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Abstract 

High-quality crystalline FeSe is successfully synthesized in 5 minutes by an 

electrochemical deposition technique via increasing the solution temperature. The 

synthesis of FeSe have been controlled by the applied voltage, synthesis time and pH 

value. The obtained samples were summarized as a phase diagram at each 

temperature and applied voltage. The best synthesis temperature to produce 

high-quality crystalline samples was found to be 70°C. 

  



 Iron-based superconductors have potential application for use in under high magnetic 

fields because of their high superconducting transition temperature (Tc), upper critical 

field (Hc2), and irreversibility field (Hirr).
1,2)

 FeSe has the simplest crystal structure 

among the iron-based superconductors 
3)

 and it is expected to be a candidate material for 

superconducting wires and tapes. The Tc of FeSe increases from 8 K to 37 K by 

applying high pressure 
4-7)

 or 30-46 K by the intercalation of alkali or alkaline earth 

elements. 
8-10)

 

As a new way to synthesize FeSe superconductors, we have developed the 

electrochemical deposition technique to fabricate the superconducting FeSe films.
11-13)

 

The electrochemical deposition is known as an easy and inexpensive method to 

fabricate films on a variety of substrates and over large areas, leading to the low cost 

fabrication of superconducting FeSe coated conductors by the reel to reel method. In 

this study, we have constructed a phase diagram clarifying the optimal synthesis 

condition as a function of temperature, applied voltage for FeSe grown by 

electrochemical deposition. We have succeeded in synthesizing the high-quality 

crystalline superconducting FeSe at a temperature of 70°C in a relatively short time. 

Electrochemical deposition was carried out by a three-electrode method with Indium 

Tin Oxide (ITO) as the working electrode, the platinum sheet as the counter electrode 



and the Ag/AgCl as the reference electrode. An aqueous solution was prepared by 

dissolving 0.03 M of FeCl2･4H2O, 0.015 M of SeO2 and 0.1 M of Na2SO4 in distilled 

water. The pH of the solution was adjusted by adding H2SO4. All experiments were 

performed with a pH value of 2.1 as was previously reported.
12,13)

 The optimal synthesis 

conditions were investigated by changing the applied voltage against various 

temperatures (20, 50, 70, 90°C). The reaction time was fixed at 5 minutes in all 

experiments. Powder X-ray diffraction (XRD) measurements were performed using 

Mini Flex 600 (Rigaku) with Cu-Kα radiation. The temperature dependence of magnetic 

susceptibility was measured using a SQUID magnetometer (Quantum Design MPMS) 

down to 2.0 K under a field of 10 Oe. 

At this current stage, the role which temperature plays in the formation of FeSe films 

using an electrochemical deposition method is unclear and therefore we sought to 

perform a synthesis study focusing on an increase in solution temperature and the effect 

which it has on the formation of high-quality crystalline FeSe. We have investigated the 

XRD patterns as a function of the applied voltage and each temperature. The overall 

results of phase diagram are summarized in fig.1 (a). By varying the voltage and 

temperature the results largely can be categorized into three regions. The Se phase exists 

at a lower bias voltage with temperature above 70°C. A mixed phase of FeSe and Se 



appears when increasing the bias voltage. FeSe single phase region was obtained from 

the applying voltages -0.7 to -1.1 V, -1.3 to -1.7 V, -1.3 to -2.5 V and at -2.7 V with 

temperatures of 20, 50, 70 and 90°C, respectively. We found that the region moved to 

higher bias voltage with increase of temperature. The high-quality crystalline FeSe films 

were obtained in 5 minutes at temperature 70°C. This fabrication time is much shorter 

than that of 1 hour at 20°C in our previous reports.
11-13)

 

Figure 1 (b) shows the typical XRD patterns in the three regions at a temperature of 

70°C. Only Se was detected at -0.9 V and FeSe started to grow with increase of applied 

voltage above -1.3 V and single phase appeared above -1.5 V. The sharpest diffraction 

peaks of FeSe were obtained at -1.7 and -1.9 V. This behavior implies that the 

fabrication of FeSe and Se can be controlled by changing the applied voltage. Figure 1 

(c) shows the XRD patterns in the FeSe single phase region using the conditions 

described by the red line in fig.1 (a). Among them, tetragonal FeSe deposited at -1.7 V 

at a temperature of 70°C showed the sharpest peaks, indicating that it is the best 

condition for the high-quality crystalline FeSe. We also observed a superconducting 

transition for this sample at around 8 K in the magnetization measurement, which is 

similar to the Fig. 1(d) in the reference 13. 

In conclusion, we have succeeded in synthesizing the single phase tetragonal FeSe 



with sharp diffraction peaks just in 5 minutes at temperature 70°C. We found that the 

applied voltage for single phase of FeSe moved to higher bias voltage with increase of 

temperature. The crystallinity of tetragonal FeSe films synthesized at 70°C found to be 

the best among that of 20, 50 and 90°C. Further improvement of the synthesis 

conditions leads to obtain the superconducting FeSe film which shows the zero 

resistivity. This electrochemical deposition technique will be the promising way to 

fabricate the superconducting FeSe film, wire and tape in a short time. 
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Figure caption 

Fig. 1 (Color online) (a) Phase diagram of the obtained samples at various temperatures 

and applied voltage. (b) XRD patterns of tetragonal FeSe deposited on ITO substrate at 

applied voltage -0.9, -1.3 and -1.7 V at 70°C. All the indices indicate tetragonal FeSe. 

ITO substrate and Se [14] are shown as + and asterisk, respectively. (c) XRD patterns of 

the highest crystallinity samples at each solution temperature 20, 50, 70 and 90°C. The 

sample synthesized at -1.7 V and 70°C showed the best crystallinity in the conditions.  
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