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Influence of Cu-Doping on Linear and Nonlinear Optical
Properties of High-Quality ZnO Thin Films Obtained by

Spin-Coating Technique

Abdelkader Mohammedi, Miloud Ibrir,* Omar Meglali, and Saadi Berri

To study the effect of Cu concentration on morphological, structural, linear and
nonlinear optical properties, copper-doped ZnO thin films are grown by sol-gel/
spin-coating technique on the glass substrates. Scanning electron microscopy
(SEM) images reveal that the surface morphology is homogeneous with good
adhesion to the glass substrate. The energy dispersive X-ray spectroscopy (EDS)
spectra confirm that Zn, O, and Cu elements are present in ZnO films. The X-ray
diffraction (XRD) pattern of Cu-doped ZnO is dominated by (002) peak, indicating
an upstanding ZnO nanorods array growing along the c-axis. The optical
bandgap of Cu-doped ZnO thin films, calculated from optical transmission
spectra, is found to decrease with the increase in copper concentration. The
refractive index dispersion curve of ZnO films is subjected to the single-oscillator
meodel. The optical dispersion parameters E,, E4, and n,, the nonlinear refractive
index, and nonlinear optical susceptibility are calculated and interpreted.

It is known that the addition of metallic
dopants modifies the different physical prop-
erties of pure semiconductor materiall”!

Numerous specialists  attempt to
improve the physical, electrical, and the
optical nonlinear properties of ZnO that
have been studied in many reports.®
Gao et al. prepared AgCu and improved
the nonlinear optical properties and their
relationship to crystallite size.”) Zou et al.
have also studied and improved the nonlin-
ear optical properties of CoQ.""

For this reason, they have utilized
different dopants, such as, ALl Mg.[u'
Ga,"¥ Co* Fe 'l and Cul"*'*1 Among
all dopants, copper is the most suitable dop-

1. Introduction

In recent years, extensive research has taken place on ZnO as a
material of choice for short wavelength optoelectronic such as
photodiodes, light-emitting diodes, and laser diodes in the ultra-
violet (UV) region,""™ because of its wide bandgap 3.37 ¢V and a
large excitonic binding energy of 60 meV at room temperature
compared with other semiconductors (20 meV for GaN), high
optical transmittance in the visible region, and good electrical
conductivity. However, ZnO under its wurtzite structure is
intrinsically an n-type semiconductor because of its intrinsic
defects such as oxygen vacancies and zinc interstitials.

A. Mohammedi, Dr. M. lbrir

Laboratory of Materials Physics and its Applications
University of M'sila

M’sila 28000, Algeria

E-mail: miloud.ibrir@univ-msila.dz

A. Mohammedi, Dr. M. Ibrir, Dr. O. Meglali, Dr. S. Berri
Faculty of Sciences

University of M'sila

M’sila 28009, Algeria

Dr. O. Meglali

Materials Science and Informatics Laboratory
Ziane Achour University

Dielfa, Algeria

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssb.202000472.

DOI: 10.1002/pssb.202000472

Phys. Status Solidi B 2021, 258, 2000472

2000472 (1 of 9)

ant for improving optical properties and it

is considered as fast diffusing atoms in the

ZnO structure. This quick diffusing nature
of Cu into the ZnO matrix may change the physical properties
of the material and provide a localized impurity level for bandgap
engineering applications."*™"® Various types of physical and
chemical deposition methods have been used successfully to pre-
pare pure and doped ZnO thin films."") The sol-gel/spin-coating
method is the most used method because of its low cost and
controlled monitoring nature for the preparation of high-quality
films [20-22]

This work reports the preparation of pure and Cu-doped
ZnO thin films with different copper molar ratios by sol-gel/
spin-coating technique at room temperature. Furthermore, to
understand the influence of Cu on pure ZnO thin films, various
characterization techniques were used such as scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS),
X-ray diffraction (XRD), and UV-vis. The results obtained are
discussed and compared with those reported in the literature.

2. Results and Discussion

2.1. Morphology and Chemical Analysis

Figure 1 shows the top view of Cu-doped ZnO thin films (0, 2, 4,
and 6 mol%) grown on glass substrates. The deposited ZnO films
show the well-separated vertically aligned hexagonal nanorods.
There was no noticeable change in the surface morphology
before and after doping by Cu. Figure 2 shows the EDS spectrum
of the elaborated ZnO thin films with different Cu-doped concen-
trations. The EDS spectrum shows the typical emission lines of

© 2021 Wiley-VCH GmbH
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Figure 1. SEM images of ZnO films with different Cu contents 0%, 2%, 4%, and 6% mol.
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Figure 2. EDS spectra of ZnO films with different Cu contents (0%, 2%, 4%, and 6% mol).

copper Cu, zinc Zn, and oxygen O elements in the investigated  such as Cl. The contents of Zn and O for undoped ZnO film
energy range, in addition to the existence of the emission line of  are determined to be 50.02 and 49.98 at%, respectively, which
carbon C which comes from the glass substrate. We note that is very close to the stoichiometry composition. However, it
there is no trace of other elements from the starting solution,  slightly deviates for other films, such as the film deposited
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the hexagonal wurtzite phase of ZnO (JCPDS No. 36-1451).
104 The XRD pattern of Cu-doped ZnO is dominated by (002) peak,
indicating an upstanding ZnO nanorod array growing along the
0.8 c-axis, because (002) peak of ZnO offering the least surface
energy is thermodynamically the more favorable.”? But the
064 intensity and full width at half maximum (FWHM) of the
(002) peak decrease with the increase in Cu concentration
044 (see Figure 4b and Table 1). The XRD analysis demonstrates
the good crystal quality of the as-grown ZnO nanorods, which
0.2 is not the case when using other deposition methods, such as
' spray pyrolysis and atomic layer deposition (ALD).[**2%]

The lattice parameters a=b and ¢ 2l positional parameter
of the wurtzite structure (u), the bond length (L),”**! grain
size (D), dislocation density (5),*” strain (), stress (a) on
c-axis,**¥ are calculated using Equation (1)—(7)

Cu concentartion (at%)

0.04

0 2 4 6
Cu doping concentartion in solution {mol% )

Figure 3. Variation of Cu atomic ratio in thin films versus the Cu L_i h? + hk + k2 +£ 1
concentration in the starting solution. dﬁu 3 al P 1
at 6mol% (Zn: 49.25 and O: 50.05at%). Meanwhile, the Cu |, _ i_'_l @)
concentration within the elaborated films increased linearly 324
as a function of Cu concentration in the starting solution TN
i 1

(see Figure 3). L= V(%'F (E_ u) cz) 3)
2.2. Structural Characterization 0.92

b= (ﬁzobsv - .t;zinst]l'Ifz cos @ {4]
Figure 4a shows the XRD patterns of Cu-doped ZnO thin films
(0, 2, 4, and 6 mol%). All the diffraction peaks can be indexed to S— 1 (5)

% % % % where 4 is the X-ray wavelength (0.154 nm), ¢ is the Bragg’s dif-
* fraction angle, .5, and fi,g, are the FWHM of the experimental
@ peak and the instrumental broadening (in radians), respectively.
" Ceim — G

R Zn0:Cu 6% £ = ﬁlmC]:Iulk bulk % 100% {6]

: : ﬁ Zn:Cu 4% C, C
z I S o = —2.3310" x (M) 7

= Chulk

§ SN Zn0:Cu 2%
= where cgim and cpuk are the lattice parameters of prepared thin
films and bulk ZnO, respectively.

Table 1 shows that the (002) peak is located at 20 = 34.414° for
Zn0: Cu 0% undoped ZnO film; however, the diffraction angle of the doped
- . ; N films increases with the Cu concentration, this leads to the reduc-
20 30 40 50 60 70 tion in the lattice parameters and L values compared with those
20(deg) of the undoped ZnO. This can be explained by the fact that the
Figure 4. a) XRD patterns of Cu-doped ZnO thin films and b) the (002)  ionic radius of copper (rg+ = 0.72 A] is smaller than that of zinc
peak position for different Cu contents. ion (ryg:: = 0.74 A:I 1331 The obtained values of the crystallite size

Table 1. The peak position 2, FWHM, lattice parameter (a and c), bond length (L), positional parameter (u), grain size (D), dislocation density (),
strain(e, ), and stress (o,) of the Cu-doped ZnO thin films.

Samples 20 [deg ] FWHM [deg ] a[H c[A) u LA D [nm] & [107 nm™7] £ [%] . [GPa]
0% Cu 34415 0331 3.2572 5.2057 0.330 1978 25.140 1.582 0.109 -0.255
2% Cu 34,426 0271 3.2364 5.2040 0378 197 3071 1.0602 0.076 -0.179
4% Cu 34 635 0333 3.2362 5.1735 0.330 1.968 24.967 1.604 -0.509 1187

6% Cu 34.434 0.297 3.2561 5.2028 0.330 1977 34.425 0.843 0.054 -0.125
Phys. Status Solidi B 2021, 258, 2000472 2000472 (3 of 9) ® 2021 WileyVCH GmbH

103



o 55K 45,k

o

2 -

ADVANCED
SCIENCE NEWS

{26 dd

p:ss:

physica

www.advancedsciencenews.com

are consistent with those reported in the literature.** =7 1t

decreases from 30.7 to 24.9 nm by the addition of Cu to solution
from 29 to 4%. The copper ion acts as a defect, which leads to the
distortion of the ZnO crystal lattice and prevents the increase in
the grains growth rate. Ghahramanifard et al.*® and Roguai
et al.*”] explained this decrease by Zener pining effect of copper
and the segregation of Cu atoms in the grain boundaries, respec-
tively. The sample prepared at 6% has the large crystallite
size (34.4nm); this high value is explained by the substitution
of Zn*? by Cu™.** Contrary to the decrease in the dislocation
density and the strain, which indicates that there is an improve-
ment in crystal quality by increasing the Cu concentration, which
occupies the substitution positions of Zn atoms in the crystal
lattice.?”) These results are almost the same observed in the
research on Fe-doped ZnO* and V-doped ZnO films prepared
by the sol-gel method.®” The negative values of stress on c-axis
indicate that the crystal is under a compressive state. This may be
due to a difference between the coefficient of thermal expansion
of the ZnO films and the glass substrate.*"]

2.3. Optical Characterization

Figure 5a shows the variation of the optical transmittance and
the reflection coefficient of films versus the wavelength from
300 to 800 nm, respectively. Undoped ZnO has a transmittance
of 85% and an absorption edge at about 380 nm, because ZnQ
has a large bandgap energy allowing the passage of visible optical
and high absorption of UV region. By increasing the Cu concen-
tration, we notice a slight change in the transmittance of the
visible region as well as a slight shift at the edge of the absorption
(see Figure 5b). From this curve, the bandgap energy E is
calculated by Tauc’s model™®'! using Equation (8) and (9)

(ahv)" = B(hv — Eg) (8)

where B is a constant, n = 2 for direct bandgap energy, and « the
absorption coefficient obtained by!*!

Trasmlane %)

,
o
(2;) 2aueapIy

Transmittance( %)

20

Wavelength (nm)

Figure 5. Optical transmittance and reflectance of Cu-doped ZnO films:
a) UV-vis region, b) UV region.
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e 7010z Cur 2%
e Zn O Cr 4%
—Zn0: Cu 6%

(a)
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h - B il doping esticemtration imod %
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3.0 32 34 3.6 38 4.0
hv (V)

Figure 6. a) Plotting of (ahv)® versus (hv), b) bandgap energy versus Cu
concentration.

where t is the film thickness, and it is equal to 150nm for
our films.

Through extrapolation of the linear part of (ahv)? versus (hy)
plot, the optical bandgap energy is estimated as shown in
Figure 6a.

Figure 6b shows the variation of the bandgap energy as a func-
tion of Cu concentration. It increases from 3.378 to 3.425 eV for
Cu concentration going from 0 to 2 mol%. This indicates that
doping has shifted the main absorption edge to higher energies,
which can be interpreted as a Burstein—-Moss effect:*¥ the
donors energy level resulting from doping is close to the conduc-
tion band. The room temperature energy (0.025 eV) is sufficient
for the electrons transition to higher levels in the conduction
band and the bottom gets filled by electrons; that is why bandgap
energy has increased. The Cu-doping concentration increases
as the bandgap energy decreases; this means that doping has
shifted the absorption edge to less energy. This can be inter-
preted by Roth’s effect;* at high concentrations, the Fermi
level enters at conduction band and the donor energy level sticks
the conduction band, reducing the bandgap energy.

2.3.1. Linear Optical Parameters

Extinction coefficient k, refractive index n, the real part &, and the
imaginary part ¢ of dielectric constant and optical conductivity
ﬂom[as.«s] are calculated by Equation (10)—(13)

k=— (10)
1+R 4R

n= (ﬁ)+ W—kl (11

& =nt — e =2nk (12)

@
rropt:;\fe.f+(1—£,]2 (13)

where @ = hv/#ii and R is the optical reflectance.
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Figure 7. a) Refractive index, b) extinction coefficient, c) real and d) imaginary parts of dielectric constant of the Cu-doped ZnO as a function of

wavelength.

Figure 7a—d shows the variation of extinction coefficient (k),
refractive index (n), the real (g,) and the imaginary (&) parts of
dielectric constant as a function of wavelength for different
Cu concentration of the elaborated ZnO films. We find that n
is constant between 1.5 and 2 in the visible region, while k
remains almost nonexistent in this region and this is due to
the low absorption of visible light. We notice a rapid change
of n in UV region; it increases to reach a maximum value of
2.70 for the film doped at 6 mol% with an increase in k, which
reaches a maximum value of 0.55. This indicates that there is
light attenuation in this region. We noted that the same behavior
is observed in the work of Caglar and Yakuphanoglu.*”! We also
note that the imaginary part is almost nonexistent and corre-
sponds to a value confined between 3 and 3.25 for the real
part in the visible region. The polarization of the electric charge
inside the material occurs in the visible region, which goes with
variations of the electric field of the incident wave. But in the UV
region, an electronic transitions interband occurs, with strong
absorption of light, so that the imaginary part appears in this
region. Figure 8a,b shows the variation of the optical conductivity
as function of wavelength and the Cu concentration for the wave-
length, respectively, which corresponds to the gap energy. We
note that the optical conductivity is similar to the absorption
behavior and the behavior of ;. This is explained by the fact that
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Figure 8. Optical conductivity of Cu-doped ZnO: a) versus wavelength
and b) versus Cu concentration at wavelength which corresponds to
the gap energy.

the greater the absorption of light by matter is, the more active
the carriers charge are in motion and their density increase.
These results are in good agreement with that reported by
Jacob et al*®] As shown in Figure 8b, the optical conductivity
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decreases when the Cu concentration changes from 0 to 2 mol%6,
then it increases for high Cu values. When the Cu atom occupies
the Zn position in ZnO, the 3d orbit of Cu is shallower than the
3d orbit of Zn, resulting in a strong coupling between 3d of
Cu and 2p of O, moving 2p up and increasing the carriers
charge density.

There are also other expressions to calculate refractive index.
The most famous is the Wemple-DiDomenico model *! which
corresponds to the values of refractive index in a wide range of

frequencies, given by

EjEy

2_1q
MR e

(14

E, is the average excitation energy for electronic transitions
and E is the dispersion energy which is a measure of the
strength of interband optical transitions. Figure 9 shows plots
of {nz—lj_l Versus {ho}z, Thus, the oscillator parameters were
determined for the undoped and Cu-doped ZnO films. E, and
Ey are determined directly from the slope and the intercept
with (n*—1)~" axis of the linear line. Also, the long wavelength
refractive index (n,) for ZnO thin films was determined from

Eq

nL=14+-2

P (15)

The values of E, Ey, and n., for ZnO thin films are given in
Table 2. These values increase by increasing the Cu concentration.

2.3.2. Nonlinear Optical Parameters

Nonlinear light focuses on the study of the interaction of very
intense electromagnetic fields with ph}i:sical media where the
relationship between the electric field E of the incident wave
and the polarization is nonlinear™ as shown by

Py = VE+ D 4 3 4 MEn (16)
where (1) is the linear optical susceptibility, and #'?) and 1 are
the second and third-order nonlinear optical susceptibilities,
respectively.

0.30
7 110:Cu 0%
—n0:Cu 2%
w7 110:Cu 4%
7 110:Cu 6%
0.25 4
e
g
0.20 4
0.15 r

T T
11.25 11.75

() (eV)?
Figure 9. The plot of (n"—1)" versus (ho)* of the Cu-doped ZnO films.

1075 11.00 11.50
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Table 2. Optical dispersion parameters of Cu-doped ZnO films.

Samples E4 [eV] Eq [eV] & =nk

0% Cu-doped ZnO 6.77 408 2,66 (2.92°7)

2% Cu-doped ZnO BAS 320 176

4% Cu-doped Zn0O B899 4322 310

6% Cu-doped ZnO 9.02 430 313
The refractive index is nonlinear and is written as

n(A) = n®(2) + n®(E) (17)

where n® is the linear refractive index, n'? the nonlinear
refractive index is related to the electric field strength. Several
quasi-empirical formulas have been proposed to compute the
third-order nonlinear optical susceptibility »* and the nonlinear
refractive index n'?), among these formulas is the Miller rule
generalized in

23 = A( 1)

where A = 1.7 x 10~%su for y3) Y
The linear optical susceptibility of the first order (!
obtained by*%

(18)

={n2 -1)

(1)
£ 4

(19)

At short frequencies, hv — 0 (n = ny) become ¢!, as shown in

E4
R (20)
n? is calculated ast
(3)
n® = _u:i (21)

Figure 10a—c shows the linear electrical susceptibility, nonlin-
ear electrical susceptibility, and nonlinear refractive index as a
function of wavelength of the prepared thin films. We note that
7Y, %, and n® are almost constant in the visible region and
they increase in UV region. The Cu-doped thin films have higher
electrical susceptibility and refractive index than undoped ZnO.

Bharti and Khare studied Al-doped ZnO prepared by the
pulsed laser deposition (PLD) method and calculated the nonlin-
ear optical properties using the Z-scan method. They proved the
relationship between the linear and nonlinear optical properties
and their improvement by changing the variables in high doping
ratios starting from 5%. The results we obtained are in good
agreement with these results®™ and with other studies’ results
shown in Table 3.

3. Conclusion

Cu-doped ZnO thin films with different molar concentrations of
0, 2, 4, and 6% were deposited by sol-gel/spin-coating technique
on glass substrates. The effect of Cu concentration on the mor-
phology, structural, linear, and nonlinear optical properties was

® 2021 WileyVCH GmbH
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Figure 10. a) Linear optical susceptibility (", b} third order nonlinear susceptibility ¥*, and c) nonlinear refractive index n'?) of the Cu-doped ZnO

as a function of wavelength.

Table 3. Nonlinear optical parameters of reported and present work on ZnO thin films.

Samples g 1[” z[!]‘ esu n[’]‘ esu

0% Cu-doped ZnO (present work) 189 012 215% 107" 392 x 1077
2% Cu-doped ZnO (present work) 1.89 012 2.23 %107 6.06 % 107"
4% Cu-doped ZnO (present work) 1.99 017 3.05 % 107" 5.83 % 107"
6% Cu-doped ZnO (present work) 1.99 017 3.00% 107" 991 x 107"
Co-doped ZnQP! - 0.13-0.20 0.48-2.72 % 107" 1.89-211 9% 107"°
Sn-doped Zn0ls - 0.1-091 0.51-5.09 = 10~ 0.5 % 107101 % 10~°
Cu-doped ZnOF - 0.09-0.19 0.25-2.25 % 107" 0.25-4.59 % 1072
Ni-doped Zn0!*7 - - 3.5-18 % 1072 -
Ga-doped ZnOFH - 0.28-0.25 1.1 % 107127 x 10- -

studied. The increase in the Cu concentration changes
crystal structure by distorting @ and ¢ parameters. As the Cu
concentration increases, the grain size varies from 25.14 to
34.42nm, in contrast to the dislocation density and the lattice
strain, which decrease. The optical bandgap of the ZnO film
is influenced by increasing the copper concentration. The
refractive index dispersion curve accords to the single-oscillator
model where its parameters E,, E4, and n., were determined.
In the present investigation, the observed results are found to
be superior to the previous results, showing that the elaborated
Cu-doped ZnO films is a good material for optoelectronic

Phys. Status Solidi B 2021, 258, 2000472 200047

applications. We have found that the Cu-doped films show better
nonlinear properties than the pure ZnO film.

4. Experimental Section

Preparation Method: ZnO thin films doped with copper (0-6 mol%)
were deposited on glass substrates by sol-gelfspin-coating technique.
Zinc acetate dehydrate (Zn{CH:COO)z2H;0) and copper chloride
hydrate (CuCl;-Hz0), were used as sources of zinc and copper, respec-
tively, dissolved in 2-propanol (final concentration CT = 0.5M and a total
volume VT = 10 mL). The used complexing agent was monoethanclamine

2 (7 of 9) © 2021 Wiley-VCH GmbH

108



o

o) 580 A2y ] 21 dady

Gleaa Al ae

ADVANCED
SCIENCE NEWS

B| EL =l =) ;]
'; - -

® El
£ I o

www.advancedsciencenews.com

(MEA) with a molar ratio MEA/Zn=1. The solution was stirred at
60 °C for 2 h by a temperature-controlled magnetic stirrer to obtain homo-
geneous and transparent solutions. Before the deposition process, an
ultrasonic bath containing a sulfuric acid solution was used to clean
the glass substrates for 10 min. The glass substrates were then immersed
into deionized water, rinsed, and then dried under flowing hot air. Thin
films were then deposited on glass substrates using spin-coating
technigue with 3000 rpm for 30 s. The used preheating temperature
was 250 °C during 4 min to evaporate the solvent and remove the organic
residues. The deposition and preheating processes were repeated several
times; thereafter, the elaborated films were annealed under air atmosphere
at 500°C for 90 min.

Characterization Method: Surface morphalogy of the prepared ZnO:Cu
(0—6 mol%) thin films was characterized by SEM (FEES Quanta FEG 200
SEM type) equipped with EDS for chemical analysis. Crystalline structures
were investigated by XRD using a Rigaku Ultima IV diffractometer in the
Bragg-Brentano configuration using Cu-Ka radiation (4 =0.154nm). In
addition, the optical transmission T and the absorbance A spectra
were measured at room temperature in the wavelength range of
300-800nm, using an UV-vis spectrophotometer (Perkin Elmer
Lambda 35 Spectrophotometer type). The reflectance R was determined
through the following known expression: R=1— (T + A).

The film thickness was measured by means of the KLA-Tencor
Alpha-Step D-500 stylus profiler.
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Abstract

In this work, thin films of doped zinc oxide, stained with copper and cobalt, and double doping cobalt and
copper, were deposited in different proportions 0, 2, 4 and 6 (molar%). Using sol-gel with Spin-Coating at room
temperature. With the aim of contributing to the study of the effect of doping on morphological, structural,
structural, linear, nonlinear and electrical characteristics. SEM images revealed that the membranes are of
crystalline quality and form a uniform crystalline nanoscale surface. EDAX results also showed that the films
contained zinc (Zn), oxygen (O), copper (Cu) and cobalt (Co). XRD analyzes showed that the polycrystalline
structure ZnO membranes had a Wurtzite (hexagonal) structure with a crystalline quality with a preferred growth
orientation (002). The optical properties confirmed that the prepared films possessed a transmittance of 85% and
with an increase in the concentration of copper, the energy gap decreases significantly, as we observed an increase
in the refractive index, dielectric constant, and optical conductivity, electrical sensitivity of the first and third degree
and the nonlinear refractive index. The electrical properties were calculated by means of (Four-point), we note that
the resistance of the square increases with the increase of the doping. The double doping was chosen to have good
properties for optoelectronic applications.

Résumé

Dans ce travail, des couches minces d'oxyde de zinc dopé, colorées au cuivre et au cobalt, et a double
dopage cobalt et cuivre, ont été déposées dans des proportions différentes 0, 2, 4 et 6 (% molaire). Utilisation de
sol-gel avec Spin-Coating a température ambiante. Dans le but de contribuer a I'étude de I'effet du dopage sur les
caractéristiques morphologiques, structurelles, structurelles, linéaires, non linéaires et électriques. Les images
MEB ont révélé que les membranes sont de qualité cristalline et forment une surface nanométrique cristalline
uniforme. Les résultats de I'EDAX ont également montré que les films contenaient du zinc (Zn), de I'oxygéne (O),
du cuivre (Cu) et du cobalt (Co). Les analyses XRD ont montré que les membranes de ZnO a structure
polycristalline avaient une structure Wurtzite (hexagonale) avec une qualité cristalline avec une orientation de
croissance préférée (002). Les propriétés optiques ont confirmé que les films préparés possédaient une
transmittance de 85% et avec une augmentation de la concentration de cuivre, I'écart d'énergie diminue
considérablement, car nous avons observé une augmentation de I'indice de réfraction, de la constante diélectrique,
de la conductivité optique, de la sensibilité électrique du premier et troisiéme degré et I'indice de réfraction non
linéaire. Les propriétés électriques ont été calculées au moyen de (Quatre points), on note que la résistance du
carré augmente avec I'augmentation du dopage. Le double dopage a été choisi pour avoir de bonnes propriétés
pour les applications optoélectroniques.
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