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Abstract— We studied the effects of processing conditions on the 
properties and microstructure of Fey(Se1-xTex) thin films grown 
on MgO substrates by RF sputtering. The thin films were grown 
in two ways; in-situ deposition onto heated substrates and 
deposition onto cold substrates followed by ex-situ annealing 
processes. Various properties of the deposited Fe(Se,Te) thin 
films including the phase, texture, surface morphology, 
composition and superconducting properties were investigated. 
The results showed that in-situ sputtering leads to higher quality 
films, e.g. smoother surface, pure phase, more uniform 
composition and better crystallographic alignment. For the ex-
situ grown films, depending on the annealing conditions, phase 
separation, appearance of the impurity phases such as hexagonal 
Fe(Se,Te), poor texture, higher Fe-content, non-uniform 
composition and rough surfaces are developed in the films.  

  
Index Terms—Fe(Se,Te), Microstructure, Sputtering, Thin 

films. 
 

I. INTRODUCTION 
mong the many Fe-based superconducting materials, the  
FeSe 11-phase has attracted considerable interest for the 

study of the mechanism of superconductivity in Fe-based 
superconductors due to its simple crystal structure, a stack of 
superconducting Fe2Se2 layers along the c-axis with no extra 
atoms/layers [1], [2]. Even though the transition temperature 
of FeSe is as low as 8 K [2], it can be substantially increased 
either by the application of pressure [3] or by chemical doping 
(chemical pressure effect) [4]. For example, TC can be 
increased up to ~15 K by partial substitution of Te for Se for 
FeSe1-xTex compounds (0.3≤x≤0.7) [4]. By applying an 
external pressure of about 8.9 GPa, an enhancement of TC up 
to 36.7 K can be also achieved for pure FeSe [3]. Another TC 
enhancement option is via the epitaxial strain effect, where a 
maximum TC of 21 K can be obtained in FeSe0.5Te0.5 thin film 
through lattice mismatch with different substrates [5]. From 
this point of view, thin films of Fe(Se,Te) are of great interest 
for both theory and experiment and have been extensively 
studied [5]-[9]. Most of these thin films are deposited by 
pulsed laser deposition [5]-[9] and molecular beam epitaxy 
[10]. The aim of this work is using sputtering to produce thin 
films of Fe(Se,Te). The sputtering process is usually 
performed in two different ways; in-situ and ex-situ [11]. For 
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the in-situ process, the films are deposited onto heated 
substrates, while for the ex-situ process, the substrates are at 
room temperature when the films are deposited onto cold 
substrates and the correct phase is formed using a post-
annealing process [11]. Here, we report the potential of in-situ 
and ex-situ processes for the epitaxial growth of Fe(Se,Te) 
thin films. Moreover, the effects of different annealing 
processes for the ex-situ grown films are also discussed.  

II. EXPERIMENTAL METHODS 
Fey(Se1-xTex) thin films with a thickness of 70 nm were 

deposited on MgO single-crystal substrates by RF magnetron 
sputtering under an Ar pressure of 2×10-2 mbar from a 2-inch 
target with the nominal composition of Fe0.95Se0.6Te0.4. The 
sputtering target was made by mixing a required amount of 
high purity Fe, Se and Te powder, ball milling for 24 hrs and 
cold pressing. Two sets of films were deposited; in-situ grown 
films (referred as In-situ films) where the substrates are at 
high temperature (315°C) during film deposition, and ex-situ 
grown films, deposition of the film onto the cold substrate 
followed by annealing at 400°C for 2hrs. The annealing 
processes were performed in two different ways, inside 
sputtering chamber (at Ar) immediately after deposition 
(referred as Ex-situ (Ar)) and in a vacuum quartz tube in a 
furnace (referred as Ex-situ(V)).  

The phase purity of the deposited thin films was examined 
by X-ray diffraction (XRD) using a Philips x-ray 
diffractometer. A Philips X’Pert MRD system was used to 
study the orientation of the film, and pole figures of the (101) 
plane of the tetragonal 11-phase were constructed to show the 
epitaxial alignment. The surface morphology and composition 
of the films were characterized using scanning electron 
microscope (SEM) and energy-dispersive x-ray (EDX) 
respectively. The superconducting properties were 
investigated by measuring magnetization using a SQUID 
system. 

 

III. RESULTS 

A. Phase analysis 
Fig. 1 shows theta-2theta XRD patterns of the deposited 

films before and after annealing process. The cold-deposited 
film shows only MgO peaks with no trace of tetragonal-
Fe(Se,Te) phase. The phase purity and crystallographic 
alignment are influenced by the annealing process. For the Ex-
situ (Ar) film, in addition to the (00l) peaks corresponding to 
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the β-Fe(Se,Te) phase (tetragonal structure), the (101) peak 
can be also observed indicating that the sample is not perfectly 
c-axis aligned and there are some off-axis grains. Moreover, 
all the peaks are split into two sets implying coexistence of 
two structurally similar phases with a slight difference in 
lattice parameters. Both of these two phases are possibly the 
11-phase with different Se/Te ratios leading to two different 
sets of lattice spacings.  

For the Ex-situ(V) film, no peak splitting is observed, but in 
addition to the (00l) peaks of β-Fe(Se,Te), a number of weak 
peaks corresponding to the high-temperature δ-Fe(Se,Te) 
hexagonal structure appear in the XRD pattern. The presence 
of only (00l) peaks of β-Fe(Se,Te) indicates that the film is 
strongly c-axis aligned, in contrast with the Ex-situ (Ar) where 
(101) peak is also detected.  

 
 

 
Fig. 1. XRD patterns of Fe(Se,Te) thin films grown on MgO substrate for 1hr 
in different conditions; (1) MgO substrate, (2) Cold-sputtered film, (3) Ex-situ 
(Ar) and (4) Ex-situ(V).   

 

B. Texture analysis 
Annealing process under different conditions leads to 

various degrees of crystallographic alignment in the deposited 
films. (101) pole figures of the grown films in different 
processing conditions are shown in Fig. 2. The In-situ film 
shows a strong alignment, both in-plane and out-of-plane, i.e. 
the epitaxial growth via in-situ process leads to an almost 
single crystal film. However, the texture of the ex-situ grown 
films is not as perfect as that of the In-situ film. Annealing in 
the furnace in an evacuated quartz tube leads to a good c-axis 
alignment, but random in-plane orientation. When annealing is 
performed inside sputtering chamber under Ar, the film shows 
some preferred texture but with a greater proportion of off-
axis aligned grains as can be seen in Fig. 2c. These results are 
in agreement with the theta-2theta XRD data discussed earlier.  

 
Fig. 2. (101) pole figures obtained by texture XRD from (a) In-situ film, (b) 
Ex-situ(V) film, (c) Ex-situ (Ar) film.  

 

C. Compositional analysis 
Chemical compositions of the grown films by different 

processing conditions are presented in Fig. 3. Due to different 
sputtering rates for different elements, the compositions of the 
films are different from that of the target [11]. The films 
contain less Te compared to the target because Te is the 
heaviest element in the target resulting in the lowest sputtering 
rate for Te. After annealing the films show even less Te and 
higher Fe compared to those of the cold-deposited film. This is 
because of the re-evaporation of the volatile elements e.g. Te 
from the substrates at high temperatures. Due to a large 
difference between the vapor pressures of Se and Te and that 
of Fe, a considerable re-evaporation of Se and Te happens at 
high temperatures leading to a higher Fe content in the films. 
It can be also seen that the In-situ film and the cold-deposited 
film are more chemically homogenous. This uniform 
composition is an advantage of sputtering deposition over 
other methods [11]. However, after annealing, due to the 
phase separation, there is considerably more chemical 
inhomogeneity consistent with the XRD data where peak 
splitting was observed after annealing.   

 

 
Fig. 3. Chemical composition of the films grown in different conditions; cold-
sputtered film, In-situ film, Ex-situ (Ar) film and Ex-situ(V) film. Each point 
in the graph is the result of the point SEM-EDX analysis over the films. This 
spot analysis was done in different regions over the sample in order to 
investigate chemical homogeneity. 

 

D. Surface morphology 
SEM analysis of the grown thin films (see Fig. 4) shows 

that the cold-deposited film and the In-situ film have a 
relatively smoother surface compared to the surface of the 
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annealed samples which contain many defects such as holes, 
cracks and impurities. Backscattered SEM micrograph of the 
Ex-situ(V) film shows two contrasts; a dark contrast in the 
matrix with a large number of regions in a brighter contrast. 
High magnification imaging of one of these regions (Fig. 4e-f) 
along with the EDX mapping (Fig. 4f-j) reveals that there are 
some surface defects and compositional variations in these 
regions. The distribution of Fe and Se is relatively uniform, 
but the Te content considerably increases in these bright 
regions where the Mg content seems low. It can be suggested 
that during annealing Te evaporates in the quartz tube, and 
when the sample is cooled down to room temperature Te is re-
deposited on the surface especially in preferential places 
where surface defects exist. Therefore annealing leads to more 
surface defects, loss of Te and re-deposition of the Te atoms 
around the defects.  

 

 

Fig. 4. SEM micrographs of (a) cold-sputtered film, (b) Ex-situ (Ar) film, (c 
and d) Secondary electron and back-scattered electron images of the Ex-
situ(V) film, (e-j) Elemental mapping data of the indicated region.  

 

IV. DISCUSSION 
All of the SEM results along with XRD/texture data show 

that the overall quality of the films grown by ix-situ 
processing is notably higher than that of the ex-situ grown 
films in terms of phase purity, crystallinity, surface 
morphology and chemical homogeneity. In particular, the 
texture develops more perfectly in the In-situ films as the 
substrate is already heated when the sputtered atoms arrive to 
the surface and they can more easily form a unique crystalline 
structure. However, the post-annealing of an amorphous 

deposited film hardly leads to a perfect out-of-plane and in-
plane alignment. This fact has been also reported for some 
other thin films grown by sputtering [11], [12]. Annealing at 
higher temperature may lead to better texture alignment, but, 
as observed above, at higher temperatures there is the 
possibility of the formation of the hexagonal phase which 
destroys superconductivity in β-FeSe in addition to 
compositional variations and growth of Te-rich regions on the 
surface.  

Another important parameter affecting the overall 
properties of the films is the annealing conditions. Although 
both annealing processes were carried out at 400°C, for the 
Ex-situ (Ar) film, the substrate is heated by a heating element 
beneath the substrate. The temperature of the top surface on 
which the film is growing depends on thermal conductivity of 
the MgO substrate which is not very high especially at higher 
temperatures. The thermal conductivity of MgO single crystals 
hugely decreases with temperature. For example it is 38.1 
Wm-1k-1 at 200°C, and 16.2 Wm-1k-1 at 400°C [13]. Therefore 
the real temperature of the film may be lower than 400°C 
(annealing temperature) for the Ex-situ (Ar) film resulting in a 
sample free of high temperature phases such as the hexagonal 
phase, the presence of off-axis grains and higher amount of 
volatile Se and Te. The higher annealing temperature for the 
Ex-situ(V) sample as well as the vacuum atmosphere in the 
quartz tube lead to a high evaporation of Se and Te and 
alteration of the composition of the sample. 

The observation of peak splitting only for the Ex-situ (Ar) 
film indicates that phase separation occurs in this sample 
leading to the formation of two phases with different Se/Te 
ratio. This type of phase separation has been also reported in 
other work [14]-[16], but only for the FeSe0.75Te0.25 
stoichiometry. For example, Fang et al studied the phase 
evolution of FeSe1-xTex over the compositional range 0≤x≤1, 
and found peak splitting only in FeSe0.75Te0.25 [14]. They 
reported that this phase separation happens because the 
structure of FeTe0.75 is essentially different from that of 
FeSe0.75 even though both of them can be described by a 
similar tetragonal lattice. One of these structure is stable for 
0≤x≤0.15, while the other one is stable for 0.3≤x≤1.0 and both 
structural phases coexist in the range 0.15≤x≤0.3 [14]. The 
EDX data of the Ex-situ (Ar) film (Fig. 3) reveals 
Fe1.18Se0.83Te0.17 as the average composition of this sample. 
The ratio of Se/Te for this sample is within the phase 
coexistence region although the ratio of Fe/(Se+Te) is 
different. It can be suggested that phase separation (peak 
splitting) happens in the Ex-situ (Ar) film as a result of local 
variations in Te/Se ratio, and possibly this phase separation is 
not highly sensitive to the Fe/Se ratio; however, the overall 
Se/Te ratio must lie in the range identified above. Moreover, 
as shown in Fig. 3, other thin films have different 
compositions, out of the co-existence compositional range, 
leading to absence of peak splitting and phase separation.  

The difference in composition between these samples can 
be also supported by the peak shift towards larger angles 
(smaller c lattice parameter) for the sample annealed in the 
furnace. The evaporated Te and Se can be easily re-deposited 
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around the defects on the surface after annealing resulting in a 
non-uniform and rough surface.  

The magnetization measurement of these samples shows 
semiconducting behavior due to high amount of Fe. It has 
been reported that the TC of Fe(Se,Te) phase is highly 
sensitive to Fe content, and even small amount of excess Fe 
can completely destroy superconductivity of Fe(Se,Te) 
compound [1]. Therefore it is necessary to precisely control 
the composition of the films deposited by sputtering to obtain 
superconducting phase.  

V. CONCLUSION 
We have investigated processing conditions of the 

sputtering method for the fabrication of Fe(Se,Te) thin films. 
High-quality epitaxial Fe(Se,Te) thin films can be grown by 
the in-situ sputtering process in terms of surface roughness, 
chemical homogeneity, phase purity and texture development. 
In comparison, ex-situ grown films show lower quality and 
depending on the annealing process, they develop phase 
separation, non-uniformity in composition, higher amount of 
Fe and very poor texture. Whether the annealing process is 
carried out inside sputtering chamber or in a quartz tube in a 
furnace makes a considerable difference in the properties of 
the films although the annealing temperature is the same.  

REFERENCES 
[1] T. M. McQueen, Q. Huang, V. Ksenofontov, C. Felser, Q. Xu, H. 

Zandbergen, Y. S. Hor, J. Allred, A. J. Williams, D. Qu, J. 
Checkelsky, N. P. Ong, and R. J. Cava, “Extreme sensitivity of 
superconductivity to stoichiometry in FeSe,” Phys. Rev. B, vol. 
B79, pp. 014522, 2009.  

[2] F. C. Hsu, K. W. Yeh, “Superconductivity in the PbO-type structure 
a-FeSe,” Proceedings of the National Academy of Sciences, vol. 
105, pp.543, 2008. 

[3] Y. Mizuguchi, F. Tomioka, Sh. Tsuda, T. Yamaguchi, and Y. 
Takano, “Superconductivity at 27 K in tetragonal FeSe under high 
pressure,” Appl. Phys. Lett., vol. 93, pp. 152505, 2008. 

[4] K. W. Yeh, T. W. Huang, Y. L. Huang, T. Chen, and M. Wu 
“Tellurium substitution effect on superconductivity of the alpha-
phase iron selenide,” EPL, vol. 84, N. 3, pp. 14, 2008. 

[5] E. Bellingeri, R. Buzio, A. Gerbi, D. Marre, M. R. Cimberle, M. 
Tropeano, M. Putti, A. Palenzona, and C. Ferdeghini, “TC =21 K in 
epitaxial FeSe0.5Te0.5 thin films with biaxial compressive strain,” 
App. Phys. Lett., vol. 96, N. 10, pp. 2512, 2010. 

[6] Q. Li, I. K. Dimitrov, “Films of iron chalcogenide superconductors,” 
Rep. Prog. Phys., vol. 74, pp. 124510, 2011. 

[7] K. Iida, J. Hanish, M. Schulze, S. Aswartham, S. Wurmehl, B. 
Buchner, L. Schultz, and B. Holzafel,  “Generic Fe buffer layers 
for Fe-based superconductors: Epitaxial FeSe1-xTex thin films,” 
Appl. Phys. Lett., vol. 99, N. 20, pp. 53, 2011. 

[8] W. D. Si, S. Han, X. Shi, S. Ehrlich, A. Goyal, and Q. Li, “High 
current superconductivity in FeSe0.5Te0.5-coated conductors at 30 
tesla,” Nature Communications, vol. 4, pp. 345, 2013. 

[9] I. Imai, M. Hanawa, I. Tsukada, A. Ichinose, A. Maeda, T. Hikage, 
T. Kawaguchi, and H. kuta, “Systematic Comparison of Eight 
Substrates in Growth of FeSe0.5Te0.5 Superconducting Thin Films,” 
Appl. Phys. Exp., vol. 3, pp. 043102, 2010. 

[10]  S. Agatsuma, T. Yamagashi, and M. Naito, “MBE growth of FeSe 
and Sr1−xKxFe2As2,” Physica C: Superconductivity, vol. 470, N. 20, 
pp. 1468, 2010. 

[11] K. Wasa, M. Kitabatake, H. Adachi, Thin film materials 
technology: sputtering of compound materials, 2nd ed., Norwich, 
NY, Heidelberg, Springer, 2004. 

[12] M. Ohring, Materials Science of Thin films, Deposition & Structure, 
3rd ed, New York, Academic press, 2002. 

[13] A. M. Hofmeister, “Thermal diffusivity and thermal conductivity of 
single-crystal MgO and Al2O3 and related compounds as a function 
of temperature,” Physics and Chemistry of Minerals, vol. 41, N. 5, 
pp. 361, 2014.  

[14] M. H. Fang, B. Qian, T. J. Liu, E. K. Vehstedt, Y. Liu, L. Spinu, 
“Superconductivity Close to Magnetic Instability in Fe(Se1-

xTex)0.82,” Phys. Rev. B., vol. 78, pp. 224503, 2008. 
[15] R. W. Gomez, V. Marquina, J. L. Mazariego, R. Escamilla, R. 

Escudero, and M. Quintana,  “Effects of Substituting Se with Te in 
the FeSe Compound: Structural, Magnetization and Mossbauer 
Studies,” Journal of Superconductivity and Novel Magnetism, vol. 
23, N. 4, pp. 51, 2010. 

[16] Y. Mizuguchi, Sh. Tsuda, T. Yamaguchi and Y. Takano, 
“Substitution Effects on FeSe Superconductor,” J. Phys. Soc. Jpn., 
vol. 78, pp. 074712, 2009.  

 

 
 

4

conferencecatalysts
Typewritten Text

conferencecatalysts
Typewritten Text
2MOr3A-02

conferencecatalysts
Typewritten Text

conferencecatalysts
Typewritten Text

confcats
Text Box
IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) January 2015.ASC 2014 manuscript 2MOr3A-02 published online in IEEE Trans. Appl. Supercond.(IEEE XPLORE) DOI: 10.1109/TASC.2014.2373656 on November 26, 2014.

http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6967724

	I. Introduction
	II. Experimental methods
	III. Results
	A. Phase analysis
	B. Texture analysis
	C. Compositional analysis
	D. Surface morphology

	IV. Discussion
	V. Conclusion
	References



