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Abstract
In this work, copper selenide thin films coated onto glass and transparent lanthanum substrates are
studied. The (glass, La)/CuSe thin films which are prepared by the thermal evaporation technique
under a vacuum pressure of 10-5 mbar are structurally, morphologically, optically, dielectrically and
electrically characterized. Lanthanum substrates improved the crystallinity by increasing the
crystallite size and decreasing both of the microstrains and defect density of copper selenide. La
substrates redshifts the energy band gap and doubled the dielectric constant values. In addition,
employing Drude-Lorentz approaches for optical conduction to fit the dielectric constant provided
information about the effects of La substrates on the drift mobility, plasmon frequency, free carrier
density and scattering times at femtosecond level. The drift mobility increased and the plasmon
frequency range is modified when La substrates are used. Verifying impedance spectroscopy test in
the microwave frequency domain have shown that the La(gate)/CuSe/Ag (source) transistors can be
employed as band pass filter suitable for 5G technologies. The microwave cutoff frequency reached
~5.0 GHz at a notch frequency of 2.80 GHz of the La/CuSe/Ag highpass filters.
Keywords: La/CuSe interfaces; thin film transistor; optical conductions; microwave resonator
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1. Introduction
Copper selenide thin films have captured wide interest due to their applications as electrocatalysts,
counter electrodes in solar cells and self-repairable electrodes [1]. They show novel
thermoelectric properties and mentioned being suitable for flexible electronics [1]. CuSe films
also find its location in other class of applications including photocatalysis and thermal
phototherapy [2]. In addition, studies which care about plasmonic interactions in copper selenide
have shown their suitability for use in biomedical applications [3].
Various preparation methods including physical vapor deposition techniques have been employed
to improve the performance of coper selenide thin films [1, 5]. Each preparation method has it is
own properties. As for examples, CuSe thin films prepared by the chemical bath deposition
technique was not adherents with the substrate at higher precursor concentration [1]. Films
prepared by the electrodeposition technique provided an adherent and uniform films on the
substrates but flexible substrate (polymeric) cannot be used in this method. On the other hand, the
substrate used for deposition of CuSe films play an additional role on justifying the physical
properties of the films. When polyvinyl chloride, polyvinyl alcohol, and paper is employed as
substrates to grow CuSe films, the resulting films are found to be highly conductive. The achieved
high conductivities remained for several months. The properties of these films were not affected
by stretching, bending and folding [1].
The applied preparation methods on various types of substrates for depositing copper selenide
films motivated us to prepare copper thin films by the thermal evaporation technique onto
conductive transparent rare earth lanthanum substrates. The thermal evaporation technique
is employed because of its relative simplicity, low cost of the apparatus, higher deposition rates,
and scalability [5]. Lanthanum is selected because it is highly transparent material in the spectral
range of 4.0-1.0 eV, exhibiting the electronic shell configuration of 5d16s2 [6]. The orbital states
of lanthanum can reach those of CuSe allowing easier electronic conduction and optical
transitions. For this reason, here in this work, we will report the structural, morphological, optical,
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dielectric and optical properties of copper selenide thin films coated onto glass and transparent
lanthanum substrates of thickness of 150 nm.

The effects of the La substrates on the lattice

parameters, crystallite size, microstrain, stacking faults, optical transmittance, reflectance,
absorption coefficient, energy band gap, dielectric constant and on the microwave band pass
characteristics are reported.
2. Experimental details
Transparent lanthanum substrates of thicknesses of 150 nm were coated onto ultrasonically cleaned
glass substrates in a NORM VCM-600 physical vapor deposition system. The vacuum pressure was
kept at ~10-5 mbar. The source material was lanthanum powders (99.99%, Alpha Aesar). The
lanthanum substrates were then covered with a1.0 𝜇m thick copper selenide (99.99%, Alpha Aesar )
using NORM VCM-600 physical vapor deposition system. Some of the CuSe samples were produced

onto glass without lanthanum. La/CuSe films were masked with rectangular masks of areas of 0.0314
cm2 to produce Ag metal pads on the top surface of CuSe layer. For the purpose of more accurate
electrical measurements the thickness of some of the La substrates was raised to 300-350 nm. The
thickness of the La, glass/CuSe and La/CuSe films were measured with the help of an in situ
monitoring Inficon STM-2 thickness monitors. The X-ray diffraction patterns were recorded using
MiniFlex 600 X-ray diffraction unit at a scanning speed of 0.5o /minute. The optical transmittance
and reflectance spectra were measured with the help of Thermoscientific Evolution 300
spectrophotometer. The impedance spectra were recorded with the help of Agilent 4291B 1.0 M–
1.8 GHz impedance analyzer.

3. Results and discussion
Thin films of copper selenide coated onto glass and 150 nm thick transparent lanthanum substrates
are shown in inset-1 of Fig. 1. It is clear from the images that the color of CuSe thin films has changed
from dark brown to light brown. The change in the color gives evidence about the possible changes
in optical properties. Fig. 1 also displays the recorded X-ray diffraction (XRD) patterns for copper
3

selenide films in the presence and absence of lanthanum substrates. The XRD patterns which are
analyzed with the help of “TREOR 92” software packages revealed cubic structure of CuSe. All the
observed peaks are indexed for the cubic phase of CuSe (PDF card No: 01-071-4325). When La
replaces glass, the calculated lattice constant of the cubic CuSe ( 𝑎 = 5.697 Å) decreases to 𝑎 =

5.656 Å. XRD patterns of (glass, La)/CuSe contained a peak centered at 2𝜃 = 24.45𝑜 which are

related to the orthorhombic phase of CuSe ((PDF card no: 2027-0184). In addition, The XRD patterns
of CuSe coated onto lanthanum substrates displayed some peaks of hexagonal lanthanum (𝑎 =
3.772 Å and 𝑐 = 12.141Å [6])

The lattice mismatches, ∆𝑎 % =
and

cubic

CuSe

along

|𝑎𝐿𝑎 −𝑎𝐶𝑢𝑆𝑒 |

the

𝑎𝐶𝑢𝑆𝑒

𝑎 −and
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114.6%,

respectively.

Large lattice mismatches are mentioned resulting in interfacial stresses and forms three dimensional
quantum confinements [7, 8]. Three-dimensional quantum confinement is mentioned capable
of altering radically the nonlinear optical properties of semiconductors in the transparency regions
[9]. On the other hand, as can be seen from inset-2 of Fig. 1, the maximum peak of the observed
XRD patterns of CuSe shifts toward larger angles. The shift is associated with a decrease in the
maximum peak intensity. This behavior which should have resulted from the large lattice mismatches
between the two stacked layers (La and CuSe) is an indication of lattice modification due to
lanthanum incorporation. Particularly, the structural parameters [10] presented by the crystallite size
(𝐷 =

0.94 λ

; 𝛽: maximum peak broadening), strain (𝜀 =
𝛽 𝑐𝑜𝑠𝜃

dislocation density (𝛿 =
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, staking faults (𝑆𝐹%=
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2𝜋 2 𝛽

45√3tan(𝜃)

),

and stress (𝑆 = 𝛾 𝜖; γ = 62 GPa [11]) which are calculated and listed

in Table-I provide evidences about the structural modifications. As seen from the table, the crystallite
size increased by 14.2% while the microstrain, the stress, the stacking faults and the defect density
decreased by 14.0%, 14.0%, 14.8%, 24.9%, respectively. The changes in the structural parameters
confirm the enhanced crystallinity due to La incorporation. Physically, the ionic radius (𝑟𝐿𝑎 ) of La+3

being 1.16 Å [12] cannot substitute copper (Cu+2; 𝑟𝐶𝑢 = 72 pm [13]) vacancy. Instead, it can make
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atomic interstitial substitutions. Thus, the defect density should have increased [12]. However, as the
La-La bond length is (3.918 Å [14]) larger than that of La-Se (3.123 Å [15]) by 25.4%, broken bonds
of lanthanum prefer bonding with excess Selenium atoms. It is reported that nanocrystals also have
high surface energy due to the incomplete bonding at the surface. To accommodate the high surface
energy, nanocrystals tend to aggregate [16]. Reduction of surface energy is believed to be the driving
factor for grain (accumulation of crystallites) growth [17].
The effect of the lanthanum substrates on the stoichiometric composition and surface morphology of
CuSe films can be read from Fig. 2. The figure show large area of La/CuSe films being selected for
energy dispersive X-ray spectroscopic (EDS) analysis. Over many selected regions of different
samples being prepared in the same and/or sequential growth cycles, one may see that glass/CuSe
(inset-1 of Fig. 2) and La/CuSe films exhibit variations in the compositional stoichiometry. Namely,
while films coated onto glass substrates have tendencies to form wire like (1200× 125 (nm)2)
Cu0.86Se grains impeded in an amorphous sea of Cu1.19Se, those coated onto La substrates prefer
forming rectangular grains of sizes of 382 nm. Above each rectangular grain, a tiny grain of size of
~105 nm (while colored grains in inset-2 of Fig. 2) can be observed. The EDS test for the rectangular
grains show predicts the formation of Cu1.68Se. The white colored tiny grains mostly composed of
Cu1.73-2.10Se. In other words, lanthanum induced the formation of Cu deficient Cu2Se. Although films
coated onto glass substrates prefer the formation of CuSe, those coated onto lanthanum prefer
formation of deficient Cu2Se. Recent works which targeted studying the atomic mechanism of ionic
confinement in copper selenide have shown that Cu2Se tend to retain non-fast ionic conducting phase
in the grain boundaries in the presence of bismuth as interstitial doping agent. It is reported that under
conditions where the interstitial doping agent blocks the migration of Cu ions, barriers inside the
Cu2Se grains and interfacial phases in the boundaries of Cu2Se effectively split a large Cu2Se grain
into a number of small domains leading to the loss of Cu [18]. It is also stated that the atomic-scale
doping in the core of the defects stabilizes the defects and behave as barriers inside the Cu2Se grain.
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Hence, the atomic-scale doping prompts the formation of the defective interfacial phase in the grain
boundaries [18] as we also observed from the XRD analyses.
The effect of La substrates on the optical transmittance (𝑇), reflectance (𝑅) and absorption coefficient
(𝛼) spectra is evident from Fig. 3 (a), (b) and (c), respectively. As Fig.3 (a) illustrates, the sharp
transmission is initiated as the incident photon energy (𝐸) become lower than 2.60 eV. 𝑇 spectra of

glass/CuSe exhibit maxima of 32% at 𝐸 =1.82 eV. The transmittance spectra redshifts exhibiting

maxima 27% at 1.68 eV as La replace glass. In addition, the reflectively of glass/CuSe films is
relatively low (𝑅𝑚𝑎𝑥. < 4%). Coating of CuSe onto La substrates increase 𝑅 values in all the studied

range of light. The maximum reflectance value being 11% is observed at 𝐸 =1.14 eV. On the other

hand, the absorption coefficient (Fig. 3 (b)) for films of thicknesses of 𝑡 is calculated with the help of

the equation [19],
𝑇=

(1−𝑅𝑔𝑙𝑎𝑠𝑠 )(1−𝑅𝐿𝑎 )(1−𝑅𝐿𝑎/𝐶𝑢𝑆𝑒 )𝑒 −𝛼𝑡
1−𝑅𝑔𝑙𝑎𝑠𝑠 𝑅𝐿𝑎 𝑅𝐿𝑎/𝐶𝑢𝑆𝑒 𝑒 −3𝛼𝑡

.

(1)

As can be seen from Fig. 3 (b), copper selenide thin films coated onto glass substrates exhibited strong
absorption in the incident photon energy ranges of 4.0-3.15 eV and 2.80-2.10 eV. In the range of 3.15
-2.80 eV, 𝛼 spectra of glass/CuSe display absorption saturation. The absorption saturation usually
originates from band filling and carrier screening by the excited carriers [20]. Replacement of glass

by lanthanum substrates extended the absorption saturation range (4.0-2.6 eV) and forces
disappearance of strong absorption in the high energy range (4.0-3.15 eV). In the low energy range
(1.9-1.1 eV), both of the glass/CuSe and La/CuSe displayed increased values of 𝛼 with decreasing
incident photon energy. The increase in the absorption coefficient values with decreasing incident

photon energies is ascribed to the free carrier absorption in the films. Free carrier absorption
phenomena were also observed for La/Cd2S3 thin films [20]. The phenomena are assigned to the
ability of long wavelengths (IR range) to reach the lattice and motivates phonon excitations. Excited
phonons set charge carriers free, allowing them to recombine with holes forming an additional
polarized electron–hole pairs [20]. The nonstoichiometric composition of copper selenide (our EDS
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results) which result in high order degeneracy could also account for the free carrier absorption in
CuSe [21].
To get information about the changes in the optical transitions that resulted from replacement of glass
by lanthanum substrates, the energy band gap (𝐸𝑔 ) is calculated with the help of Tauc’s equation

(𝛼𝐸)2 ∝ (𝐸 − 𝐸𝑔 ) [19, 20]. As illustrated in Fig. 3 (c), the linear plots of the (𝛼𝐸)2 − 𝐸 variations

crosses the 𝐸 −axis at 𝐸 = 𝐸𝑔 = 2.30 eV and 𝐸 = 𝐸𝑔 = 2.23 eV, for glass/CuSe and La/CuSe films,

respectively. The obtained energy band gap of glass/CuSe is consistent with literature data [22]. The
redshift in the energy band gap is ascribed to the orbital over lapping. From the electronic
configuration point of view, the electronic distribution of the Cu and Se atoms reach 3d10 4s1 and

3d104s24p4, respectively. On the other hand, the electronic configuration of La metal reaches 5d1 6s2.
The lanthanum’s higher states make the overlapping of the La orbitals with that of Cu and Se strongly
preferable. In addition, the Schottky nature of La/CuSe interfaces forces the flow of holes from
𝑝 −type CuSe (verified by hot-probe technique) to La metal causing a band bending due to energy

barrier height formation [23]. Another reason for the band gap shrinkage in the presence of metallic
substrates is the image force lowering. The image charges lowers the potential barrier to the flow of
holes leading to the up bending of the valance band [23].
The effect of Lanthanum substrates on the dielectric properties of copper selenide thin films is
readable from Fig. 4 (a) and (b) respectively. The real (𝜀𝑟 ) and imaginary (𝜀𝑖𝑚 ) parts of the dielectric
constant are calculated from the equations [20],
𝜀𝑟 = 𝜀𝑒𝑓𝑓 − 𝑘 2 ,

𝜀𝑖𝑚 = 2√𝜀𝑒𝑓𝑓 𝑘,

(2)
(3)

(√𝜀𝑒𝑓𝑓 −1)2 +𝑘 2

(4)

𝛼𝜆

(5)

𝑅=(

√𝜀𝑒𝑓𝑓 +1)2 +𝑘 2

𝑘 = 4𝜋 .

In accordance with Fig. 4 (a), the real part of the dielectric constant of glass/CuSe display broaden

peaks at critical energy values of 2.30 and 1.82 eV. Replacing glass by lanthanum substrates leads to
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the appearance of

peaks at 2.59 and 1.99 eV. In addition, the value of 𝜀𝑟 is increased by about two

times. 𝜀𝑟 − 𝐸 variations also follow faster decaying trends in the IR range as a result of using
lanthanum instead of glass. The critical energy values being 2.30 eV observed in 𝜀𝑟 spectra of
glass/CuSe is assigned to the direct allowed transitions within the band gap of CuSe. The critical

energy value centered at 1.82 eV is assigned to transitions from the valence band maxima centered at
𝑅3,4𝑣 of the first Brillouin zone of selenium to the conduction band minima centered at 𝐻6𝑐 of the

first Brillouin zone of Se [24], respectively. On the other hand, the strong interaction between La and
Se seems to be dominant oscillator in the real part of the dielectric spectra. Namely, the critical
energy value being 2.59 eV which appeared in 𝜀𝑟 spectra of La/CuSe corresponds to the direct
allowed transitions energy band gap of La2Se3 [25]. The critical energy centered at 1.99 eV is also
assigned to optical transitions in selenium [26].

Fig. 4 (b) display the imaginary part of the dielectric constant. The imaginary part is directly
proportional with the optical conductivity (𝜎̌(𝑤) =

𝜀𝑖𝑚 𝑤
4𝜋

; 𝑤 = 2𝜋𝑐/𝜆).

As seen from the figure,

except for the ultraviolet range of light, no remarkable change in the value of the imaginary part can
be detected. In the spectral range of 4.0-3.16 eV, La/CuSe is less conductive than that of glass/CuSe.
Slight enhancement in the imaginary part value can be observed in the IR range of light. Modeling
the imaginary part of dielectric spectra in accordance with the Drude-Lorentz approach [19, 20]
allowed determining the optical conductivity parameters. The dispersion relation of the imaginary
part of dielectric constant takes the form,
k

 im  

i 1



w2pe w
i
2
2


 i  we2  w
 i




 w2 i 2 

.

(6)



In Eqn. (6), 𝑤 is the radial frequency of light signals, 𝑤𝑝𝑒 = √4𝜋𝑃 𝑒 2 /𝑚∗ is the plasmon frequency,

𝑊𝑒𝑖 is the charge carrier-plasmon coupled oscillator frequency, 𝜏𝑖 is the average scattering time at
−1

−1

∗
∗
+ 𝑚𝐶𝑢
femtosecond level, 𝑃 is the free charge carrier density and 𝑚∗ = (𝑚𝐿𝑎

∗
effective mass of the La/CuSe system. Inserting the values of 𝑚𝐶𝑢
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𝑆𝑒

𝑆𝑒 )

−1

is the reduced

∗
=0.5𝑚𝑜 [27] and 𝑚𝐿𝑎
=1.0𝑚𝑜

[20] for copper selenide and lanthanum, respectively, and executing the series up to 𝑘 = 5 is

sufficient to reproduce the experimental data. The theoretically estimated dielectric constant is plotted
by circles in Fig. 4 (b). The fitting of the 𝜀𝑖𝑚 spectra allowed determining the optical conductivity
parameters which are shown in Table-II. As seen from the table, for the IR oscillator centered near
𝐸𝑒 =1.1 eV, the free hole concentration decreases, the plasmon frequency decreases and the drift

mobility increases by replacing glass substrates with lanthanum. The enhanced mobility is probably
due to the completed bonding of dangling bonds of Se with lanthanum at the interface. In addition
the easier electronic motion originated from atomic overlapping could also account for the improved
mobility values. The other oscillators in the visible range of light (2.68 eV and 2.89 eV) display
similar characteristics. Oscillators dominant in the ultraviolet range of light (3.93, 4.14 eV) show no
remarkable change in the optical conductivity parameters. The scattering time at femtosecond level
which is the inverse of the damping coefficient of the electronic frictional forces [20] slightly
increases for the first and second oscillators (𝐸𝑒 = 1.1 eV and 2.68 eV). The increase in this value

means less resistance to the charge carrier motion. Hence drift mobility is increased.

One interesting feature which is worth of focusing, here, is the values of plasmon frequency. The
plasmon frequency exhibit values in the range of 2.30-6.51 GHz. It indicates that signals of such
frequencies can pass through La/CuSe interfaces. Signals exhibiting values less than 2.30 GHz are
rejected. To verify this belief we have tested the samples through constructing a La (gate)/CuSe/Ag
(drain, source) transistor channels. An ac signal of low amplitude is imposed between the terminals
of source (Ag) and gate (La). The resulting ac conductivity (𝜎), impedance (𝑍) and magnitude of
𝑆 +1

reflection coefficient (𝑆11 ; 𝑍𝐿𝑎/𝐶𝑢2𝑆𝑒 = 𝑆11 −1 𝑍𝑠𝑜𝑢𝑟𝑐𝑒 [28]) spectra are shown in Fig. 5 (a), (b) and
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(c), respectively. It is clear from Fig. 5 (a) that the higher the signal frequency, the more conductive

the channel. The conductivity increases from 0.06 (Ω𝑐𝑚)−1 to ~140 (Ω𝑐𝑚)−1 as the signal frequency

increases from 0.01 to 1.80 GHz. It means that the closer the signal frequency to the plasmon range,
the easier the pass of the electrical signal. Opposite behavior can be observed from the impedance
spectra. The larger the ac signal frequency the less the impedance. The 𝑍 − 𝑓 variation is linear in
9

most of the studied range. On the other hand, as 𝑆11 spectra show, the larger the frequency, the less

the value of 𝑆11 . This parameter provides information about the input-output relationship between

ports at terminals of antenna system. 𝑆11 = 0.0 means that all incident signals are fully transmitted

with no wave power loss. 𝑆11 = 1.0 indicates that all incident electromagnetic signals are rejected.

Hence, 𝑆11 spectra which are illustrated in Fig. 5 (c) represent a band pass filter characteristics with

notch

frequency

predictable

from

modeling

the

transistors

as

series resistance (R) −

inductance (L) − capacitnace (C) (𝑅𝐿𝐶) circuit. For this circuit, 𝑍𝐿𝑎/𝐶𝑢𝑆𝑒/𝐴𝑔 = 𝑅 + 𝑗𝑤𝐿 − 𝑗𝑤𝐶

[28, 29]. The experimental data is reproduced (blue colored circles) by substituting 𝑅 = 100 Ω,

𝐿 = 10 nH and 𝐶 =0.45 pF. These parameters result in a microwave cutoff frequency 𝑓𝑐𝑜 =

(2𝜋𝑅𝐶)−1of 3.54 GHz. The practically determined cutoff frequency is within the range of plasmon

frequency identified from the optical measurements. The ideal parameters (black circles in Fig. 5 (c))
of the La/CuSe/Ag band filters are 𝑅 = 50 Ω, 𝐿 = 5 nH and 𝐶 =0.64 pF and 𝑓𝑐𝑜 =4.98 GHz. The

notch frequency (𝑓𝑛 ) of the filter is 2.8 GHz. The numerical data indicate the possible application of

the La/CuSe/Ag transistors from filtering 5G signals. 5G technology require resonators workability
in the frequency domain of 3.6-26 GHz for 5G technology [29-31].

4. Conclusions
Herein, the effect of transparent lanthanum substrates on the structural, optical, dielectric and
electrical properties of copper selenide thin films are investigated. Thin films of copper selenide are
observed to exhibit enhanced crystallinity accompanied with redshift in the energy band gap and
larger dielectric constant values as a result of replacing glass by lanthanum substrates. In addition,
the coating of copper selenide onto lanthanum substrates increased the drift mobility values and
decreased the friction to charge transport in the films. Verifying electrical tests has shown the
suitability of the La/CuSe/Ag transistors to behave as band filters which allow signals pass in the
gigahertz level. Such property makes the currently proposed interface suitable for 5G mobile
technology.
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Table -I Structural parameters of glass/CuSe and La/CuSe films.
𝒂( )

D (nm) (x10-3) S (x109 dyne/cm2) SF% δ (×1011 line/cm2)

glass/CuSe 5.697 28

5.43

3.37

0.27

5.02

5.656 32

4.67

2.89

0.23

3.77

La/CuSe

Table-II: Optical conductivity parameters for (glass, La)/CuSe films

1
1.50

Glass/CuSe
2
3
4
1.00
0.50 0.45

5
0.30

1.70

4.10

4.40

6.00

1.11

2.68

2.89

𝒑 (×10 cm
3
)
μ (cm2/Vs)

8.00

7.00

5.30

wpi (GHz)

2.38

τ i (fs)
we (×1015
Rad./s)
𝑬𝒆 (𝐞𝐕)
18

-

1
1.55

La/CuSe
2
3
4
1.40
0.50
0.30

5
0.10

6.30

1.62

4.00

4.40

6.00

6.00

3.93

4.14

1.06

2.62

2.89

3.93

3.93

20.0

53.0

8.00

6.60

2.60

14.0

40.0

5.00

3.50

1.80

1.60

0.40

8.20

7.40

2.63

1.60

0.11

2.22

3.76

6.12

2.38

2.64

1.66

3.85

6.51

2.30
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Fig. 1 the X-ray diffraction patterns for glass/CuSe and La/CuSe thin films. Inset-1 shows the optical
images for the samples. Inset-2 is an enlargement of the maximum peak.
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Fig. 2 the scanning electron microscopy images for La/CuSe films. The red boxes in the figure show
the energy dispersive X-ray spectral results. Inset -1
glass/CuSe and La/CuSe films, respectively.
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and inset-2 show the SEM images for

Fig. 3 The optical (a) transmittance and reflectance, (b) absorption coefficient spectra and (c) the
Tauc’s equation fitting for glass/CuSe and La/CuSe films.

Fig. 4 (a) the 𝜀 𝑟 and (b) the 𝜀 𝑖𝑚 spectra for the glass/CuSe and La/CuSe films. The blue and black
circles are the Drude-Lorentz fittings for the imaginary part of dielectric constant.
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Fig. 5 (a) the conductivity, (b) the impedance and (c) the magnitude of the reflection coefficient
spectra for La/CuSe/Ag devices.
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