-Sn intermetallic compounds as well as Cu2SnSe3 

phases by in-situ technique of X-ray diffraction and differential scanning calorimetry. The use 

of a combined in-situ technique allows a real-time observation on solid-state reactions as well 

as any crystalline phase changes during annealing towards the crystallization of Cu2SnSe3. It 

is found that Cu and Sn form intermetallic compounds of Cu6Sn5, Cu3Sn and Cu41Sn11 as the 

annealing temperature rises from 30 to 550°C. The reaction of Se with Cu to form a CuSe 

phase dominates the binary phase formation at a low annealing temperature. The annealing of 

a stacked Mo/Cu/Sn/Se layer suggests that only Cu6Sn5 intermetallic compound directly acts 

as a reactant for the Cu-selenide phase formation. A SnSe phase mostly forms from a liquid-

state reaction of Sn and Se above the Sn melting point. The in-situ investigation also reveals a 

complete set of Cu-selenide peritectic decompositions of CuSe2 CuSe  Cu1.8Se at 360 and 

412 °C. The formation of Cu2SnSe3 phase starts at 450°C as a product from a reaction 

between Cu1.8Se and SnSe in a presence of liquid Se. Comparisons on the initial formation 

http://ees.elsevier.com/jalcom/viewRCResults.aspx?pdf=1&docID=51724&rev=1&fileID=1651431&msid={1ACABD32-FB6B-42F6-874C-D357E688144B}


  

temperatures of all involved phases and on the formation pathways between Cu2SnSe3 and 

Cu2SnS3 are discussed as well. 
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1. Introduction 

 The research and development of the earth abundant semiconducting compound 

materials for photonics application have recently been attracting a great interest. The 

application of this sort of materials may not only reduce the photovoltaic cost but also take an 

advantage on the sustainable raw materials supply for large-scale and long term photovoltaic 

production. This emerging research field has been promoting the utilization of the earth 

abundant kesterite Cu2ZnSn(S,Se)4 as a promising photovoltaic materials that may replace 

silicon and Cu(In,Ga)(S,Se)2 [1]. To improve the kesterite solar cell performance comparable 

to its counterparts, a fabrication of device-quality kesterite materials free of any detrimental 

secondary phases has been a particular challenge to overcome [2]. Some of the secondary 

phases are well-recognized as Cu2SnX3 (X = S, Se) compounds which deteriorate the kesterite 

solar cell performance due to their lower band gaps compared with the kesterite [3]. In 

conjunction with this particular challenge, studies of Cu2SnX3 have mostly been dedicated to 

support the kesterite researches, for instances the detection of a Cu2SnX3 secondary phase in 



  

kesterite films [4], the study of its corresponding Raman spectra for distinguishing it from 

kesterite spectra [5-6], the investigation of Cu2SnS3 formation during annealing [7] and the 

synthesis of Cu2SnX3 as a precursor for kesterite crystallization [8]. On a basis of these 

studies, Cu2SnX3 has been regarded as an essential intermediate phase in the kesterite 

fabrication since the kesterite formation is normally completed by the solid state reaction of 

Cu2SnX3 with ZnX. Nevertheless an in-depth experimental study of the formation of 

Cu2SnSe3 has not been reported yet.  

This contribution presents the formation of Cu2SnSe3 films from stacked elemental 

layers of Mo/Cu/Sn/Se by combined in-situ X-ray diffraction (XRD) and Differential 

Scanning Calorimetry (DSC). This study is performed not only to comprehend the formation 

reactions during the selenization of metallic precursors towards the optimization of kesterite 

absorber and photovoltaic device fabrication, but also to give a chemical reaction insights on 

the synthesis of a Cu2SnSe3 compound for other completely different applications. Although 

Cu2SnX3 compounds as secondary phases in the kesterite deteriorates cell performance, it has 

been explored that their low band gap characteristic offers a technological advantage for the 

acousto-optic application in the IR region [9]. Moreover, their outstanding thermal and 

mechanical properties make them a suitable material for solid lubricant [10]. Most recent 

investigation also suggests that Cu2SnX3 could also be used as a high efficient thermoelectric 

materials especially when it is doped by foreign elements [11,12]. Important consequences of 

the Cu2SnSe3 formation for kesterite fabrication optimization and synthesis of Cu2SnSe3 are 

discussed herein.  

 

2.  Experimental details 

 The Mo/Cu/Sn metallic stacked layers were prepared by DC magnetron sputtering 

from high purity (4N) elemental targets on two different substrates; polymide flexible foils for 

in-situ XRD and Al pans (6 mm in diameter and 1 mm in height, Perkin-Elmer) for DSC 



  

measurement. A Mo layer (0.4 microns thick) was deposited followed by the deposition of Cu 

and Sn layers at a working pressure about 7.5 x 10
-2 

Pa. The composition of Mo/Cu/Sn 

stacked layers was targeted to possess a Cu-poor kesterite-like [Cu]:[Sn] compositional ratio 

of ~1.76 by depositing the Cu layer at a thickness of 255 nm and the Sn layer at a thickness of 

330 nm. The as-deposited metallic stacked layer surfaces were investigated by a scanning 

electron microscope (Jeol JSM 6400). Se capping layers with the thickness of 2 micrometers 

were thermally evaporated on the metallic layers, yielded Mo/Cu/Sn/Se stacked layers. After 

the Se thermal evaporation, the pans with the Mo/Cu/Sn/Se layers were hermetically 

encapsulated with another Al pans under 2000 Pa nitrogen gas in order to prepare DSC 

samples. The DSC measurements were performed using the differential scanning calorimeter 

Q1000 with a Q2000 cell (TA Instruments) under nitrogen gas in the range of room 

temperature to about 550 °C with a heating rate of 0.5 °C/sec. Due to the DSC sensitivity 

limitation on detecting reactions between pure metals, only metals/Se samples were 

investigated. The in-situ XRD measurements on Mo/Cu/Sn, and Mo/Cu/Sn/Se stacked layers 

samples were performed using an angle-dispersive XRD using a rotating Cu anode driven at 

44 kV and 75 mA (Cu Ka radiation = 1.5418 nm). The resulting powder Debye-Scherrer 

diffraction rings were recorded in transmission geometry by a CCD area detector. The in-situ 

XRD sample preparation and setup has frequently been described elsewhere [7,13]. The 

samples were annealed under vacuum (10
-3

 Pa) from 30-550°C with a similar heating rate 

with DSC measurement and held at 550°C for about 5 minutes. The sample preparation for 

both in-situ XRD and DSC measurements anticipated the possible loss of Se during annealing 

due to its evaporation and ensured the Se partial pressure or Se amounts involved in the 

reactions did not decrease abruptly regardless the different reaction chamber environment, i.e. 

vacuum as used in in-situ XRD or nitrogen atmosphere as used in DSC. The obtained 

diffraction patterns were qualitatively analyzed by JADE 9 software bundled with 



  

International Committee of Diffraction Data (ICDD) database to identify the recorded 

crystalline phases [14].  

 

3.  Results and discussion 

 The plane sectional image of the Mo/Cu/Sn layer shows a typical island-like 

morphology with an average island size of about one micrometer as seen in Figure 1. Visual 

and phase analysis allow us to deduce that this morphology originates from the deposited Sn 

layer on Cu layer. Sn is naturally found to form a discontinuous layer of spherical island-like 

grains. The Sn layer on Cu also demonstrates a relatively poor wetting due mostly to a Cu/Sn 

high interfacial energy. This identical surface morphology can also be found in the electron 

beam evaporated Mo/Cu/Sn [15]. Another identical result but having much less dense layer 

can be seen in the electrochemically deposited Mo/Cu/Sn surface [16]. This island-like 

morphology consequently produces an exposed narrow space of Cu layer due to incomplete 

Cu layer coverage by Sn.   

 The in-situ XRD patterns of the Mo/Cu/Sn stacked layer during annealing demonstrate 

a set of Cu-Sn alloy phase evolution as presented in Figure 2. The polymide foil background 

at 2 =19-25° along with a Mo reflection at 2 = 40.5° are clearly detected throughout all 

measuring temperatures. The as-deposited Mo/Cu/Sn layer exhibits tetragonal Sn (ICDD # 

03-065-2631), monoclinic Cu6Sn5 (ICDD # 00-045-1488) and cubic Cu (ICDD # 00-004-

0836) phases as represented by a diffractogram at room temperature (30 °C). Principal Sn 200 

and 101 reflections are clearly visible at 2 = 30.63° and 32° along with a weak 211 reflection 

at 2 = 44.95, whereas a Cu6Sn5 phase is recognized at 2 = 30.07° (in the left shoulder of a 

Sn 200 reflection), 36.11° and 43.09°. Qualitative phase identification on a reflection at 2 = 

43.3° deduces that this broad reflection composes of overlapped Cu 111 reflection (2 = 

43.38°) as well as a Cu6Sn5 -514 reflections at 2 = 43.09°. 



  

A melting of Sn represents the first observed phase change in the Mo/Cu/Sn stacked 

layer during annealing. It is recognized by a complete disappearance of Sn reflections at an 

annealing temperature of 230 °C. Almost immediately after the Sn melts, intermetallic 

compound (IMC) of cubic Cu41Sn11 642 reflection at 2 = 37.38° (ICDD # 00-030-0510) and 

orthorhombic Cu3Sn 101 and 002 reflections at 2 = 27.8° and 41.63° (ICDD # 01-074-6752) 

simultaneously appear. During annealing from 230 to 450 °C, in-situ diffractograms reveal a 

continuous shift of the 2 = 43.3° overlapped reflection from its original position to a smaller 

diffraction angle. This shift is interpreted as an enhancement of a Cu6Sn5 phase in the expense 

of Cu elemental phase. At about 450 °C, the reflections of Cu6Sn5 phase are no longer visible, 

whereas the reflection of Cu3Sn gets more pronounce. Holding the annealing process at 

550 °C for about 5 minutes eliminates Cu3Sn phase while the Cu41Sn11 reflection becomes 

more pronounce. Taking a consideration the [Cu]:[Sn] ratio is more than 1, the reflection at 

243.3° strongly indicates that the remaining elemental Cu phase still exists in the stacked 

layer sample. 

A monoclinic Cu6Sn5 is an IMC phase that naturally forms right after the Sn is in 

contact with Cu. It is also well-known to be the first phases which form as a thin layer at a 

Cu/Sn interface in accordance with the effective heat formation theory as well as experimental 

works [17, 18]. The highly energetic Sn adatoms during sputtering deposition on a Cu layer 

seem to provide a sufficient energy for a Cu6Sn5 formation, thus produces as-deposited layers 

having an actual Mo/Cu/Cu6Sn5/Sn stacked phase. The other detected Cu-Sn IMC phases 

form upon annealing could be a result from a continuous Cu outward diffusion into the 

Cu6Sn5 thin layer. Cu3Sn and Cu41Sn11 which forms above 230 °C, are products of a reaction 

between Cu and Cu6Sn5 as indicated by the shift of the original 43.3° reflection (closer to Cu 

reflection) to a smaller angle (closer to a Cu6Sn5 reflection) while the Cu3Sn and Cu41Sn11 

reflections simultaneously appear. In accordance to the studies on the Cu/Sn interfaces, these 

Cu-rich IMC phases typically form and grow at the interface of Cu/Cu6Sn5 at elevating 



  

temperature [19, 20]. Nevertheless, in-situ diffractograms show that the Cu6Sn5 phase does 

not completely disappear although it reacts with Cu to form Cu3Sn and Cu41Sn11 at elevating 

temperature up to 450 °C. It is suggested that the rate of Cu6Sn5 consumed by Cu to form 

Cu3Sn and Cu41Sn11 at the Cu/Cu6Sn5 interface must be compensated by the rate of new 

Cu6Sn5 growth from a reaction between Cu and liquid Sn at the Cu6Sn5/liquid Sn interface. 

The new Cu6Sn5 formation is enabled through the Cu diffusion into liquid Sn along Cu6Sn5 

grain boundaries at this range of temperature [19, 21]. The complete disappearance of Cu6Sn5 

phase reflections at 450 °C reflects its peritectic decomposition into Cu3Sn and liquid Sn 

which is in an agreement with Cu-Sn binary phase diagram [22]. All phase changes could be 

summarized in the following reaction chemistry: 

Sn (s)    Sn (l) (230°C)      (1) 

Cu (s) + Cu6Sn5 (s)  Cu3Sn (s) + Cu (s)  Cu41Sn11 (s) (> 230°C)   (2) 

Cu6Sn5 (s)   Cu3Sn (s) + Sn (l) (450°C)     (3) 

The reaction of the metallic stacked layer with Se is represented in the in-situ XRD 

patterns of Figure 3. Although an evaporated Se layer was deposited on top of the metals 

stacked layer, the as-deposited diffractogram contains identical information with the 

Mo/Cu/Sn stacked layer phase composition in Figure 2. It also possesses the existence of Sn, 

Cu and Cu6Sn5 metallic phases. In contrary with the Figure 2, the first detectable phase 

formation upon annealing is the appearance of the new two reflections at 2 = 23.28° and 

29.56° at about 142 °C. Phase analysis identified that these two reflections belong to a 

hexagonal crystalline Se 100 and 101 reflections (ICDD # 00-006-0362). This result also 

implies that the evaporated Se layer on Mo/Cu/Sn at room temperature was in an amorphous 

state. Following the Se crystallization, a set of reflections at 2 is detected at 

approximately 187 °C which is a signature of a low temperature (LT) orthorhombic CuSe 

phase (ICDD # 00-089-1239) formation which has a 112 corresponding crystalline reflection. 

This orthorhombic structure of Cu-selenide forms through a solid-state reaction between Cu 



  

and Se which may take place at the narrow exposed Cu surface in between Sn islands. The 

complete vanishing of Se reflections at 220 °C and a subsequent disappearance of Sn 

reflections at approximately 240 °C obviously correspond to their melting temperatures. In 

summary, the reaction chemistries of phase changes are: 

Se (amorph.)    Se (cryst.) (142 °C)     (4) 

Cu (s) + Se (s)   LT CuSe (s) (187 °C)     (5) 

Se (cryst.)   Se (l) (220 °C)      (6) 

Sn (s)     Sn (l) (240 °C)      (7) 

Immediately after Sn melts, four simultaneous phase changes occur. An orthorombic 

SnSe phase (ICDD # 97-005-0547) is well resolved which can be seen from its 001, 111 and 

311 reflections at 2= 29.33, 30.37 and 37.60°. On the other side, both Cu6Sn5 and Cu 

metallic phases completely disappear after noticing the absence of the 2= 43.3° overlapped 

reflection at 240 °C. All of these phase changes are accompanied by a formation of an 

orthorhombic CuSe2 phase (ICDD # 19-0400) which can be recognized by its 111 and 120 

reflections at 233.14° and 33.94°. The last observable phase change is a gradual 

weakening of LT CuSe reflections during the formation of SnSe and CuSe2 at this particular 

annealing temperature. Overall, annealing the stacked layer at 240 °C successfully converts 

all metallic phases into selenide phases.  

A SnSe phase forms from a liquid-state reaction of Sn and Se right after the melting 

point of Sn following a similar behaviour of the formation of SnSe from a Mo/Sn/Se stacked 

layer [23]. Additionally, a SnSe phase could be formed from a complete reaction of Cu6Sn5 

with liquid Se which also produces a LT CuSe phase, as indicated by a vanishing of the 

overlapped Cu6Sn5 and Cu 2 = 43.3° reflection at 240 °C. The Cu6Sn5 that forms as a thin 

layer between Cu and Sn layers seems to be selenized more rapidly during annealing, yielding 

a complete consumption of Cu6Sn5 phase far below its peritectic decomposition temperature 

at 420 °C. The annealing of a stacked Mo/Cu/Sn/Se layer also suggests that only Cu6Sn5 



  

directly acts as a reactant for the Cu-selenide phase formation. Moreover, annealing the layer 

at 240 °C seems to provide sufficient temperature for the further formation of CuSe2 which 

certainly originates from a reaction of LT CuSe with liquid Se, causing the LT CuSe 

reflections weaker in the in-situ diffractogram. SnSe and CuSe2 phases sustain their reflection 

up to annealing temperature of 360 °C. The possible reaction chemistries at this particular 

range of temperature are therefore: 

Cu6Sn5 (s) + Se (l)   LT CuSe (s) + SnSe (s) (240 °C)   (8) 

LT CuSe (s) + Se (l)    CuSe2 (s) (240 °C)     (9) 

 The phases continuously evolve upon annealing above 240 °C. The CuSe2 phase 

reflections intensity exerts a gradual decrease from 360 °C until their complete disappearance 

at about 412 °C. At the same time, reflections at 2 = 27.95° and 45.38° which are attributed 

to the hexagonal high temperature (HT) CuSe 102 and 107 reflections (ICDD # 00-034-0171), 

gradually appear and finally show their maximum intensity at approximately 412 °C. The HT 

CuSe phase does not, however, sustain its crystalline form since its existence rapidly vanishes 

after reaches the maximum intensity. A detectable cubic Cu1.8Se (ICDD # 97-004-1143) phase 

identified by its principal 111 and 220 reflections at 2 = 27.66° and 44.41° replaces the HT 

CuSe phase reflections. These Cu-selenides phase changes at 360-412 °C resemble two 

peritectic decompositions [24, 25]. The first decomposition at 360°C is assigned to a 

decomposition of CuSe2 into CuSe and liquid Se. The gradual decrease of CuSe2 phase 

reflection intensity and the simultaneous appearance of a HT CuSe reflection started at 360 °C 

obviously illustrate this decomposition. The decomposition of HT CuSe to Cu1.8Se at 412 °C 

represents the second peritectic decomposition as represented by the appearance of Cu1.8Se at 

the expense of HT CuSe phase in the diffractograms. The peritectic decompositions could be 

expressed as follows: 

 CuSe2 (s)  HT CuSe (s) + Se (l) (360 °C)     (10) 

 HT CuSe (s)  Cu1.8Se (s) + Se (l) (412 °C)     (11) 



  

 The SnSe and Cu1.8Se phase reflections are no longer observable at 450 °C. These 

reflections are replaced by new peaks at 2and 45.07° that can be assigned with 

reasonable confidence to monoclinic Cu2SnSe3 200/-112 and -331 reflections (ICDD #00-

056-1111). At annealing temperature of 550 °C, a broad reflection at 231,43° suggests 

that a formation of a MoSe2 phase also takes place (ICDD# 01-029-0914). The degree of 

crystallinity of Cu2SnSe3 phase enhances during 5 minutes holding time at 550 °C as revealed 

by an increase of their reflection intensities. On a basis of in-situ diffractograms observation, 

a Cu2SnSe3 phase crystallizes from a reaction of Cu1.8Se and SnSe which is different from its 

theoretical reaction path [26]. In order to satisfy the reaction scheme, it is reasonable that a 

contribution of liquid Se for the complete formation of Cu2SnSe3 must also be taken into 

account; 

 Cu1.8Se (s) + SnSe (s) + Se (l) Cu2SnSe3 (s) (450-550 °C)  (12)    

 Mo (s) + Se (l)   MoSe2 (s) (550 °C)   (13) 

 A complementary DSC analysis during annealing is presented in Figure 4 on a 

Mo/Cu/Sn/Se stacked layer. By comparing temperatures of all DSC signals with the 

temperatures of corresponding phase change from Figure 3, all recorded DSC signals are 

therefore attributed solely to the crystallization and melting events of elemental phases as well 

as formation or decomposition of selenide phases. The first DSC signal at 140 °C (signal A) 

corresponds to the exothermic reaction of Se phase change from amorphous state to 

crystalline one, in a perfect agreement with in-situ XRD results of reaction (4). Following 

after the crystallization of Se, the signal B must reflect a formation of LT CuSe at about 185-

189 °C in according to reaction (5) which is also defined as an exothermic reaction. Two 

consecutive melting events of Se at 220 °C and Sn at 230 °C (reactions (1) and (6)) are 

recognized from their strong endothermic signals C and D, confirming the results of in-situ 

XRD are accurate. The formation of SnSe from liquid state reaction (8) and from Cu6Sn5 

(reaction (8)) accompanied by the CuSe2 formation of reaction (9) must be related to a broad 



  

exothermic signal E just above the Sn melting temperature. It is likely that the formation of 

CuSe2 may also occur at the signal E since its formation temperature is so close with other 

three simultaneous reactions (7) – (8) resulting a complete overlapped DSC signal composed 

of individual exothermic reactions (7) – (9) at signal E. An apparent endothermic signal F at 

360 °C definitely resembles a peritectic decomposition of CuSe2 into HT CuSe as described in 

reaction (10). The weak signal G at 412 °C represents the reaction (11) where HT CuSe is 

subjected to further peritectic decomposition into Cu1.8Se. Approaching the DSC final 

measuring temperature of 540-550 °C, the DSC profile shows a gradual exothermic slope 

which starts from 450 °C up to minima at about 530 °C (signal H) where the crystallization of 

Cu2SnSe3 takes place according to the reaction (13). These results also demonstrate the ability 

of combined in-situ XRD and DSC techniques to perform a real-time observation on 

crystalline phase formation at elevating temperature.                  

 After comparing these results with the formation reactions of Cu2SnS3 in Ref. [7], it is 

interesting to find that the formation temperatures of binary Cu-chalcogenides and Sn-

chalcogenide phases are roughly identical despite the use of different chalcogens as 

summarized in Table 1. The LT Cu-chalcogenides forms at about 185-187 °C whereas Sn-

chalcogenides are always formed after the melting event of Sn, ensuring that both SnS and 

SnSe phases form through a liquid-state reaction. In contrast with the Cu-selenides, typical 

phase transformations of Cu-sulphides (e.g. peritectic decompositions CuS2 into CuS and 

Cu2S) were not observed during the formation of Cu2SnS3. The Cu2SnS3 initial formation 

temperature is, however, much lower than that of Cu2SnSe3 one. A possible explanation can 

be subjected to the different formation pathways of these ternary Cu-Sn-chalcogenides. The 

Cu2SnS3 formation can be completed solely by a direct reaction of CuS and SnS at lower 

temperature without any necessity to exhibit a CuS peritectic decomposition. On a contrary, a 

higher temperature is obviously needed in order to perform a complete peritectic 

decomposition of HT CuSe into Cu1.8Se phase prior to the formation of Cu2SnSe3. It is 



  

noteworthy that the Ref. [7] employed different [Cu]/[Sn] and [S]/[Metals] ratios. 

Nevertheless the difference in ratio is thought only to lead to the formation of secondary 

phases at the final stage of annealing and would not affect the initial formation temperature. 

In the end, an arrow diagram for the formation reaction of Cu2SnSe3 from Mo/Cu/Sn/Se 

stacked layers is constructed as seen in Figure 5.  

 

Conclusions 

The formation of Cu2SnSe3 from stacked Mo/Cu/Sn/Se layers investigated by 

combined in-situ XRD and DSC was presented and discussed. The crystallization of Se and 

formation of LT CuSe dominates the phase evolution during annealing at low temperature. 

The SnSe phase is suggested to form as a result of both a liquid-state reaction of Sn and Se as 

well as a reaction of Cu6Sn5 with liquid Se at 230 °C. It is obvious that Cu-selenide phases 

exert peritectic decompositions during annealing. All phase changes are apparently recorded 

and clarified by the DSC as well, demonstrating a capability of both techniques as in-situ 

analytical tools for investigating the phase changes. The formation of Cu2SnSe3 phase starts at 

450°C as a product from a reaction between Cu1.8Se and SnSe in a presence of liquid Se 

which occurs at a higher temperature than that of its counterpart Cu2SnS3. 
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Table 1. Initial formation temperature of detected phases in the formation of Cu2SnSe3 

(this contribution) and Cu2SnS3 (Ref. [7]). The Cu-sulphides peritectic 

decomposition was not observed during the formation of Cu2SnS3.  

 

No.  Phase Formation temperature (°C) 

 Selenide  

1. LT CuSe, 187 

2. SnSe 230  

3. CuSe2 240 

4. HT CuSe 360 

5. Cu1.8Se 412 

6. Cu2SnSe3 450 

  

Sulphide 

 

1. LT CuS 185 

2. SnS 235 

3. Cu2SnS3 320 
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Highlights 

 

 

 In-situ investigation revealed intermetallic compounds and Cu2SnSe3 formations. 

 

 CuSe phase dominates binary phase formations at a low annealing temperature. 

 

 SnSe forms from luquid phase reaction of Sn and Se. 

 

 Binary Cu-selenide phase exerts sequential phase decompositions. 

 

 Crystalline Cu2SnSe3 forms above 450 °C. 

 




