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Introduction 
•  Copper selenide (CuSe) is regarded as promising material which find applications as 

solar cells, supercapacitors and as high photoelectrochemical material. 

 

•  Many techniques have been employed to enhance the thermoelectric property of the CuSe 

and its effect on the structural phase transition through temperature variation. 
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•  For this reason here in this work, we are motivated to study the temperature effects on the 
structural parameters and monitor the structural phases in Cu2Se thin films that are 
nanosandwiched with Yb slab of thickness of 50 nm.  

•  The role of Yb is to assure uniform thermal distribution in bulk of the material and to 
establish different thermal expansion coefficients inside the Cu2Se films.  

•  This property induces structural modification due to the temperature gradient between the 
metal (Yb) and semiconductor.  

•  Yb is selected because it also has low work function (2.51 eV) which makes the material 
more appropriates for electronic applications. 
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Experimental details 

✓  CuSe thin films are prepared onto ultrasonically cleaned glass substrates by the physical 

vapor deposition technique under vacuum pressure of 10-5	mbar using Norm-600 Physical 

vapor deposition system.  

 

✓  The preparation procedure includes over layers which comprise a 50 nm thin layer of Yb 

being sandwiched between two 500 nm thick layers of CuSe.  

 

✓  The source materials for the evaporation of CuSe and Yb layers are CuSe (Alpha Aeser 

45660-09, 99.5%) and Yb metal basis (99.99%), respectively.  5	



•  The thickness of the films is monitored by an in situ (STM-2) thickness monitor.  

•  The resulting films are characterized by Miniflex-600 X-ray diffraction (XRD) unit 

equipped with heat exchanger that allows monitoring of the X-ray diffraction while 

heating.  

 

•  The XRD patterns are collected in the temperature range of 293-473 K. The speed of the 

XRD diffraction unit was 1.0 deg./min.  

 

•  The temperature dependent absorption spectra are recorded with the help of Evolution 300- 

spectrophotometer which has temperature dependent measuring option.   
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Results and discussion  
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❖ Structural analysis 
The results of the recorded X-ray diffraction patterns for Cu2Se/Yb/Cu2Se (CYC) samples 
are presented in the figure. 
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❖   The figure illustrates the typical behavior of the XRD patterns as function of 
temperature.  

 
❖  For XRD patterns which are recorded at room temperature, the main reflection peak 

appeared at diffraction angle of 2θ=27.2˚. 
 
 
❖ The indexing of the observed peaks which is actualized with the help of “TREOR 92” 

and “Crystdiff” software packages have shown that the main peak is in the (111) 
orientation direction.  

❖ This most intensive peak is found to correspond to the cubic phase of Cu2Se. The 
calculated lattice parameter for the cubic cell is found to be 5.672 Å.  
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❖ The other diffraction patterns which are assigned to the cubic structure with no 

significant error appeared at diffraction angles of 2θ=44.95˚ and 50.00˚.  

 
❖ These peaks are indexed in the (211) and (310) orientation directions, respectively.  
 
❖ The remaining peaks which could not be assigned to the cubic structure were subjected 

to detailed analysis in accordance with the available literature data about Cu2Se.  

 
❖ The most appropriate solution was achieved for the orthorhombic unit cell with lattice 

parameters of a=3.958 Å, b=6.958 Å and c=17.229 Å. 
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❖  These lattice parameters are the same as those reported for orthorhombic Cu2Se prepared 
by the electroless deposition technique.  

 
❖  Early works on this material have shown that the crystallographic structure of CuSe may 

exhibit monoclinic, orthorhombic and tetragonal structural modifications. 

 
❖  The presence of more than one polymorphic phase in the structure of CuSe was 

previously attributed to the method of preparation of the material.  

❖ It is believed that the presence of the fcc cubic phase of Cu2Se results from the interaction 
of the large Se ions (198 pm) which exhibit fcc structure with Cu (ionic radius of 96 pm) 
ions over the tetragonal and trigonal sites.  



 
❖   In addition, the presence of polymorphic phases in the structure of Cu2Se and its 

transformations are mostly assigned to the stoichiometric ratio of Cu to Se.   

 
❖ For Cu/Se ratio of 2:1 monoclinic phase was observed and for Cu/Se ratio of 2:1.2 the cubic 

phase was observed.  



❖  For the purpose of understanding the reason beyond the existence to two polymorphic 
phases in our samples, the scanning electron microscopy (SEM) and energy dispersive X-
ray (EDS) spectroscopy techniques are employed.  
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Cu1.97Yb0.13Se 
Cu1.10Yb0.03Se 



 
❖ The stoichiometric distribution in the samples which did not contain Yb slab revealed 

the empirical formula Cu1.97Se for dark colored grains that represent more than 70% of 
the scanned areas and ~ Cu1.10Se for regions which appeared as bright.  
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❖   The SEM images for the Yb nanosandwiched samples reveals the empirical formula 

Cu1.96Yb0.13Se for the dark grains and Cu1.10Yb0.03Se for bright grains.  

 
❖  No significant effect of Yb slab on the copper selenide stoichiometry is detected.  

 
❖  However, the existence of both of the  Cu2Se and  CuSe as dark and bright colored grains 

in the shown image, explains the reason for appearance of the orthorhombic and cubic 
phases in the same films. 
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❖  The temperature effect on the crystalline nature of  CuSe is evident from the figure.   
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❖ The figure represents 

the maximum peak 

and some other minor 

peaks before heating 

the sample to 473 K 

and after cooling to 

room temperature.  

  



 
❖ The XRD patterns of the films are recorded one day later after subjecting the samples 

to heating process.  
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❖ Remarkable increase in 

the intensi ty of the 
maximum peak (Imax). 

❖ Very slight shift from 
2θ=27.2˚ to 27.25˚ that 
r e s u l t s  i n  l a t t i c e 
parameters values of 
5.674 and 5.663 Å is 
found before and after 
c o o l i n g p r o c e s s e s , 
respectively.  



❖ In addition, the minor peaks (shown by dotted circles) which appeared at diffraction 
angels of 2θ=25.30˚ to 28.95˚ that represents the orientations of the orthorhombic phase 
in the (020) and (015) directions disappeared upon cooling the samples.  

 
❖ It means that the weight of the orthorhombic phase has decreased.  

❖ As the intensity of the cubic phase increased, the cubic phase becomes more dominant 
and the crystallinity is highly enhanced as a result of the heating process.  

 
❖ The stability of the samples (as it is re-measured) indicates that the crystallinity is 

enhanced significantly.  
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❖   To estimate quantitative values about the crystallinity enhancements, the degree of 

crystallization (𝑓=  𝐼↓𝑚𝑎𝑥 /∑𝐼 ) for the cubic phase was calculated and found to increase 

from 0.31 before heating to 0.64 after cooling.  
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❖  To investigate the effect of temperature on the structural parameters of the CYC samples during 

the heating process, the temperature dependence of the lattice constant (a), strain (ε), crystallite 

size (D), defect density (𝛿) and stacking faults percentage (SF%) are calculated for the cubic 

phase of Cu2Se.  

❖  The parameters are determined with help of the equations  

𝜀= 𝛽/4tan�𝜃   ,          𝐷= 0.94λ/𝛽cos�𝜃   ,         𝛿= 𝑎𝐷/15𝜀  ,          𝑆𝐹= 2𝜋↑2 𝛽/

(45√�3tan�𝜃  )  

 

respectively, from the maximum peak broadenings (β) and shifts which are illustrated in the figure.  
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❖  As it is readable from the figure, increasing the temperature increases the intensity of the 
diffraction patterns and shifts the diffraction angle toward smaller 2θ values 
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❖  (a) shows the effect of temperature on the lattice parameter of the cubic unit cell of 
Cu2Se.  
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❖  As the solid line which is presented in the figure shows, the lattice parameter linearly 

increases with increasing temperature following the equation: 

    𝑎(Å)=2.19 𝐱 10↑−4 T+5.608.  

❖  The increase in the lattice parameter is assigned to the thermal expansion.  
 
❖  As Fig. (b) and (c) illustrate, the increase in the lattice parameter values with increasing 

temperature is associated with decrease in the stain and increase in the crystallite size.  

❖  In addition, the stacking faults percentage (Fig. (d)) and the defect density (inset of Fig. 
(c)) decreased with increasing temperature.  
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❖   All the presented structural parameters demonstrate the enhancement of the 

crystallinity of the CuSe upon heating.  

 

 

❖  Studies which take into account the decrease in the strain with increasing temperature 

for the Cu2O films grown onto Cu substrate have shown that the decrease in the strain is 

due to the higher thermal expansion coefficient of the Cu substrate compared to that of 

Cu2O. 
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❖  These differences in the thermal expansion coefficient values, which may also be 

considered for our studied samples as a reason since we have Yb metal slab inside the 

CYC films, are believed to cause differences in the interfacial energy which modifies 

the crystallite size to reach the thermodynamic stability. 
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❖  For our samples, the expansion coefficient of Yb metal is 7.6 x 10-6 K-1 and that of 
Cu2Se is 4.0 10-5	K-1.  

 
 
❖   The high difference between these two values leads to large interfacial energy 

difference at the interface between Yb and Cu2Se.  
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❖ In order to investigate the effects of temperature dependent structural modifications on 

the optical properties of the CYC thin films, the optical absorption coefficient (α) 

spectra which is calculated from the measured transmittance (T) and reflectance (R) 

spectra using the relation, 𝑇= (1−𝑅)↑2 exp(𝛼𝑑)was studied as function of temperature.  
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❖  The temperature dependent absorption coefficient spectra which are presented in the 

figure exhibits a redshift in the spectral values as temperature increases. 
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❖ The major effect of temperature appears only in the spectral range (1.74-2.50 eV) 

where the energy band gap exists.  

❖ The spectral data which are presented in Fig.  (a) are employed to calculate the direct 

allowed transitions energy band gap (Eg) with the help of Tauc's equation which is 

demonstrated in the figure.  
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❖ The temperature dependent energy band gap values which are calculated from the E-
axis crossing of the  (𝛼𝐸)↑2 −𝐸 variations for the CYC samples is presented in the 
inset.  

❖ A systematic decrease in the energy band gap values with increasing temperature is 
observable from the inset of the figure.. 
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❖ The Eg_T variation is linear and reveal the equation,𝐸𝑔(𝑇)=2.06x10↑−4 T+2.370 
eV.  

 

❖ The rate of change of the energy band gap with temperature (−2.06x10↑−4   eV/K) 
is, approximately, equal to that observed for the expansion of the lattice parameter as 
2.19x 10↑−4 Å=K.  

 

❖ There is good correlation between the lattice expansion and energy band gap 
narrowing.  

33	



❖  The shrinkage in the energy band gap as a result of the thermal effects is believed to 
be an advantage for enhancing the thermoelectric performance of materials.  

❖  The narrowing of the energy band gap with decreasing temperature was ascribed to 
the increase in the grain size and decrease in the compressing strain as well as to the 
activation of electron-phonon interactions.  

❖ The improved crystallization gives the chance for more electron-phonon interaction 
due to the increase in the amplitude of the atomic vibrations.  

❖ The thermally excited atoms cause larger interatomic spacing.  
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❖ It also forces stronger lattice phonon excitations.  

❖ Such process is associated with interactions between the free charge carriers and 
crystal lattice vibrations that in turn attenuate the energy band gap.  
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❖  The figure illustrates the temperature effect on the capacitance (C) of the CYC films. The 
capacitance is recorded between two Ag contacts located onto the surface of the sample and 
separated by 0.5 cm to allow covering large area of the sample.  
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❖ The ampl i tude of the 
exciting voltage was 0.10 V 
at frequency of 100 kHz. As 
seen from the figure, the 
capacitance is negative at 
room temperature. Raising 
the temperature decreases 
the capacitance value.  



❖ When the temperature reaches 458 K, the capacitance crosses the temperature axis 
and exhibits positive value.  

❖ The negative capacitance effects which is a novel property of materials that allow 
ultrafast response and switching property are observed in a-SiC:H/a-Si:H light 
emitting diodes and is assigned to the non-equilibrium interfacial states.  

❖ The existence of the deep and shallow trap states causes a net positive trapped charges 
at the interface as a consequence of the position of electron Fermi level which forms a 
barrier for further hole injection.  

❖ In general, acceptor-like traps is neutral when they are empty and become negatively 
charged when occupied by an electron. 
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❖ Oppositely, donor like traps are neutral when they are occupied by an electron and become 
positively charged when they are empty. 

❖  Since the trap states are mostly formed by the defects and lattice imperfections, the 
decrease in the negativity of the capacitance with increasing temperature is assigned to the 
decrease in the defect density with increasing temperature as a result of enhanced 
crystallinity which we discovered through the XRD analysis. 
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Conclusions 

❑  Heating the samples to 473 K makes the cubic phase of Cu2Se more dominant over 

the orthorhombic phase and improved the crystallinity of the films.  

❑ The lattice expansion which is dominated by the heating process shrinks the energy 

band gap and reduces the negativity of the capacitance significantly.  

❑ The enhanced crystallinity of the Cu2Se films by the heating process make them more 

suitable for thermoelectric and optoelectronic applications. 
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•   cubic phase of Cu2Se more dominant over the orthorhombic phase and improved 

the crystallinity of the films. The lattice expansion which is dominated by the 

heating process shrinks the energy band gap and reduces the negativity of the 

capacitance significantly. The enhanced crystallinity of the Cu2Se films by the 

heating process make them more suitable for thermoelectric and optoelectronic 

applications. 
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