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Abstract

Glycine zinc sulfate (GZS) single crystals pure and doped with copper were grown by the slow
evaporation of aqueous solutions at constant temperature (307 K). Cu/Zn molar ratios were 1%, 2%
and 3% in the growth solutions. The optical reflectance was measured for pure and doped crystals
(GZS:Cu) and it was used to calculate several optical and dielectric parameters. The direct optical
band gap energy was found to be 5.44 eV for pure GZS crystal and it decreased as Cu/Zn molar
ratio increased. The band tailing was studied for GZS:Cu crystals by using Urbach relation. The
normal dispersion was investigated for GZS:Cu crystals by using both Wemplee—-Di-Domenico and
Cauchy-Sellmaier models. The real and imaginary parts of the complex dielectric constant of
GZS:Cu crystals were calculated. Urbach parameters, normal dispersion parameters and dielectric
parameters of GZS:Cu crystals were calculated in the present work for the first time. It was found
that doping GZS crystal, with copper, affects the values of its optical and dielectric parameters and
improves its electrical conduction.
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1. Introduction

Glycine zinc sulfate (GZS) crystal is semi-organic nonlinear optical (NLO) material and many
studies have been achieved on it because of its practical applications in harmonic generation,
switching and other optical signal processing devices [6, 14, 21, 23]. GZS crystal belongs to
orthorhombic system and the cell parameters are a = 8.440(2) A, b = 8.278(2) A, ¢ = 12.521(3) A
and V = 874.8(4) A® [9, 23]. The electron paramagnetic resonance (EPR) of copper ions has been
studied as paramagnetic impurity in GZS single crystal at ambient temperature [20]. The detailed
(EPR) analysis showed the only one site of Cu (I1) and entered the lattice substitutionally in place
of Zn (1) [20].

The optical band gap energy (Eg) and some optical constants have been calculated for GZS
crystal in some articles. Indirect Eq was reported as 3.8 eV [4], while direct Eq was reported as 4.25
eV [22], 4.55 eV [7] and 5.4 eV [17]. Some optical constants have been calculated, such as
refractive index (n) ,which was reported as 1.587 at 4 = 1000 nm and extinction coefficient (Ke)
which was found to be 4.15 x 107 at 1 = 1000 nm [17]. GZS crystal has been doped with cobalt [4]
and it was found that indirect optical band gap energy (Eg) decreases with increasing cobalt
content.

Recently, linear and nonlinear optical properties of glycine zinc sulfate (GZS) crystal have
attracted the attention of many researchers [10, 25, 26]. Vijayalakshmi and Dhanasekaran [25]
grew single crystals of different molar ratios of ZnSOs-added glycine by using the slow
evaporation method. They reported that the nonlinear optical property improves for 0.6 M of
ZnS0s-added glycine and the direct Eg of 1 M of ZnSOs-added glycine (GZS) crystal equals to
5.933 eV. The same researchers studied the linear and nonlinear optical properties of glycine and
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zinc sulphate mixed crystal in the molar ratio 1:0.7 respectively. They found that the second
harmonic generation efficiency of this crystal increases and the direct Eq value is 5.99 eV [26]. In
growing GZS single crystal by using Sanakaranarayan - Ramasamy (SR) technique and studying
by physical properties for optoelectronic applications, it was found that the grown crystal has 80%
transparency in the wavelength range of 300-950 nm. They confirmed the application of GZS in
NLO devices and they reported that the direct Eq = 4.6 eV [10].

To the best of our knowledge, the works on the linear optical properties of GZS crystal are
scarce and some important optical and dielectric parameters have not been calculated yet for this
crystal. On the other hand, copper had been used as impurity in GZS single crystal [20] but the
effect of this impurity on the linear optical properties of the crystal has not been studied yet.
Moreover, the absorption coefficient («) and the optical energy gap (Eg) of GZS crystal have not
been calculated yet by using the reflection spectra. Therefore, in the present work, we will use the
reflectance measurements to calculate several optical and dielectric parameters of GZS crystal and
to study the effect of copper as dopant on these parameters.

2. Experimental details
Synthesis

Pure glycine zinc sulfate (GZS) compound was synthesized as an aqueous solution by
dissolving glycine (NH,CH,COOH) and zinc sulfate heptahydrate (ZnSO4-7H20) in the molar ratio
1:1 in double distilled water according to the following reaction [23]:

NH,CH,COOH + ZnS0,4-7H,0 — Zn[NH,CH,COOH]SO04-3H,0 + 4H,0 1)
Copper—doped GZS compounds were synthesized as aqueous solutions by adding copper sulfate
pentahydrate (CuSO4-5H20), as a source of Cu dopant, to the solution of pure GZS with different
molar ratios separatelly. Cu concentrations or Cu to Zn molar ratios (Cu/Zn) in the solution of
growth were 1%, 2% and 3%. In general, we will refer to our samples in this paper as GZS:Cu
where the pure (undoped) sample (GZS) has Cu/Zn molar ratio of 0% and the copper—doped
samples have three different Cu/Zn molar ratios 1%, 2% and 3% in the solution of growth .

Crystal Growth

All agueous solutions were evaporated slowly at room temperature for several days to obtain
seeds and then clear seeds were chosen to grow single crystals. The agueous solutions have been
supersaturated at constant temperature (307 K) and these supersaturated solutions have been used
to grow pure and copper—doped GZS single crystals by the slow evaporation technique. Crystal
growth process was achieved by using an indigenous crystal growth apparatus (crystallizer). To
grow all crystals simultaneously at the same conditions, the crystallizer was multi-jar. Optimum
growth parameters including solution purity, seed orientation and purity, seed rotational speed,
temperature of crystallization, and period of growing crystal were chosen for the best result.

Optical Measurements

For optical measurements, the samples were prepared from the obtained single crystals as
rectangular plates 1 mm in thickness. The samples were polished by using a wet soft cloth. The
obtained samples were clear, transparent, and free from noticeable defects. The optical reflectance
was recorded for all samples with unpolarized monochromatic light using UV-Visible
spectrophotometer (Varian, Cary 50). The measurements were performed at room temperature in
the wavelengths range of 200-800 nm and the air was the surrounding medium.

3. Results and discussion
Reflectance spectra

In Fig. 1, the optical reflectance (R) is plotted as a function of wavelength (1) for GZS:Cu
crystals. One can see that, at the whole measured range of wavelengths, all crystals have small
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reflectance (R < 0.06) and it decreased as Cu amount increased. This behavior may be caused by
increasing free charge carriers and, therefore, increasing the distortion which leads to decreasing
the reflectance of the crystal.

Absorption coefficient

For the samples having large thickness, compared with the wavelength, the absorption
coefficient (a) can be obtained from the measured reflectance (R) by using the following formula
[13]:

a=1Ln (m—mﬁl.‘)"')) /2t (2)
where Rmax. and Rmin. are the maximum and minimum reflectance values in reflection spectra, R is
the recorded reflectance value for any intermediate wavelength and t is the sample thickness. The
photon energy (E) can be calculated from the wavelength (2) by using the known formula:

E =hc/A 3)
where h is Planck constant and c is the velocity of light in vacuum.

In the present work, each sample used for reflectance measurements has a thickness of 1 mm
which is large when comparing it with the used wavelengths range (200-800 nm). Therefore, our
samples obey the condition to calculate the absorption coefficient (o) by using Eq. (2). The relation
between absorption coefficient () and photon energy (E), for GZS:Cu crystals, is shown in Fig. 2.
It is clear that, for all GZS:Cu crystals, « increased with increasing E and it increased more rapidly
when E became more than a special value called the optical band gap energy (Eg). In addition, one
can see that the absorption coefficient
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Fig. 1. The reflectance spectra versus wavelength (1) for GZS:Cu crystals.
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Fig. 2. The absorption coefficient (o) versus photon energy (E) for GZS:Cu crystals.

() increased with increasing Cu/Zn molar ratio. This behavior can be related to increasing defects
in the doped crystals.

Optical band gap energy

The relation between absorption coefficient (a) and photon energy (E) has the following

formula [15]:

aE = B(E — E,)" 4)

where B is a constant depends on electron and hole effective masses of the material and n refers to
the type of transition (n = 1/2 for direct allowed transition, n = 3/2 for direct forbidden transition, n
= 2 for indirect allowed transition and n = 3 for indirect forbidden transition). For the present work,
the best linear fitting was obtained with n = 1/2 and so GZS:Cu crystals have the allowed direct
transition. The plots of (aF) 2 versus E for GZS:Cu samples are shown in Fig. 3. The straight lines
of these plots were extended to E axis to obtain the values of direct optical band gap energy (Eg)
and the obtained values are listed in Table 1.

The value of Eg obtained in this work for pure GZS crystal (5.44 eV) agrees well to that (5.4
eV) reported by Nithya et al. [17]. In some other publications, Eg of pure GZS crystal has slightly
different values. The differences in E4 value in those works can be explained by the differences in
crystal growth conditions from one work to another [7, 10, 22, 25, 26]. These conditions are
equivalent in the present work and in the work of Nithya et al. [17]. Therefore, E; has
approximately the same value in the two works.

It is clear that the optical band gap energy decreased with increasing Cu/Zn molar ratio. This
behavior may be related to increasing defects in the doped crystals which leads to increasing free
charge carriers. The obtained values of optical band gap energy (Eg) for GZS:Cu crystals (5.44—
5.17 eV) indicate that GZS is insulator. Copper ions incorporated in the lattice of GZS crystal as
impurities and the carriers of free charge increased and, therefore, Ey decreased. This means that
doping GZS crystal with copper, leads to decreasing its insulating property i.e. improving the
electrical conduction of the crystal.
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Urbach rule
Under optical band gap energy, the absorption coefficient (a) can be obtained by using the
empirical Urbach relation [24]:

" E-E*
a=aexp(Eu) )
where o and E” are characteristic parameters depend on the material, E is the incident photon
energy and Ey is the band tail energy or Urbach energy which characterizes the width of the located
states. The region of photon energies ,where a obeys Eq. (5), is called the Urbach tail range.

Urbach energy (Eu) depends on temperature (T) by the following relation [12]:
KgT
Ey =— (6)
where Kz is the Boltzmann constant and o is a steepness parameter which characterizes the width of
the straight line near the absorption edge. Eq. (5) can be changed to the form:

Ln(a) = Ln(a*) + (E_E*) (7

Ey
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Fig. 3. (0E) 2 versus photon energy (E) for GZS:Cu crystals.

Therefore, plotting Ln(e) against E at the Urbach tail range gives a straight line which has a
slope of 1/Ey and intersection of Ln () — E"/Ey. If the relation between « and E is of the Urbach
type, the obtained straight lines at a wide range of Ln(a)~E graph will converge to the same point
[E", Ln (a)].

In Fig. 4, the dependence of Ln («) on E is displayed for GZS:Cu crystals. The range of E in
part (a) is less than Eq (the Urbach tail range) ,while in part (b) there is a wide range of E more than
Es.
The obtained relations were fitted to the best straight lines according to Eq. (7) by using Origin
program. Part (a) shows clearly the straight lines of Ln(a)~E relations. From the slopes of these
straight lines, the Urbach energy (Eu) was calculated for each sample and then, by using Eq. (6),
the steepness parameter (o) was calculated from Ey at constant temperature (T = 298 K). Part (b)
shows that the obtained straight lines for GZS:Cu crystals converged to the same point [E", Ln
(a)]. The obtained values of Eu, ¢, E", Ln (") and & are listed in Table 1.
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Table 1: Optical band gap energy and Urbach parameters for GZS:Cu crystals.

Eg, eV Eu, eV c E, eV Ln (o) o, cm?
GZS 5.44 0.39 0.0667
GZS:Cu 1% 5.33 0.53 0.0485
GZS:Cu 2% 5.25 0.55 0.0470 65 49 134.3
GZS:Cu 3% 5.17 0.56 0.0458

The values of Urbach energy (Eu) for copper—doped GZS crystals are more than that for the
pure one, while the values of steepness parameter (o) for copper—doped GZS crystals are less than
that for the pure one. This behavior, for both Ey and o, is conceivable because of the increase in
disorder and defects in the doped GZS crystals.

It is clear from Table 1 and Fig. 4 (b) that each of E” and «" parameter has only one value for all
samples. this is because the two parameters (E* and «) depend only on the material, but not on
dopant molar ratio. Moreover, if we doped GZS crystal with any other material or using any
influent, like heating, and we obtained Urbach tail, the values of both E” and «” will stay the same.
This means that, E" and «" parameters are independent of the dopant type or on heating. This
behavior of E” and " parameters was tested for another crystal (ZTS) in the previous two works [2,
3]. The influent was heated in one work [3] and doped with cobalt in the other work [2], but the
values of both E” and «” were the same in the two works.

(a) (b)

2.0+

Ln ¢, (ain cm")
P
Ln ¢, (ain cm")

0.0 -

.3 L ' L ' L 2.4 L ' L L L
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Fig. 4. Ln () versus photon energy (E) for GZS:Cu crystals. (a) In narrow range of E less than E.
(b) In wide range of E more than Ej.

Both Eg and Ey are shown in Fig. 5 as a function of Cu/Zn molar ratio in the growth solution of
GZS:Cu crystals. One can see that the optical band gap (Egy) changed reversely with Urbach energy
(Eu). This behavior leads to a possible redistribution of states [18].

Univ. Aden J. Nat. and Appl. Sc. Vol. 25 No.2 — October 2021 320



Effect of copper doping ......... Abduh Abdulwahab, Ahmad Qaid, Tawfik Ali, Annas Al-Sharabi

0.60

0.55

E ,eV
EU,eV

0.45

0.40

5.15 L— - ' - ' : 1035
0 1 2 3

Cu/Zn molar ratio, %

Fig. 5. Variations of the optical energy gap (Eg) and Urbach tail energy (Ey) with Cu/Zn molar ratio
in the growth solution of GZS:Cu crystals.

Extinction coefficient and refractive index
The extinction coefficient (Kex) and refractive index (n) can be calculated from a, 2 and R by
using the following relations [1]:

Key, =2 6)
(n—1)?+KZy.

T ()P KE, ©)
Since K is very small, Eq. (9) can be written as the following simple form:

_ (14+VR)

= t—vr) (10)
The obtained values of Ke and n for GZS:Cu crystals are plotted as functions of photon energy (E)
in  Fig. 6 and Fig. 7 respectively. It is clear that, for all GZS:Cu crystals and for all measured
range of photon energies, the values of the extinction coefficient (Kex) are between 0 and 11x10°
,while the values of the refractive index (n) are between 1 and 1.62. Furthermore, Ke, = 107 n at all
measured E range and for all GZS:Cu crystals. The values of both K¢ and n for pure GZS crystal
are in very good agreement with those (Kex = 4.15 x 10° and n = 1.587 at A = 1000 nm) reported
by Nithya et al. [17].

Fig. 6 shows that the extinction coefficient (Ke) increased with increasing Cu/Zn molar ratio at

all measured range of photon energies. This behavior may be explained by the increase of defects
in the doped
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Fig. 6. Extinction coefficient (Kex) versus photon energy (E) for GZS:Cu crystals.
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Fig. 7. Refractive index (n) versus photon energy (E) for GZS:Cu crystals.

crystals. In addition, the extinction coefficient (Kex) decreased with increasing photon energy (E) at
the lower photon energies for all GZS:Cu crystals. But, it has a rapid increase with increasing
photon energy (E) at the higher photon energies. This behavior can be explained by fundamental
absorption edge of the material which lies in this range of E.

As seen in Fig. 7, the refractive index (n) decreased with increasing Cu/Zn molar ratio at all
measured range of photon energies. This behavior is caused by the increase of distortion in the
doped crystals. Furthermore, the refractive index (n) increased with increasing photon energy (E) at
the lower photon energies for all GZS:Cu crystals. At the higher photon energies, n decreased
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rapidly with increasing photon energy (E). This behavior will be discussed and explained with
more details in the following section.

Normal dispersion and its parameters

Dispersion is defined as the dependence of refractive index (n) on photon energy (E). It has an
importance in the optical studies because it is a major factor in some optical applications like
optical communication and designing devices for spectral dispersion [16].

One can see in Fig. 7 that the refractive index (n) of GZS:Cu crystals increased with increasing
photon energy (E) when E is less than 3 eV. This range of E is below the fundamental absorption
edge of the material (Ey > 5 eV). This behavior of n refers to the presence of normal dispersion at
this range of photon energies. When E is more than 3 eV, n decreased with increasing E. This
behavior of n refers to the presence of anomalous dispersion at this range of photon energies, in
addition to the effect of fundamental absorption edge of the material [11, 28].

The relation between the refractive index (n) and photon energy (E) can be described by using
the single oscillator model developed by Wemple and DiDomenico. According to this model, n has
the following relation with E [27]:

EoE
nt =14 L GED

where Eo is the single oscillator energy and Eq is the dispersion energy. The materials can be
known if they are different in their structures and optical constants by differing of Eo; and Eq [5].
We can change Eqg. (11) to the following form:
- E 1
(n?—1)"t = (E_Z) - (ﬁ) E? (12)

Sketching (n%-1)* as a function of E2 would give a straight line which has a negative slope 1/EoEq
and intersection Eo/Eq. Such relations for GZS:Cu crystals are shown in Fig. 8 (a) at all measured
range of photon energies. Fig. 8 (b) shows that the obtained relations were fitted to the best straight
lines according to Eq. (12), by using Origin program at E? range of 4-6 eV? (E range of 2—2.45 eV)
which occurs at the normal dispersion region. The fitted relations give excellent straight lines for
all samples and, therefore GZS:Cu crystals have normal dispersion at this range of photon energies
according to Wemple and DiDomenico dispersion relation. The slopes and intersections of the
straight lines were used to calculate Eo and E4 for all samples and the obtained values are listed in
Table 2.

Table 2: Normal dispersion parameters for GZS:Cu crystals.
E.,eV Egqev f (V)2 M, Ms, (eV)?  ay, (eV)? No
GZS 7.408 10.01 7415  1.3510 0.0246 0.00943 1.53
GZS:Cu 1% 6.822 8.586 58.57  1.2587 0.0271 0.01093 1.50
GZS:Cu 2% 5.165 5.163 26.67  0.9996 0.0375 0.01897 1.40
GZS:Cu 3% 3.976 2.736 10.88  0.6882 0.0435 0.03286 1.25

One can see that the single oscillator energy (Eo) decreased with increasing Cu/Zn molar ratio.
This indicates that the normal dispersion region shifts to a range of lower photon energies for
doped samples. Also, increasing Cu/Zn molar ratio leads to decreasing the dispersion energy (Ed)
which indicates that the intensity of the inter-band optical transitions decreased for doped samples.
The changes of Eq and Eq4 values by doping GZS crystal with copper are related to the changes of
chemical bonds and their bonding energy caused by presence of Cu ions [16].

The oscillator strength (f) can be obtained from the values of Eq and Eq4 by using the following
relation [8]:

f=EyXEqg (13)
The values of oscillator strength (f) for GZS:Cu crystals are listed in Table 2.
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The optical spectrum moments (M.1 and M) are related to Eq and Eq by the following two
equations [8]:

M_

E§ =17 (14)
M3

Ei = (15)

These two equations were used, with the values of Eoand Eg, to calculate M.; and M.; for GZS:Cu
samples and the obtained values are listed in Table 2. It is clear that ,when Cu/Zn molar ratio
increases, M. value decreases, while the value of M.3 increases.

Dependence n on E at normal dispersion region (E < Eg) can be described by the approximated
Cauchy-Sellmaier equation expanded in even powers of photon energy (E). The first approximation
of this function is of the following form [8]:

n=ngy+ a,E? (16)

where ng and a; are Cauchy coefficients that depend on the material. The parameter a; represents
the dispersion dn/d(E)® of the material and n, is the static refractive index of the material (the
refractive index at E = 0). Plotting n as a function of E? will give a straight line with a slope a; and
intersection no.

The relations between n and E? for GZS:Cu crystals are shown in Fig. 9 (a) at all measured range of
photon energies. Fig. 9 (b) shows that the obtained relations were fitted to the best straight lines
according to Eq. (16), by using Origin program at E? range of 46 eV? (E range of 2-2.45 eV)
which occurs at the normal dispersion region. The fitted relations give excellent straight lines for
all samples and, therefore the optical data of GZS:Cu crystals obey Cauchy—Sellimaier dispersion
equation at this photon energies range (the normal dispersion region). Cauchy coefficients a; and no
were obtained, respectively from the slopes and intersections of the straight lines for all studied
samples and their values are listed in Table 2. The parameter a; increased, while no decreased with
increasing Cu/Zn molar ratio. This means that when the copper content increased in GZS crystal as
dopant, the dispersion (dn/dE) of the crystal increased and the refractive index at E = 0 decreased.

(a) (b)

11:2-1)"

(nz-l)‘I

E, (V) E, (eV)

Fig. 8. (n*-1)* versus (E)? for GZS:Cu crystals. (a) At the all measured range of photon energies.
(b) Fitted to the best straight lines at narrow photon energies range (E? = 4-6 eV? or E = 2-2.45
eVv).
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Fig. 9. Refractive index (n) versus (E)? for GZS:Cu crystals. (a) At the all measured range of
photon energies. (b) Fitted to the best straight lines at narrow photon energies range (E? = 4-6 eV?
or E=2-2.45¢V).

Putting E = 0 in Eq. (12) gives the following equation:
A7)

Therefore, the values of Eo and Eq in Table 2 can be used to calculate ng from Eq. (17) for
GZS:Cu crystals. The obtained no values by this method were, approximately, the same with that
obtained above and listed in Table 2. This means that both Wemplee-Di-Domenico dispersion
relation and Cauchy—Sellimaier dispersion equation gives the same results and, therefore, the
measurements and calculations in this work have very good accuracy.

To the best of our knowledge, the normal dispersion parameters of GZS crystal are not available
in the literature. Therefore, the values of normal dispersion parameters (Eo, Eq, f, M.1, M3, a1 and
no) of pure and copper—doped GZS crystals were calculated in the present work for the first time.

Dielectric parameters

Dielectric parameters are important for materials to be used in some applications like
optoelectronics. These parameters can be calculated from the optical constants obtained in previous
sections. The real (&) and imaginary (&) parts of the complex dielectric constant (¢) are connected
to the refractive index (n) and extinction coefficient (Kex) by the following relations [16, 19]:

e=n+iK, )% =g +is, (18)
g =n?—K2 (19)
&, = 2nK,, (20)

Since n and Ke are functions of E, & and & also depend on E. Fig. 10 (a) and (b) represent
respectively such dependences for GZS:Cu crystals. For all GZS:Cu crystals and for all measured
range of photon energies, the values of & are between 1 and 2.62 while the values of & are between
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0 and 22 x10. In addition, & = 10 & at all measured E range and for all GZS:Cu crystals. Fig. 10
(a) shows an increase of & with increasing E at the lower photon energies for all GZS:Cu crystals,
and then it decreased rapidly with increasing photon energy at the higher photon energies. The part
(b) of Fig. 10 shows that & decreased with increasing photon energy at the lower photon energies
for all GZS:Cu crystals, and then it increased rapidly with increasing photon energy at the higher
photon energies. At all measured range of photon energies, & decreased, while & increased with
increasing Cu/Zn molar ratio. This behavior can be explained by increasing the conductivity of the
material as a result of increasing free charge carriers in the doped crystals.

At the infrared range, & and &, are related to A2 and A® respectively as the following equations
[16, 19]:

ERYAY,
&1~ En— o5 A (21)
_ EoWh 3
€27 87r3c3'E)L (22)

where c is the velocity of light in vacuum, & is the high frequency dielectric constant, wy is the
plasma frequency and 7 is the relaxation time. Plasma wavelength (4,) can be obtained from plasma
frequency (wp) and velocity of light in vacuum (c) by using the following relation [16]:

2
Ay =2 (23)

Wp

Fig. 11 (a) and (b) represent respectively & as a function of A% and & as a function of A* for
GZS:Cu crystals at all measured range of wavelengths (4 = 200-800 nm). The obtained relations
for & and & were fitted to the best straight lines according to Eq. (21) and Eq. (22) by using Origin
program at A range of 700-800 nm which lies at the near infrared region, as shown in insets of Fig.
11 (a) and (b) respectively. The obtained values of the high frequency dielectric constant (&),
plasma frequency (wp), relaxation time (z) and plasma wavelength (1,) for GZS:Cu crystals are
listed in Table 3.

Table 3: Dielectric parameters deduced from optical measurements for GZS:Cu crystals.

€ op, (10%rad.s™) 1, (10%5s) Ap, UM

GZS 2.60 7.574 4.6348 2.487
GZS:.Cu 1% 2.37 2.535 1.3953 7.431
GZS:Cu 2% 2.16 2.370 0.7007 7.948
GZS:Cu 3% 1.88 1.647 0.1521 11.44
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Fig. 10. Variation of the real part (a) and imaginary part (b) of complex dielectric constant with
photon energy for GZS:Cu crystals.
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Fig. 11. Variation of the real part (a) and imaginary part (b) of complex dielectric constant with A2
and with A® respectively for GZS:Cu crystals. The insets of (a) and (b) represent, respectively, the
fitting of the obtained relations to the best straight lines at narrow wavelengths range (A = 700—-800
nm).

It is clear from Table 3 that, the high frequency dielectric constant has the highest value for the
pure sample and it decreased with increasing Cu/Zn molar ratio. The same behavior is shown for
plasma frequency and relaxation time while plasma wavelength has a reverse behavior. Relaxation
time decreased quickly when doping GZS crystal with 1% Cu and then it decreased slowly when
increasing Cu concentration to 2% and to 3%. This behavior confirmed that the electrical
conduction of the crystal increased by doping it with copper.
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. Conclusions

One can notice from the results of this work that increasing Cu/Zn molar ratio in GZS single
crystal leads to decreasing the reflection and increasing the absorption of the incident photon
energy. These changes lead to decreasing E4, n and &1 and increasing a, Kex. and &,. Accordingly,
we can deduce that the important impact of copper dopants on the properties of GZS crystal is
the decreasing of its insulating property i.e. improving its electrical conduction.

From the results of this work, we can notice that the changes of optical and dielectric parameters
with changing Cu/Zn molar ratio are systematic (the mentioned parameters increased or
decreased continuously with increasing Cu/Zn molar ratio). In addition, these changes were
noticeable (have large differences) from one Cu/Zn molar ratio to another. This means that
copper dopant, which had been added to the solution of growth is incorporated to GZS crystal
and changes its properties i.e. the incorporation of copper ions in the lattice of GZS crystal is
proportional to the Cu/Zn molar ratio in the growth solution. Therefore, Cu/Zn molar ratio in
the growth solution represents the concentration of impurities or defects in the crystal lattice.
The dielectric parameters of GZS crystal have not been calculated yet, therefore, the values of
the dielectric parameters (&, wp, T and 4,) of pure and copper—doped GZS crystals are calculated
in the present work for the first time.
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