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a b s t r a c t

Mn/Cu co-doped ZnO (Zn0.99-xMnxCu0.01O) nanoparticles were synthesized by the solid state reaction
method to investigate the relationship between the band gap and the refractive index. The stoichiometry
was provided by increasing x values (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05). The X-ray diffraction
(XRD) method was utilized for the structural analysis of all Mn/Cu co-doped ZnO nanoparticles. Hex-
agonal Wurtzite structure was established by making use of the c/a ratios of the ZnMnCuO nanoparticles.
Photoluminescence (PL) properties were measured by employing the Agilent Cary Eclipse Fluorescence
Spectrophotometer to discover the structural defects. The red emission with its wavelength within the
range of 620e750 nm was observed. The red emission centered at 700 nm could be attributed to oxygen
vacancy (Vo) which was strongly dependent on the Mn concentration. The Fourier Transform Infra-Red
(FT-IR) spectra (4000 - 400 cm�1) of the samples were recorded in the By PerkinElmer Spectrum Two
FTIR-ATR spectrophotometer. Scanning Electron Microscope (SEM) technique was applied to determine
the surface morphology, crystallite size, and the shapes of the nanoparticles. The elemental compositions
of the nanoparticles were obtained by Electron Dispersive Spectroscopy (EDAX). The optical properties of
the nanoparticles were obtained by using the Shimadzu 2600 UltravioleteVisible (UV-VIS) Spectro-
photometer. The energy band gaps of the samples were calculated and the effects of dopant elements on
optical properties were discussed. The refractive index was calculated by using the five different models.
The maximum band gap occurred for Zn0.97Mn0.02Cu0.01O with a band gap energy of Eg ¼ 3.28 eV.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

There has been a great interest in high refractive index n and
wide band gap Eg because of their applications in optoelectronic
and sensor industries. To increase the performance of optical
interference filters and optical sensors (e.g. anti-reflection coat-
ings), there is a need not only for the high refractive index but also
for wide band gap materials.

Recently, Naccarato et al. [1] in 2019 published an article to
relate the high refraction index and band gap, for which they
evaluated more than 4000 semiconductors and investigated how
the chemistry influenced this inverse relationship between
refraction index and band gap and rationalized why certain classes
of materials would perform better. The energy gap forms the
.

threshold for absorption of photons in semiconductors. The
refractive index in the semiconductor is a measure of its trans-
parency to incident spectral radiation. A correlation between these
two fundamental properties has a significant bearing on the band
structure of semiconductors. Naccarato et al. [1] reviewed some of
the refractive index calculation models proposed by, namely, Rav-
indra et al. [2], Moss [3], Herv�e and Vandamme [4], Reddy and
Anjayenulu [5], Kumar and Singh [6]. Especially, zinc oxide (ZnO) is
emphasized as a favorable choice for functional components of
devices and materials in photonic crystals [7,8], spintronics [9], gas
sensors [10], light-emitting diodes [11,12], microelectronics, solar
cells [13], lasers [14], varistors [15] and photoelectrochemical cells
[16]. In addition, it is one of the crucial and emerging semi-
conductor materials with a direct band gap of ~3.37 eV and a large
exciton binding energy of ~60 meV [17] at room temperature (RT).
Moreover, since ZnO is a non-toxic, biocompatible, and biosafe
material, it has been used as a drug carrier, a cosmetic, and a filling
in medical applications.
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To control the band gap, the electrical conductivity, and to in-
crease the carrier concentration, it is important to determine with
what element or elements ZnO must be doped. Lately, many re-
searchers have concentrated on the doping of ZnO with transition
metals (TMs) such as Mn, Ni, Fe, Cu, Co and Cr due to the potential
applications in spintronics [18e22]. Among the various doping el-
ements, Cu is nearly ideal for modifying the properties of ZnO
because Cu atoms have a radius and electronic shell similar to those
of Zn atoms; thus, the substitution of Zn by Cu does not induce a
change in the lattice constant. Therefore, the effects of Cu doping on
the magnetism, photoluminescence, band gap, and transmittance
of ZnO films prepared by magnetron RF sputtering, magnetron DC
sputtering, spray pyrolysis, pulsed laser deposition, and sol-gel
processes have been heavily studied [23] and the references
therein].

In 2011, Reddy et al. reported that when Cu2þ ions were located
at substitution sites, the carrier concentration increased; as a result,
the band-gap energy decreased. Cu-doped ZnO nanoparticles with
40 nm size were synthesized by the solution combustion method
which showed a red shift and a narrowing of band gap [24]. Ac-
cording to Tao et al. [25], copper is a prominent luminescence
activator, which can modify the luminescence of ZnO crystals by
creating localized impurity levels. Kumar et al. [26] used Raman
Spectroscopy to study the crystalline quality, structural disorder,
and defects in the host lattice of the sol�gel derived Zn1�xMnxO
(0 � x � 0.06) nanoparticles. Tiwari et al. [27] investigated (Ni, Cu)
co-doped ZnO nanocrystals which were prepared by the wet
chemical route. Their XRD measurements showed that though
phase purity of the ZnO samples was retained by Ni doping at 2%,
Cu doping beyond 3% created a separate CuO phase in the samples.
Sharma and Jha [28] stated that Co/Mn co-doped ZnO nano-
crystalline samples with tuned optical properties were promising
candidates for applications in spintronic, optoelectronic devices
(e.g. dye/quantum dot sensitized solar cells) and ceramics. Dubey
et al. [29] investigated Zn1�y�xMnyLixO (y ¼ 0, 0.02 and x ¼ 0, 0.01,
0.02, 0.03, 0.04, 0.06) nanoparticles by the sol-gel method and
concluded that these synthesized materials with visible light
emission and dye degradation activity could be used effectively in
future optoelectronic devices and in water purification for cleaning
of dyes. Tamura and Ozaki [30] studied the electronic density of
states and themagnetic properties of a series of 3d transition-metal
(Mn, Fe, Co)-doped ZnO by tunneling spectroscopy and SQUID,
respectively. The magnetization curve (M versus H) obtained by
SQUID showed ferromagnetic hysteresis at room temperature for
the Fe-doped sample superimposed on a linear characteristic,
whereas for Mn- and Co-doped samples, the M versus H curve
showed only the linear characteristic without hysteresis. There
have been different approaches to the defect chemistry of Mn-
doped ZnO. Cao et al. [31] assumed that doping of ZnO with man-
ganese dominantly formed Mn2þ with a small amount of Mn4þ.
According to their model, when Mn4þ ions replaced Zn2þ ions, they
acted as donor atoms generating two free electrons while Mn2þ

ions only generated oxygen vacancies.
It is known that the transition metals such as Cu and Mn are

attractive dopants for ZnO, the reasons for which can be listed as
follows: (i) they are isomorphic to Zn; (ii) they possess variable
oxidation states, which are important for catalytic and photo-
catalytic applications; (iii) both of them have different acceptor
properties into a ZnOmatrix (except Mn in its lower oxidation state
and Mn4þ when substituting Zn2þ ions), thus affecting the elec-
tronic surface band structure of ZnO, and consequently its
applications.

In this study, Zn0.99-xMnxCu0.01O nanoparticles were synthe-
sized using the solid state reaction method by varying the dopant
ratio from x ¼ 0.01 to 0.05 in increments of 0.01. The structural and
optoelectronic properties such as refractive index, band gap and
reflectance spectra of the samples were calculated by using five
different models, namely, those of Ravindra et al. [2], Moss [3],
Herv�e and Vandamme [4], Reddy and Anjayenulu [5], Kumar and
Singh [6]. Moreover, we used the photoluminescence analysis to
find the key factors affecting optical and structural performances.
Since very few research articles report the strong co-emission of
Ultraviolet (UV), blue, green and red light, by encompassing key
results on howmuch theMn concentration affects the red emission
region centered at 700 nm, some light is shed on that issue.

2. Experimental procedures

2.1. Preparation of Zn0.99�xMnxCu0.01O (x ¼ 0.00, 0.01, 0.02, 0.03,
0.04, 0.05) nanoparticles

Zn0.99Cu0.01O and Zn0.99�xMnxCu0.01O (x ¼ 0.01, 0.02, 0.03, 0.04,
0.05) nanoparticles with Cu doping concentration of 1 wt % and
with Mn doping concentrations of 1, 2, 3, 4 and 5 wt % were pre-
pared by solid state reaction method. Zinc acetate dehydrate
(Zn(CH3CO2)2.2H2O (Sigma Aldrich > 99% purity), copper(II)acetate
(Cu(CO2CH3)2 (Sigma Aldrich > 98% purity), manganese(II) acetate
tetrahydrate (Mn(CH3COO)2.4H2O) (Sigma Aldrich > 99% purity),
were used as precursors. Firstly, 0.8691 g (99 wt %) zinc acetate
dehydrate and 0.00798g (1 wt %) copper (II) acetate were mixed
until finely powdered. Then, zinc acetate dehydrate (0.8603 g,
98 wt %), manganese (II) acetate tetrahydrate (0.01072 g, 1 wt %)
and copper (II) acetate (0.00798 g, 1 wt %) were grounded together
in an agate mortar until a homogeneous mixture was obtained. The
other samples were prepared in the same manner. Afterwards, the
mixtures were transferred into a porcelain crucible and put into a
furnace for heating process. The prepared powders were heat
treated at 600 �C for 2 h. The grey powders thus obtained were
labeled Zn0.99Cu0.01O, Zn0.98Mn0.01Cu0.01O, Zn0.97Mn0.02Cu0.01O,
Zn0.96Mn0.03Cu0.01O, Zn0.95Mn0.04Cu0.01O and Zn0.94Mn0.05Cu0.01O.

2.2. Characterization techniques

The phase characterizations of the powders thus prepared were
carried out using Rigaku Multiflex diffractometer using CuKa radi-
ation (l ¼ 1.5406 Å), in the scan range of 2q between 200 and 800

with a scan speed of 3�/min and with increments of 0.02. The
surface morphologies of the obtained products were ascertained by
scanning electron microscopy (SEM) and elemental analysis using
X-ray energy distribution (EDAX) (FEI Quanta Feg250). The optical
properties of the nanoparticles were established in the range of
200e900 nm with the help of Shimadzu 2600 UV-
Spectrophotometer. The FT-IR spectra (4000 - 400 cm�1) of the
samples were recorded in the By PerkinElmer Spectrum Two FTIR-
ATR spectrophotometer. Photoluminescence properties were
assessed by using the Agilent Cary Eclipse Fluorescence
Spectrophotometer.

3. Results and discussion

3.1. Structural characterization

XRD analysis was used to determine the structural behavior of
all samples in the range of 20� � 2q � 80� degrees with indexed
peak positions. As shown in Fig. 1 ZnO phase with wurtzite hex-
agonal structure (ICDD card No. 36e1451) of space group P63mc
and the Mn2O3 [32] (ICDD card No. 76e0150) XRD patterns as the
second phase were observed. Using XRD analysis of Zn0.99Cu0.01O
and Zn0.99�xMnxCu0.01O (x ¼ 0.01, 0.02, 0.03, 0.04, 0.05)



Fig. 1. XRD patterns of Zn0.99�xMnxCu0.01O nanoparticles at different Mn concentrations.
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nanoparticles, the concentration-dependent average crystallite
sizes, lattice parameters, volume of the unit cell, microstrain (ε),
stress (s), dislocation density (d) (the amount of defect in the
sample), the locality of the atoms and their displacement (u), and
bond length L were calculated and listed in Table 1 and shown in
Figs. 2-4. The detailed calculations of ε, s, d, D, u, and L parameters
may be found in Ref. [18].

As for Mn/Cu co-doped ZnO nanoparticles, the lattice parameter
c calculated from the (002) peaks of the samples is in the range of
5.13e5.19 Å. There seems to be a fluctuation in c/a lattice parameter
ratio. Such fluctuations are to be expected if Mn and Cu ions replace
Zn ions in the lattice, as the Mn (0.66 Å) and Cu (0.73 Å) ions have
smaller ionic radii than Zn ions (0.74 Å) [33].

Themaximummicrostrain ε occurred at x¼ 0.02. As can be seen
in Table 2, the negative signs of s values depict compressive
stresses and these values exhibit a decrease until x ¼ 0.02 dopant
rate and beyond that, they fluctuate until a minimum value
of�6.362 is reached. The fluctuations in the strain and stress values
may reveal many physical defects and dislocations in the host lat-
tice structure. Therefore, dislocation density (d) describing the
amount of defects in the sample were also studied. As shown in
Table 2, the sizes (D) of the crystallite samples are fluctuated pro-
portional to the increase of Mn in the stoichiometric samples. The
maximum crystallite size (40.82 nm) occurred at x ¼ 0.03. At
x ¼ 0.03, dislocation density (d) displayed a minimum value of
6.01 � 10�4 due to the inverse proportion expression between
Table 1
Concentration dependent average crystallite sizes, lattice parameters, atomic
packing. factor (c/a), crystal lattice distortion degree and volume of the unit cell in
Zn1�xMnxCu0.01O (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, 0.05) nanoparticles.

Sample Name D (nm) a (Å) c (Å) c/a R Volume V(Å3)

Zn0.99Cu0.01O 34.96 3.226 5.172 1.603 1.019 46.29
Zn0.98Mn0.01Cu0.01O 39.94 3.227 5.176 1.604 1.018 46.35
Zn0.97Mn0.02Cu0.01O 34.70 3.190 5.188 1.626 1.004 45.40
Zn0.96Mn0.03Cu0.01O 40.82 3.214 5.154 1.604 1.018 45.79
Zn0.95Mn0.04Cu0.01O 37.06 3.224 5.166 1.602 1.019 46.18
Zn0.94Mn0.05Cu0.01O 37.92 3.199 5.132 1.604 1.018 45.17
d and D values. The locality of the atoms and their displacements (u
parameters) were calculated and revealed almost a constant
behavior around 0.379 in Zn0.99-xMnxCu0.01O samples. The ZneO
bond lengths (L parameters) presented a fluctuating behavior in
the range of 1.948e1.963.

ZnO bond length is calculated by the following Eq. (1) [18,34];

L¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
a2

3

�
þ ½0:5� u�2c2

s
(1)

where a and c are lattice constants of ZnO and u is the wurtzite
structure which can be the calculated by using Eq. (2);

u¼
�
a2

3c2

�
þ 0:25 (2)

The lattice constants a for <100> and c for <002> planes are
computed from Eq. (3) [18,35]:

1

d2hkl
¼4
3

 
h2 þ hkþ k2

a2

!
þ l2

c2
(3)

The average crystallite size was assessed from the XRD peak
width of C101D based on the DebyeeScherrer Eq. (4) [18,22],

D¼ K l

bhklcosðqÞ
(4)

where bhklis the integral half width, K is a constant equal to 0.90, l
is the wavelength of the incident X-ray (l ¼ 0.1540 nm), D is the
crystallite size, and q is the Bragg angle.

The average crystallite size assessed for synthesized ZnO
nanoparticles was 27.49 nm. The crystallite size is assumed to be
that of a coherently diffracting domain and it is not necessarily
same thing as the particle size. It can be seen that an ideal value for
a single position parameter u of 3/8 ¼ 0.375 (i.e. c/a ¼ 1.63) is
attainable for Mn concentration level of 2% and if the doping ratio is
increased over and above that level, this increase causes the ideal
value to degenerate. This degeneration might be a result of the



Fig. 2. Concentration-dependent lattice parameters (a and c) in Zn0.99-xMnxCu0.01O structures.

Fig. 3. Concentration-dependent lattice parameters (c/a) values and ZneO bond
lengths (L) variation in Zn0.99-xMnxCu0.01O structures (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04,
0.05).

Table 2
The varying of concentration-dependent micro strain (Ɛ), stress (s), dislocation
density (d) (the amount of defect in the sample), the locality of the atoms and their
displacement (u), and bond length (L) in Zn1�xMnxCu0.01O (x¼ 0.00, 0.01, 0.02, 0.03,
0.04, 0.05) nanoparticles.

Sample Name Ɛ s*109 (N/m2) d (nm�2) u L (Å)

Zn0.99Cu0.01O 0.072 �2.88 8.18 � 10�4 0.380 1.963
Zn0.98Mn0.01Cu0.01O 0.062 �2.53 6.27 � 10�4 0.379 1.965
Zn0.97Mn0.02Cu0.01O 0.074 �1.48 8.31 � 10�4 0.376 1.950
Zn0.96Mn0.03Cu0.01O 0.063 �4.44 6.00 � 10�4 0.379 1.957
Zn0.95Mn0.04Cu0.01O 0.066 �3.40 7.28 � 10�4 0.379 1.963
Zn0.94Mn0.05Cu0.01O 0.068 �6.36 6.95 � 10�4 0.379 1.948
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second phase as delineated in the XRD spectra in Fig. 1.
Fig. 5 shows FT-IR transmittance spectra in the range

4000e400 cm�1 for all the powder samples. The absorption peaks
observed between 2300 and 2400 cm�1 were due to the existence
of CO2 molecules in the air. The vibration bands discerned in the
range of 420e550 cm�1 were ascribed to the vibration modes of
ZneCueMneO. Although the absorption bands were inherent in all
Fig. 4. Concentration-dependent micro strain (ε) and stress (s) values in Zn0.99–

xMnxCu0.01O structures (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05).
powders, the absorption peak positions changed according to the
doping concentration of Mn. The absorption band was observed in
un-doped Zn0.99Cu0.01O samples at 514 cm�1. The absorption band
of ZneO stretching was shifted to 508 cm�1 when the Mn doping
was increased from 1 to 5%. The increase in the manganese content
resulted in the slight shift in the position of absorption band which
might be due to the incorporation of the Mn and Cu dopant ions in
the lattice structure of ZneO [36]. The characteristic absorption
band at 425 cm�1 was assigned to stretching modes of ZnO. Also,
doping of larger ionic radii of Mn2þ (0.66 Å) and Cu (0.73 Å) in place
Fig. 5. FT-IR spectra of Zn0.99�xMnxCu0.01O at different Mn concentrations.



Fig. 6. SEM image and EDAX spectra of Zn0.99Cu0.01O nanoparticles.
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of smaller ionic radii of Zn (0.60 Å) increased the bond length. Thus,
these expanded bands absorbed the FT-IR frequencies at higher
side than pure ZnO [36].

The surface particle distributions of ZnMnCuO nanoparticles
sintered at 600 �C for 2 h are given in Figs. 6e11. The agglomeration
increases and the crystallite sizes fluctuated as the Mn concentra-
tion was increased. These results were compatible with the calcu-
lations shown in Table 1. Cluster shape random agglomeration was
observed in all frames of SEM images obtained at different mag-
nifications as shown in Figs. 6e11. The compositions of the Zn0.99-

xMnxCu0.01O nanoparticles were analyzed by the EDAX spectrum.
Zn, Cu, Mn, and O peaks were distinguishable in the EDAX spec-
trum. The contents of Zn, Cu, and Mn were compatible with the
synthesized nanoparticles.

3.2. Photoluminescence (PL)

PL measurements of Mn/Cu co-doped ZnO nanoparticles were
carried out when the nanoparticles were stimulated at 300 nm
wavelength, and the emitted light was recorded at a wavelength
range of 350 nme800 nm. The results of the PL measurements may
be found in Fig. 12. As can be seen from the PL graphs in Fig. 12, the
luminescence values of all nanoparticles reach their maximum at
Fig. 7. SEM image and EDAX spectra of
around 368 nm. With larger wavelengths, various shoulder regions
with peaks corresponding to different wavelengths emerge
depending on the doping concentration of Mn.

The PL spectra of the nanoparticles were subjected to Gauss
decomposition to determine the PL measurements. Gaussian
decomposition was obtained by using “Fityk” software. The model
of spectrum curves in Gaussian decomposition is given by

fðlÞ ¼ ae�ðl�bÞ2=2c2 and shown in Fig. 13.
As shown in Fig. 13, the sum of the nine main Gaussian de-

compositions of PL spectrawas plotted versus emissionwavelength
for various concentrations of Zn0.99�xMnxCu0.01O (x ¼ 0.00, 0.01,
0.02, 0.03, 0.04, 0.05) nanoparticles. In addition, the emission
wavelengths were increased from Peak 1 to Peak 9. The peak po-
sitions of these curves varied according to the concentration of
Zn0.99�xMnxCu0.01O nanoparticles as indicated in Table 3. The solid
grey line labeled as “Model” represented the linear combination of
nine Gaussian peaks. These peaks corresponded to different emis-
sions which were two ultraviolet emissions (Peak 1 and Peak 2),
two violet emissions (Peak 3 and Peak 4), a blue emission (Peak 5), a
green emission (Peak 6) a yellow-orange (Peak 7), a red emission
(Peak 8), and near-infrared (NIR) (Peak 9) as shown in Fig. 13; see
also Table 3. As seen in Table 3, these peak locations changed
Zn0.98Mn0.01Cu0.01O nanoparticles.



Fig. 8. SEM image and EDAX spectra of Zn0.97Mn0.02Cu0.01O nanoparticles.

Fig. 9. SEM image and EDAX spectra of Zn0.96Mn0.03Cu0.01O nanoparticles.

Fig. 10. SEM image and EDAX spectra of Zn0.95Mn0.04Cu0.01O nanoparticles.

S.D. Senol et al. / Journal of Alloys and Compounds 822 (2020) 1535146



Fig. 11. SEM image and EDAX spectra of Zn0.94Mn0.05Cu0.01O nanoparticles.
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depending on the concentration of Mn.
As shown in Figs. 12 and 13, the ultraviolet emission had the

highest peaks compared to the other emissions. The global
maximum height values appeared in the region of the ultraviolet
(360e385 nm) for all samples, but there were also local maximums
in the blue and green emissions (450e570 nm, for x ¼ 0.01) and in
the red emission (620e750 nm, for x ¼ 0.05). Moreover, emission
intensity values in the red emission were higher than the ones in
the blue & green emissions as the concentration was increased. In
other words, there was an inverse relation in the emission intensity
values when we considered the blue & green emissions
(450e570 nm) and the red emission (620e750 nm).

In Table 3, the emission regions could be interpreted as the
following: Ultraviolet emissions (360e385 nm)might be attributed
to the NBE of ZnO as an indication of the excitonic characteristic;
violet-blue emissions (386e492 nm) might be ascribed to the
Fig. 12. PL spectra depending on the concentration of Zn0.99�xMnxCu0.01O (x ¼ 0.00, 0
transition of electrons from zinc interstitials to the valence band;
green-yellow-orange emissions (520e560 nm; 560e610 nm) could
be due to the single charged oxygen vacancy (Vþ

o ) and double
charged oxygen vacancy (Vþþ

o ), respectively. The findings of Xu
et al. [37] may shed light in the case of the red emission
(620e750 nm). Their findings demonstrated that the red emission
from 620 to 690 nm could be attributed to oxygen interstitials (Oi)
and the one in the range of 690e750 nm to oxygen vacancy (Vo).

Finally, the NIR region (750e768 nm) was related to the sec-
ondary UV diffraction [38e43]. Evidence of the NIR Peak 9 (750 nm)
was observed by Lv et al. [39], Cross et al. [40], and Zhu et al. [41]
and it might be caused by an oxygen vacancy. This NIR peak could
also be ascribed to the second-order diffraction (a harmonic of the
Peak 1 at 365 nm) of a near band-edge as stated in Shinagawa et al.
[43].
.01, 0.02, 0.03, 0.04, 0.05) nanoparticles prepared by solid state reaction method.



Fig. 13. Gaussian decompositions of PL spectra of the concentration of Zn0.99�xMnxCu0.01O a) x ¼ 0.00, b) x ¼ 0.01, c) x ¼ 0.02, d) x ¼ 0.03, e) x ¼ 0.04, and f) x ¼ 0.05 nanoparticles.
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3.3. Optical studies

3.3.1. UVeVIS diffuse reflectance spectra
The reflectance spectra of the Zn0.99�xMnxCu0.01O (x ¼ 0.00,

0.01, 0.02, 0.03, 0.04, 0.05) nanoparticles, obtained by UVeVIS
diffuse reflectance measurements (DRS) within the range of
300e700 nm wavelength, are shown in Fig. 14. Notice that all the
graphs in Fig. 14 have an absorption edge close to 365 nm, a
wavelength similar to the band gap of ZnO. Maximum reflectance
was observed for Zn0.96Mn0.03Cu0.01O nanoparticles.
3.3.2. Band gap calculation
The optical band gap Eg can be determined using the following

equation for the absorption coefficient (a) and the photon energy
(hn):



Table 3
Comparison of centers of PL emission values (a.u.) of Zn0.99�xMnxCu0.01O (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, 0.05) nanoparticles.

Peak Label x ¼ 0.0 x ¼ 0.01 x ¼ 0.02 x ¼ 0.03 x ¼ 0.04 x ¼ 0.05 Emission range

Peak 1 362.6 368 363.3 362.6 362.6 360 Ultraviolet
Peak 2 372.6 388.5 372.4 383.5 384.4 372 Ultraviolet
Peak 3 396.7 399.9 397.6 404.9 405.8 393 Violet
Peak 4 410.3 408.7 413.8 415.5 415.5 410 Violet
Peak 5 475 475.2 491.7 475 475 447 Blue
Peak 6 522 521.9 525.6 536.4 537.3 522 Green
Peak 7 580 579.3 586.5 579.4 602.3 610 Yellow-Orange
Peak 8 704.4 703.1 703.6 713.3 709.4 705 Red
Peak 9 748.3 767.5 748.6 755.9 756 748 NIR (near-infrared)

Fig. 14. The reflectance spectra of the Zn0.99�xMnxCu0.01O nanoparticles at different
Mn concentrations.

Table 4
Fitting the curve function yðhyÞ ¼ A� hyþ B , band gap energies Eg (eV) and relative
errors for different Mn doping ratios for the Zn0.99-xMnxCu0.01O (x ¼ 0.00, 0.01, 0.02,
0.03, 0.04, 0.05) nanoparticles.

Sample Name A B Eg (eV) Rel. Error

Zn0.99Cu0.01O 750.3 �2444.8 3.26 1:2 � 10�2

Zn0.98Mn0.01Cu0.01O 3178.06 �10387.73 3.27 1:8 � 10�2

Zn0.97Mn0.02Cu0.01O 6567.78 �21523.66 3.28 1:6 � 10�2

Zn0.96Mn0.03Cu0.01O 49.29 �160.09 3.25 1:5 � 10�2

Zn0.95Mn0.04Cu0.01O 1370.01 �4446.37 3.25 1:9 � 10�2

Zn0.94Mn0.05Cu0.01O 3872.65 �12661.91 3.27 1:6 � 10�2
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ahy ¼ k
�
hy� Eg

�1=n (5)

In Eq. (5), Eg and k are the optical band gap and energy-
independent constants, respectively. Since FðRaÞ is proportional
to a and ZnO has directly allowed transitions, n is taken as 1/2.
Thus, Eq. (5) can be transformed to:

FðRaÞ hy ¼ k
�
hy� Eg

�1=2 (6)

in other words, ðFðRaÞ hyÞ2 ¼ k2ðhy�EgÞ: The slope of the graph of
ðFðRaÞ hyÞ2was approximated by using a linear fit yðhyÞ ¼ A� hyþ B
in the least-squares sense between 350 and 400 nm. To do this, the
following error formula given in Eq. (7)

EðA;BÞ¼min
A; B

XN
i¼1

h
A � ðhyÞi þ B�

�
ðFðRaÞ hyÞ2

�
i

i2
(7)

was minimized for A and B where N is the number of data points.
Table 4 displays A; B; band gap energies Egand relative error values
for these data set.

The band gap energies Eg , as shown in Table 4 and Fig. 15 a - f,
were calculated by the linear approximation of the slope of the

graph of ðFðRaÞ hyÞ2to the photon energy axis where FðRaÞ ¼ 0,
namely, Eg ¼ hy ¼ � B

A ;as plotted in Fig. 15 a - f. In other words,
the intersection between the linear fit and the photon energy axis
gave the value to Eg . From Fig. 15 a - f, the band gap energies of the
Mn-doped ZnCu0.01O nanoparticles samples were observed in the
range of 3.25 and 3.28 eV which were accurate within two decimal
digits. These changes in the values of Eg depended on several fac-
tors such as crystallite size, carrier concentration, lattice strain, and
the size effect of the dopant metals in ZnO lattice [38].

As seen in Tables 1 and 4, there was an inverse relation between
the energy band gap and cell volume. The maximum band gap
appeared at 2% Mn concentration with value of 3.28 eV and the
maximum cell volume was found at 1% Mn concentration with a
value of 46.35 Å3.

3.3.3. Refractive index calculation
High refractive index n and wide band gap Eg are the main goals

of the recent studies due to their applications in optoelectronic and
sensor industries.

Fig.15 a - f exhibit the variations in the refractive indices of these
five models obtained by altering the Mn concentration and Table 5
presents the pertinent calculated values. According to the findings
of Naccarato et al. [1] (See Fig. 5 therein), our material (n > 2 and
Eg > 3) considered in this research was classified as Transition
Metals (TMs) with an empty d shell (e.g. V5þ).

We calculated the refraction index based on the following five
models:

Ravindra et al. [2] n ¼ 4:084� 0:62 Eg , Moss [3] n ¼
�
95
Eg

�1
4

,

Herv�e and Vandamme [4] n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
13:6

Egþ3:47

�2
s

,

Reddy and Anjayenulu [5] n ¼
�

154
Eg�0:365

�1
4

, and finally.

Kumar and Singh [6] n ¼ 3:3668 ðEgÞ�0:32234 and listed the
calculated data in Table 5. It can be noted in the above models
except that of Ravindra that the refractive index is inversely pro-

portional to the band gap energy; in other words, nz
�

1
Eg

�k

;

0:25< k<1:
Fig. 16 shows that all five models possess the same pattern be-

tween the energy band gap and refractive index. Among these five
models, Moss [3] and Kumar and Singh [6] gave similar results in
the range of 2.30e2.33. In 2015, Tripathy gave the following



Fig. 15. The plots of ðFðRaÞhnÞ2 as a function of photon energy (hn) and the linear fit for the a) Zn0.99-xMnxCu0.01O for x ¼ 0.00 b) Zn0.99-xMnxCu0.01O for x ¼ 0.01 c) Zn0.99-

xMnxCu0.01O for x ¼ 0.02 d) Zn0.99-xMnxCu0.01O for x ¼ 0.03 e) Zn0.99-xMnxCu0.01O for x ¼ 0.04 f) Zn0.99-xMnxCu0.01O for x ¼ 0.05 nanoparticles.
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reliability ranges for the energy band gaps based on these five
models [44] and these values were listed in Table 6.

As shown in Table 5, our calculated energy band gap values were
in the range of 3.25 eV and 3.28 eV, thus refractive index values
based on these models were valid. Moreover, in 2016, Chithra and
Pushpanathan studied optical properties of Cu-doped ZnO particles
and found the energy band gap as 3.31 eV and refractive index as
1.9958 for 1% Cu concentration [41]. Table 5 showed that the
Table 5
Refractive indices calculated by different methods using band gap energies with Mn con

Sample Name Ravindra et al. Moss Herv�e a

Zn0.99Cu0.01O 2.06 2.32 2.26
Zn0.98Mn0.01Cu0.01O 2.06 2.32 2.25
Zn0.97Mn0.02Cu0.01O 2.05 2.32 2.25
Zn0.96Mn0.03Cu0.01O 2.07 2.33 2.26
Zn0.95Mn0.04Cu0.01O 2.07 2.33 2.26
Zn0.94Mn0.05Cu0.01O 2.06 2.32 2.25
method of Ravindra et al. [2] gave similar results to those of Chithra
and Pushpanathan [45].

4. Conclusions

Zn0.99-xMnxCu0.01O (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05)
nanoparticles were prepared by the solid state reaction method. Its
structural, microstructural, and optoelectronic properties were
centration accurate within two decimal digits.

nd Vandamme Reddy and Anjayenulu Kumar and Singh

2.70 2.30
2.70 2.30
2.70 2.30
2.70 2.30
2.70 2.30
2.70 2.30



Fig. 16. Refractive index as a function of Mn concentration (x) of Zn0.99-xMnxCu0.01O
structures using all five different models.

Table 6
Reliability ranges for the energy band gaps based on the models.

Model Reliability Ranges of Band Gaps

Ravindra et al. 1.50 eV < Eg < 3.50 eV
Moss 0.17 eV < Eg < 3.68 eV
Herv�e and Vandamme 2.00 eV < Eg < 4.00 eV
Reddy and Anjayenulu 1.10 eV < Eg < 6.20 eV
Kumar and Singh 2.00 eV < Eg < 4.00 eV
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analyzed according their concentration levels. X-ray diffraction
analysis showed the ZnO phase with wurtzite hexagonal structure
as the first phase and Mn2O3 as the second. Moreover, the fluctu-
ations in the strain and stress values might be used to reveal many
physical defects and dislocations in the host lattice structure. At
x ¼ 0.03, the maximum crystallite size (40.82 nm) occurred and
dislocation density (d) had theminimumvalue of 6.0� 10�4. The PL
measurements showed the red emission with its wavelength
within the range of 620e750 nm. This range can be classified into
two parts; the red emission from 620 to 690 nm can be attributed
to oxygen interstitials (Oi) and this phenomenon is commonly
observed. However, the red emission in the range of 690e750 nm
may be due to oxygen vacancy (Vo) which strongly is dependent on
the Mn concentration and this event is rarely observed.

For 2%Mn concentration, themaximum band gap occurred with
a band gap energy of Eg ¼ 3.28 eV and the crystallite size was
minimum (34.70 nm) since the value of c/a was the closest value to
the ideal value of 1.63 at x ¼ 0.02. The refractive index values were
in the range of 2.05 and 2.7. This property might make Mn/Cu co-
doped ZnO nanoparticles strong candidates for device applications.
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