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Zn-QDs Synthesis applying simultaneously the techniques of colloidal synthesis
and sol gel and phenomenon atZn2+ → Zn3+ + e−charge transfer
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ZnO-QD thin solid films are drop deposited on glass substrates and calcined in air atmosphere at temperatures of60◦C, 100◦C, 140◦C, 160◦C
and210◦C, respectively. The samples are examined applying the techniques: Scanning Electron Microscopy (SEM), x-Ray Diffraction
(XRD), Fourier transforms in the Infrared (FTIR), Photoluminescence (PL), Transmittance (%T), and absorbanceα. Tauc model, the band
gapEg energy is evaluated. The electrical measurements of Current-Voltage (I-V), the concentration of charge carriers, mobility and resis-
tance, are registered by Hall Effect. The morphology of the layers shows a structural configuration with stacked compact plates and flakes-like
crystalline conglomerates with a fibrous appearance. The films show a Wurtzite-type crystalline phase according to the XRD diffractograms.
The grain size increased by 3.6-26.1 nm . The dislocation densityδ presents a gradual increase with the calcination temperatureδ (lines
/m2) 1.57-2.22. On FT-IR spectroscopy analysis, various vibrational bands are associated with the ion and by-products generated by the
hydrolysis of zinc acetate dihydrate discussed. TheEg undergoes oscillatory and disorderly shifting towards higher photon energy, caused by
faults at the crystalline lattice ofEg ∼ 3.7−3.87eV. In optical analysis, the discontinuity located at UV-Vis region is associated in principle
at Zn2+ → Zn3+ + e− charge transfer. PL spectra at UV -Vis region record the emission bands with different relative intensities. The
asymmetric Gaussian curve is related to intrinsic defects in the crystal lattice. The deconvolution of the Gaussian curve generates different
emission bands assigned to red (RE) at∼ 770 nm, blue (BE), green (GE) at∼ 492 520 nm and yellow (YE) at∼ 570 − 600 nm. The
systematic construction of the Schottky diode is done by placing the corresponding thin film on ITO, then PEDOT: PSS was placed, then the
silver contact and finally thep - n junction was identified.
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1. Introduction

The electronic configuration of Zn2+ cation is:
1s22s22p63s23p63d10 andO2− anion: 1s22s22p4. There-
fore, theZn2+ cation has available3 d10 orbitals and the
oxygen anion provides the2p4 free electron pair available
for chemical bonding by pd hybridization [1]. In the science
of inorganic materials, a proposal related to optimization has
emerged, through the application of an inorganic quantum
dot (QDs) ZnO-QDs that provides greater energy efficiency
[2]. The shape of the grain size (GS) of organic crystals can
be controlled to produce a quantum confinement effect, by
defining (QDs) in general terms [3]. The structural arrange-
ment consists of placing the nanocrystals on the surface of
the substrate with suitable characteristics, to obtain greater
surface adhesion with the aim of improving its morphologi-

cal, optical, and electrical properties. Application has been
performed on a variety of nanocrystals such as zinc oxide
ZnO [4]. ZnO thin solid films, an n-type semiconductor,
it has a long excitonic bond∼ 60 meV, band gapEg en-
ergyEg ∼ 3.7 eV, a wide luminescence region, in addition
to possessing extraordinary morphological, structural, opti-
cal, and electrical properties, for potential application in the
construction of photovoltaic devices, and a variety of fields
such as the biosensor, rubber industry, at inhibiting certain
food-borne pathogens, pharmaceutical industry, cosmetics,
optoelectronics and agriculture [5,6,7]. In order to prepare
inorganic ZnO nanocrystals, various experimental synthesis
techniques associated with optimal chemical and physical
parameters of crystalline growth have been reported [8]. We
cite only a few of these in this paper: Sol-gel is an eco-
nomical and simple method [9]. The quantum confinement
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effect has driven the development and investigation of col-
loidal semiconductor nanocrystals over approximately the
past decades. V arious studies carried out onZnO − QDs,
obtained through the colloidal synthesis technique, have ac-
ceptable relative thermodynamic stability associated with a
wide variety of optical properties [10]. However, the dis-
advantage with respect to poor and weak adhesion in film
format makes its applications in devices difficult, for this
reason, it has been proposed to apply the ZnO-QDs to im-
prove adhesion in films [11]. A crystalline growth parameter
is investigated and applied to obtain ZnO-QDs in order to
examine the effect of quantum confinement, located at the
emission edge recorded at UV-Vis region, which is asso-
ciated with the gradual reduction of the GS of the crystal
growth. In interesting spectroscopic studies, using photo-
luminescence (PL) spectra, various emission bands are ex-
amined in inorganic materials with strong relative intensity
situated at UV-Vis-region associated with intrinsic crystalline
defects. It is indicated that the Vis emission ofZnO − QDs
can be ascribed to singly ionized oxygen vacancies and in-
terstices, which is related to the color centers with electron
paramagnetic resonance [12], as well as, on the deformation
of the crystal structure and the dynamics of structural native
defects. On the other hand, the phenomenon of quantum
confinement and its correlation with the dimension of GS
with gauge dimensions has been extensively investigated in
depth and exhaustively. The relatively low growth tempera-
tures reduce the diffusion of ions, atoms, or molecules at the
surface, which leads to morphological and chemical changes.
Indeed, the concentration of the progenitor reagents can alter
the morphology ofZnO − QDs nanocrystals [13]. In this
manuscript, the chemical synthesis and some intrinsic prop-
erties ofZnO − QD are examined, to make thin solid films
by the dripping method, with a thickness of∼ 800 nm, an-
nealed in a temperature range at∼ 60−210◦C, to monitor the
crystallographic growth of nanocrystals, and investigate their
morphological, structural, optical, electrical properties and
their application as a Schottky-diode with the p-njunction,
under a hybrid structure with PEDOT: PSS and compared to
thin films of QD’s ZnO.

2. Experimental

2.1. ZnO-QDs by Sol-Gel technique

The Sol-Gel method, is an experimental chemical synthesis
technique that allows obtaining a wide variety of crystalline
nanostructures with relative ease, choosing a low relative re-
action temperature, using a sol and a gel, respectively. It is
perhaps better defined more broadly as covering the synthe-
sis of solid nanocrystals such as metal oxides from solution-
state precursors [14]. The experimental method is relatively
inexpensive, fast, efficient, and has acceptable experimental
reproducibility for preparing various inorganic oxides, par-
ticularly ZnO − QDs. The sol-gel synthesis process used in
this document is the following: the addition of∼ 14.1 mLs

of methanol and∼ 0.5 mLs of MEA (monoethanol amine),
maintaining constant stirring for∼ 15.0 min, then∼ 1.5 g
of zinc acetate dihydrate(Zn(COO)2 · 2H2O), the solution
thus obtained is stirred vigorously for∼ 30.0 min at room
temperature.

2.2. Technique applied in the Colloidal Synthesis of
ZnO-QDs

Now, study, analysis and experimentally preparing ZnO-
QDs using the Colloidal-Synthesis technique, is carried out
while maintaining the previously reported experimental con-
ditions [15]. Potassium hydroxide(KOH)0.8M dissolved in
methanol is mixed at a temperature of∼ 60◦C for ∼ 30 min,
thenZn(COO)2 · 2H2O dissolved in methanol is added to
obtain the solution containing the ZnO nanoparticles. The
experimental chemical synthesis is carried out with the sys-
tematic control of temperature, a parameter that allows im-
plicit monitoring of the size and intrinsic crystalline struc-
tural properties. Once the material to be investigated has been
obtained through the optimal experimental stages and condi-
tions, the product is purified to eliminate by-products gener-
ated in the chemical reaction. The solvent used here is elim-
inated using a rotary steamer at a temperature of∼ 50◦C,
to obtain 20 mLs of this solution. The purification process
at a 1:5:1 ratio ofZnO − QDs in methanol + hexane + iso-
propanol. The experimental process was repeated three con-
secutive times to avoid contamination with by-products. 2.3.
ZnO − QDs thin solid films prepared by calcination at tem-
peratures of60◦C, 100◦C, 140◦C, 180◦C and 210◦C, re-
spectively.

The slide glass substrates are previously washed with
chromic solution to ensure the surface is free of grease and
adhered pollutants [16]. The ZnO-QDs were chemically syn-
thesized, mixing the two previously prepared solutions fol-
lowing the steps proposed in sections 2.2 and 2.2, respec-
tively. The optimal proportion in relation to volumes was
recorded in a 1:1 ratio, to obtain the optimal amount of both
compounds. The layers deposited on the substrate are then
prepared using the standard drop method. The samples are
treated individually at the calcination temperature in an air
atmosphere for∼ 30, 0 min at 60◦C, 100◦C, 140◦C, 180◦C
and 210◦C, respectively. Thin films are labeled using the
following symbols: MZN-1, MZN-2, MZN-3, MZN-4 and

TABLE I. Codes assigned to the thin films treated at the correspond-
ing calcination temperature.

Sample calcination temperature(◦C)

MZN-1 60

MZN-2 100

MZN-3 140

MZN-4 180

MZN-5 210
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FIGURE 1. Scanning Electron Microscopy (SEM) micrographs of a) MZN-1 b) MZN-5 thin solid films.

MZN-5 according to the calcination temperature, respec-
tively. Table I shows the symbolic keys assigned to the films
treated at the corresponding calcination temperature.

The X-ray Diffraction (XRD) patterns were characterized
by the Bruker Discover model D8 equipment,Cu − Kα ra-
diation λ ∼ 0.154 nm at range20◦ ≤ 2θ ≤ 80◦, which
operates at 40 mA and 40 k. UV-Vis spectra were recorded
using a Thermo Scientific spectrophotometer (evolution 600
model) in absorbance mode. Photoluminescence spectra are
recorded using a 325 nm, 60 mW He-Cd laser, Sciencetech
Model 6040 half-meter monochromator, Sciencetech LIA
100 blocking amplifier, and a silicon PIN photodetector.

3. Results and discussion

3.1. Scanning electron microscopy

Scanning electron microscopy (SEM) images were made
with the sem phenom pro X equipment. Figure 1 shows SEM

images of a) MZN-1 and b) MZN-5 thin films. In the cross
section in the thin solid film shown in Fig. 1a), fibers of dif-
ferent lengths and crystal flakes-like fibers create layers of
crystalline conglomerates overlapping each other and regions
with non-uniformly distributed voids are appreciated. How-
ever, in the samples in Fig. 1b), a compact and uniform sur-
face can be seen presenting crystalline flakes-like limited by
very thin crystalline lines. The surface morphology of materi-
als undergoes modification by the effect of thermal treatment
and is governed by the desorption of some contaminants ad-
hered to the surface and the volume of the sample. Generally,
a drastic dependence on the experimental conditions related
to the crystalline growth parameters used is associated. It
is evident that the calcination temperature is a key and nec-
essary parameter to understand in greater depth the condi-
tions to find the optimal experimental conditions for the mor-
phological properties when applying the present technique of
chemical synthesis. The calcination temperature increases
the surface energy in the layers and also tends to become
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higher, which causes smaller particles, to fuse with the neigh-
boring particles thus, forming a larger crystallite size [17].

3.2. X-Ray diffraction

The X-Ray diffraction (XRD) characterization technique was
applied in this report to examine the structural properties of
the compounds. Figure 3 shows the XRD diffractograms
of MZN-1, MZN-2, MZN-3, MZN-4 and MZN-5 layers.
We perform the angular sweep 22θ located at range2θ
∼ 20◦ − 70◦. The crystallographic planes of reflection ex-
amined are assigned at (002) and (103) crystalline planes,
which correspond to the Wurtzite crystalline phase, accord-
ing to the standards (JCPDS36-1451). The recorded planes
present a full width at half maximum (FWHM) difference,
a structural phenomenon commonly associated with the cre-
ation of nanocrystals with small grain size (GS) dimensions,
as well as amorphous regions [18]. The crystal plane oriented
in the preferential direction (002) is associated with the sur-
face energy density of greater minimum relative crystal en-
ergy stability. Each Zn2+ cation layer is driven to grow along
the exposed closest packed plane (002), leading to compact
and planar ZnO-QDs deposition [19]. Therefore, the FWHM
shown in the crystallographic planes is associated with an in-
crease in the calcination temperature. The microstructural
behavior can be tentatively justified and associated with the
stages involved in the nucleation phenomenon and crystalline
growth. Although the nucleation phenomenon is complex,
interest should not be lost in finding the correlation between
chemical and physical parameters that formally govern the
morphological phenomenon. The crystals precipitate on the
pores’ surface, modify the pore space morphology, and re-
duce their flow and transport properties [20]. However, the
phenomenon of nucleation followed by growth and, in turn,
the creation of fine nanoparticles with different GS aver-
ages, governed by the calcination temperature [21]. The mi-
crostructural behavior is directly related to the average grain
size (GS) calculated using the Scherer’s equation [22]

D =
kλ

β cos θ
,

whereλ is the wavelength of X-ray radiation∼ 0.154 Å, k
the Scherer’s constant(k ∼ 0.9), θ (in radians) the charac-
teristic X-ray radiation, andβ is FWHM of the crystalline
plane (in radians). The average GS was calculated using the
recorded experimental data of the FWHM obtained from the
XRD experimental results, finding a grain size from 3.6 nm
to 6.9, which indicates a quantum effect in theZnO − QD
’s mixture. For the sampleMx − 1 we have a quantum size
of 3.6 nm with heat treatment of60◦C, but in the following
MX− 2, MX− 3, MX 4, and MX5 samples the temperature
of the heat treatment is gradually increased until the temper-
ature of210◦C is reached in one of the films, to promote the
necessary energy of nanoparticle growth in thin films, reach-
ing a nanoparticle size of up to 6.9 nm , where at this size the
ZnO comes to present weak quantum confinement, according

FIGURE 2. Discretization of Quantum Dots bands.

to the size of the Bohr succession diameter for the ZnO which
is 2.4 nm , the process of quantum confinement is directly re-
lated to the variation of the semiconductor GAP, photolumi-
nescence and with the discretization of the energy bands, as
shown in Fig. 2. By varying the temperature in the thin films,
it also promotes the reduction of structural defects, intrinsic
to the ZnO material as oxygen vacancy, of zinc and interstices
that will be of great help to realize the P-n junction, as will
be studied later [23].

Table II shows grain size (GS), calcination temperature,
FWHM β, microstrainε, dislocation densityδ of MZN-1,
MZN-2, MZN-3, MZN-4 and MZN-5 layers. Calcination
temperature is a key parameter that obeys the microstruc-
tural properties of layers. The microstructural behavior can
be considered by the sliding effect of

(
Zn2+

)
cations,

(
O2−)

ions, atoms and molecules, and other non-specific rearrange-
ments, generating the crystal lattice’s deformation. These de-
sign principles are based on the assumption of compositional
and structural rigidity, as measured crystallographically. It is
necessary to mention that it is a phenomenon that is difficult

TABLE II. Grain size (GS), calcination temperature, FWHMβ,
microstrainε, dislocation densityδ of MZN-1, MZN-2, MZN-3,
MZN-4 and MZN-5 layers.

Grain Microstain Dislocation

sample (hkl) 2θ β Size ε× 10−3 density

(nm) δ(lines/m2)

MZN-1 (100) 33.04 0.32 25.1 0.42 1.57× 1015

(002) 34.89 0.84 3.6 3.65 7.49× 1016

MZN-2 (100) 33.01 0.42 19.7 0.54 2.56× 1015

(002) 33.95 2.10 3.9 2.8 6.41× 1015

MZN-3 (100) 33.01 0.37 21.8 0.49 2.09× 1015

(002) 33.92 1.29 6.4 1.72 2.43× 1015

MZN-4 (100) 33.02 0.38 21.5 0.47 2.13× 1015

(002) 33.95 1.73 4.7 2.31 4.37× 1015

MZN-5 (100) 33.08 0.39 21.1 0.50 2.22× 1015

(002) 33.83 1.89 6.9 1.57 2.05× 1015
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FIGURE 3. XRD diffractograms of MZN-1, MZN-2, MZN-3,
MZN-4 and MZN-5 samples.

to predict with certainty. It is interesting to investigate
through a theoretical-experimental analysis and to propose
it at each stage carried out in the calcination treatment. The
crystals’ growth and the transition from nano- to micro-size
occurred at∼ 700◦C [24].

3.3. Spectroscopic analysis of the Fourier transforms in
the infrared (FTIR)

Figure 4 shows FTIR spectra of MZN-1, MZN-2, MZN-
3, MZN-4 and MZN-5 layers. It is inferred that the
samples have absorption bands located at∼ 462 cm−1,∼
670 cm−1,∼ 1090 cm− 1,∼ 1158 cm−1,∼ 1325 cm−1,∼
1390 cm−1,∼ 1545 cm−1 and∼ 3256 cm−1. Vibration
modes located at∼ 400− 1600 cm−1 assigned to theCO2−

3

anion [25].
We have reported absorption bands at∼ 400−3600 cm−1

range as associated to vibrations inCO2−
3 anions and the pro-

genitor reagent that generates this ion in aqueous solution
[26]. The absorption mode situated at∼ 1390 cm−1 is con-
nected with the asymmetric stretching vibrations ofCO2−

3

is assigned to the bending out plane vibration modes. In all
FTIR spectra, an intense band is located at∼ 1323 cm−1,
which was attributed to asymmetric stretching vibrations of
theCO2−

3 groups. Such absorption band, due toCH3COO−

fragmenting (was induced by our working conditions) pH,
stirring time growth. For MZN-1, MZN-2, MZN-3 and
MZN-4 thin solid films, a broad absorption band in the
∼ 3256 cm−1 region can be attributed to stretching of the
- OH groups of defective sites and the physically adsorbed

FIGURE 4. FTIR spectra of MZN-1, MZN-2, MZN-3, MZN-4 and
MZN-5 thin solid films.

water H2O molecules (or hydrated) adsorbed on the hydrox-
ide surface. The band located at∼ 1123 cm−1 shifted to
high wavenumbers due to a large number of point defects
at the surface of nanoparticles, which are characteristic de-
fects reported for these nanocrystals [27]. The absorption
mode at∼ 472 cm−1 corresponds to metal-oxygen (ZnO
stretching vibrations) vibration mode. The absorption band
at ∼ 1005 cm−1 is ascribed to the stretching vibration of
−C − N bond of the primary amine or to the stretching
vibration of the -C-O bond of the primary alcohol. Gen-
erally, these by-products are associated with the hydrolysis
of zinc acetate dihydrate (Zn(CH3COO)2), and the alkaline
medium of chemical synthesis. The absorption bands situ-
ated at∼ 1090 cm−1, ∼ 1325 cm−1, and∼ 1390 cm−1

ascribed to primary, secondary alcohol in-plane bend or vi-
bration. The absorption band at∼ 1595 cm−1 is ascribed to
the vibration modes of aromatic nitro compounds and alkyl
ascribed to the stretching vibration of hydroxyl compounds.
The sample is labeled according to the MZN-5 symbology;
the absorption band assigned to the H2O molecules almost
completely disappears due to the calcination temperature. In
addition, a decrease in the relative intensity of the bands iden-
tified with the carbonate ion and contaminants incorporated
in the crystalline growth can be seen.

3.4. UV-Vis spectroscopy

The spectral analysis of transmittance% T, and absorbance
α of all samples, is performed in the UV-Vis region situated
at a range∼ 300 − 700 nm (∼ 4.13 − 1.77 eV). Figure 5
shows the% T vs. wavelengthλ spectrum of MZN-1, MZN-
2, MZN-3, MZN-4 and MZN5 thin solid films. The optical
behavior in % T presents a gradual relative increase of∼ 20
85 % due to the increase in the calcination temperature. In

Rev. Mex. Fis.71011002
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FIGURE 5. Transmittance (% T) vs. wavelengthλ spectrum of
MZN-1, MZN-2, MZN-3, MZN-4 and MZN-5 thin solid films.

particular, MZN-3, MZN-4 and MZN-5 samples, present a
drastic jump at % T concerning MZN-1, MZN-2 thin films,
with a % T minimum. The abrupt jump in the % T located
at ∼ 325 nm ∼ 3.81eV is tentatively associated with the
charge-transfer from theZn2+ to Zn3+ cation, processes be-
tween electron-rich and electron-poor counterparts, typically
resulting in a new absorption band at a higherλ. Diffrac-
tion (002) is larger in the MX-1 sample (Fig. 2), concerning
the others, since it is directly related to the quantum size of
the nanoparticle, obtained by Scherrer’s equation of approx-
imately 3.6 nm , which tells us that we have the presence of
ZnO quantum dots, this quantum size is related in the UV-
Vis by the shift in the absorbance indicating the presence of
quantum confinement, not so in the energy transition since
the generated ZnO has a large number of defects present that
promote the phenomenon of the recombination of electrons,
that by increasing the temperature they are eliminated thus
allowing to observe the phenomenon of the energy transition.
During thermal annealing, disordered atoms in the material
can gain mobility, allowing them to rearrange into a more
ordered crystalline structure. As the crystallinity improves,
the XRD peaks become sharper and more intense [28]. This
discontinuity in the optical curve of the% T is difficult to
obtain; the behavior is interesting and requires careful study,
which we will return to later.

Figure 6 shows the absorbanceα vs. wavelengthλ spec-
trum of MZN-1, MZN-2, MZN-3, MZN-4 and MZN-5. The
absorption bands (AB) located at∼ 365 nm (∼ 3.97 eV) ob-
served with higher magnification in films MZN-4 and MZN-5
samples, are assigned to the fundamental electronic transition
CB → VB of ZnO [29]. The absorption bands (AB) located
at ∼ 365 nm(∼ 3.97eV) observed with higher magnifica-
tion at MZN-4 and MZN-5 are assigned to the fundamental
CB → VB electronic transition of ZnO [10]. In MZN-4 and
MZN-5 samples, showing a significant shift towards greater
λ atAB, detectable within the error threshold. The reaches

FIGURE 6. Absorbance vs. wavelength spectrum of MZN-1,
MZN-2, MZN-3, MZN-4 and MZN-5 layers.

a relative maximum of∼ 80% localized at∼ 350 nm
(∼ 3.54 eV), then remains unchanged forλ > 350 nm. It
is observed in the samples MZN-1, MZN-2, MZN-3,α reg-
istered is relatively low; this is associated with intrinsic de-
fects. It is observed at MZN-1, MZN-2, MZN-3 layers,α
registered is relatively low, and is associated with intrinsic
defects [30]. The optical phenomenon is associated with in-
trinsic crystallization failures in the chemical synthesis pro-
cess presented here. The variations in the relative intensity
of the ABs are correlated with the superficial and volumetric
morphology associated with energy levels created by intrin-
sic crystalline defects, free charge transfer from the passage
of Zn2+

(
3 d10

)
to Zn3+

(
3 d9

)
cation, stacking failures, mi-

crostrain, noncrystalline compaction, homogeneous, faults in
grain boundaries etc. The phenomenon is associated with the
gradual increase of the GS, calcination temperature, FWHM
β, microstrainε, and dislocation densityδ with modification
of intrinsic crystalline defects, critically modifying the opti-
cal properties. The optical phenomenon can in principle be
associated with the crystalline disorder and chaotic fault cre-
ation, resulting in the creation of discrete energy levels and
deep traps associated with free charge carriers, thus polariz-
ing the electronic cloud. An AB situated at the visible range

Rev. Mex. Fis.71011002
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FIGURE 7. (αhv)2 vs. E(eV) spectrum of MZN-1, MZN-2,
MZN-3, MZN-4 and MZN-5 thin solid films.

that is not apparent in the separated materials emerges when
the interface is formed. Interestingly, photoexcitation of this
interface band or band-to-band results in a counterintuitive
photovoltaic response when a supra/sub-band-gap light is
shone [31]. The optical phenomenon can be associated with
the crystalline disorder and chaotic fault formation, resulting
in the creation of discrete energy levels and deep traps as-
sociated with free charge carriers, thus polarizing the elec-
tronic cloud. However, in MZN-4, MZN-5 thin films, a
significant difference is manifested in the region located at
∼ 350 − 375 nm (∼ 3.54 − 3.30 eV) is registered. A sud-
den jump ofα located in the UV-region, specifically situated
at∼ 365 nm (∼ 3.39 eV), is observed at MZN-4, MZN-5
layers. On the other hand, we have that the ionic chemical
bond for ZnO is the result of the mixture of dsp orbitals and
it is possible to tentatively associate it with the charge transfer
phenomenon:Zn2+ → Zn3+ + e−n (defect-emission free)
in this material [32].

The band gapEg energy of the material is related to
the optical absorption, according to the interesting Tauc eq.
αhv = A (hv − Eg)

x whereA is a constant,α absorbance
coefficient,hv energy of the incident photon, andx for elec-
tronic direct band transition assigned the value of1/2. The

FIGURE 8. Band gapEg energy of MZN-1, MZN-2, MZN-3,
MZN-4 and MZN-5 layers.

graphical method to numerically quantifyEg consists of
drawing a straight line that intersects the axis of energy
(α = 0). Figure 7 displaysahv2 vs. E(eV) spectrum of
MZN-1, MZN-2, MZN-3, MZN-4 and MZN-5 thin films and
Fig. 8 shows the spectrum ofEg(eV) vs, calcination temper-
ature(◦C) of all the thin solid films. Reports of the optical
behavior of the fundamental electronic transitionCB → CV
of ZnO , which is often attributed to direct recombination
in the inverted electron-hole plasma [33], identified and as-
signed to the phenomenon of recombination of energetic ex-
citons that are tightly bound and dominate the optical re-
sponse even at room temperature [34]. The MZN-1, MZN-2
samples, present the slope associated with theEg defined ac-
cording to the aforementioned graphic method. In the case
of MZN-3, MZN-4 and MZN-5 layers, two electronic transi-
tions are very close to each other.

As a first approximation, the optical behavior is associ-
ated with charge transfer, considering theZn(pd) andO(sp)
orbitals very close to each other. The intra-electronic transi-
tion phenomenon reduced to aZn2+ → Zn3+ + e−(defect-
emission free) [32]. Tentatively, we propose charge transfer
of theZn2+ andZn3+ cation, is an optical phenomenon ob-
served here. However, this optical behavior requires a de-
tailed study to be describe in more depth [35].

3.5. Photoluminescence

The experimental Photoluminescence (PL) spectroscopic
technique is applied to investigate the emission bands (EB)
associated with intrinsic crystalline defects (vacancies, inter-
stices, and the introduction of color centers) and the optical
behavior ofEg in inorganic single crystals. The EB regis-
tered in the UV-Vis region by PL is considered an optical phe-
nomenon originated by radiative recombination of acceptors
and charge donors, which significantly affects charge photo-
generation [36]. Figure 9 shows the PL spectrum of a) MZN-
1, b) MZN-2, c) MZN-3, d) MZN-4 and e) MZN-5 samples.
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FIGURE 9. Deconvoluted Photoluminescent vs. Wavelength spectra of a) MZN-1, b) MZN-2, c) MZN-3, d) MZN-4 and e) MZN-5 thin solid
films.

The Gaussian curve of thin films, presents a non-symmetric
geometry dependency (or asymmetry) at EB. The asymmetric
optical behavior is interpreted geometrically as the superposi-
tion of two or more signal bands, for this reason, we proceed
to carry out the deconvolution and investigate its origin. We
use a differently colored fringe on the symmetrical Gaussian
curve in order to facilitate quick identification of the corre-

TABLE III. Electronic transitions and intra-transitions of MZN-1,
MZN-2, MZN-3, MZN-4 and MZN-5 layers.

Wavelength (nm) E(eV) Defect

457 2.77 Zni

466 2.66 Zni

469 2.64 Zni

474 2.67 Zni

488 2.54 Vz

510 2.24 Vz

565 2.19 Vo

525 2.36 Vo

576 2.15 Vo

608 2.03 Vo

625 1.98 Vo

671 1.84 V ++
o

sponding emission band. The deconvolution of the asymmet-
ric Gaussian curve generates three symmetric EB of differ-
ent relative intensities located in the region∼ 400− 700 nm
∼ 3.10 − 1.77 eV. Crystal defects of ZnO have been identi-
fied and extensively investigated, assigning their origin with
crystallographic characteristics commonly to zinc(VZn) and
oxygen(VO) vacancies among other crystal faults [37-40].
Table IV compiles the electronic transitions and intro transi-
tions of MZN-1, MZN-2, MZN-3, MZN-4 and MZN-5 thin
films. In all the samples, EB located in the UV-Vis region
is observed, these show the overlap between them, which is
typical in asymmetric emission signals, which are strongly
governed by the blue (BE) and yellow emission bands (GE).
These defects, of course, produce all the residual emissions
in addition to the desired laser line [41]. The deconvolu-
tion of the Gaussian curve allows for observing symmetric
emission signals. The deconvolution of the Gaussian curve
shows an oscillatory and gradual increase in optical inten-
sity [41,42]. It is possible to determine approximately the
correlation that exists between the optical behavior and the
intrinsic crystalline defects (see Table I). All thin solid films,
present a broad emission band identified as a blue emission
(BE) band associated with zinc interstices(Zni) located at
∼ 450 − 550 nm (∼ 2.75 − 2.25 eV) and zinc vacancies
(VZn), located at∼ 525 − 750 nm (∼ 2.63 − 1.65 eV)
[42]. Symmetrical emission signals assigned at the emis-
sion band:
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TABLE IV. Effect Hall of MZN-1, MZN-2, MZN-3, MZN-4 and MZN-5 thin solid film.

Sample MZN-5 MZN-4 MZN-3 MZN-2 MZN-1

ND (cm−3) 1.45× 1014 1.33× 1014 1.26× 1014 1.11× 1014 —-

Mobility

(cm2/Vs) 64.1 60.2 52.7 48.9 —-

Resistivity

(Ω.cm) 6.48× 102 7.8× 102 8.77× 102 2.5× 103 —-

Type n n n n —-

FIGURE 10. Diagram of the structural arrangement of the Schottky diode using ZnO-QDs Vs Qd’s ZnO.

green (GE) situated at range∼ 492 − 520 nm (∼ 2.50 −
2.38 eV), yellow (YE) at∼ 570−600 nm (∼ 2.17−2.06 eV)
and red (RE) at∼ 770 nm (∼ 1.61 eV). The energy level cor-
responding toZni lies just below the conduction band, and
it can trap photo excited electrone− followed by its radia-
tive recombination with holesh+ in the valence band [43].
These defects are associated with doubly ionized vacancies
V ++

0 and attributed to oxygen vacancies(V0) and oxygen
interstices(Oi). The BE is related to the transition of the
Vzn or oxygen antisites(Ozn) in the conduction band (CB).
The GE band assigned to the electronic transition of deep de-
fects fromVO and fromZni to BV, is probably caused by
the transition of localized surface charge donors. The Y E
band is related to oxygen interstices(Oi), attributed to the
stoichiometric imbalance created by excess oxygen, and the
RE band withV0 is located below the ZnO conduction band.
The relative decrease in crystalline defects is associated with
the creation of deep levels assigned to RE and located at
∼ 681− 770 nm (∼ 1.82− 1.61 eV).

3.6. Hall effect

ND(cm-3) charge carrier concentration, resistivity and mo-
bility are recorded using Hall effect equipment. We found
that the MZN-1, MZN-2, MZN-3 and MZN-4 layers show
various crystalline defects (see Table II), in a lower relative
proportion compared to the MZN-5 sample. Table IV shows
the compilation of the experimental results recorded at room

temperature (RT) of the electrical properties of all solid thin
films. The existence of native defects of the material avoids
the realization of the electrical measurement in the sam-
ple MZN-1, while in the samples MZN-2, MZN-3, MZN-4,
MZN-5 with increasing temperature of the heat treatment, the
intrinsic defects of the material decrease, which makes possi-
ble the measurement of the electrical properties, for which
there is no representative variation due to the temperature
range. The types of crystalline defects in the specific applica-
tion should be defined or differentiated according to whether
they are desirable or undesirable.

3.7. Application of the thin solid film in the construction
of the Schottky diode of ZnO Qd’s and Qd’s ZnO

According to the results reported in the previous work of
ZnO−Qd’s [15], it can be considered an improvement in the
electrical properties when using theZnO − Qd ds material,
such as ND, mobility, and decrease in resistance. To compare
the behavior and effect of ZnO-Qd’s material Vs ZnO Qd’s
are applied as a Schottky diode, using PEDOT:PSS as “p”
type material.

The silver contacts used are to ensure the Ohmic contact;
silver has a higher work function than PEDOT: PSS showed
in the diagram in Fig. 10a) and b).

The results obtained in Fig. 11, show a P-n bond between
the QD’s and the Pedot: PSS, only in the sample at60◦C
there is no P-n bond due to a large number of defects in the
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FIGURE 11. Experimental current-voltage (I-V) curve of QDs220◦C, 180◦C, 140◦C, 100◦C and60◦C Schottky diode.

FIGURE 12. Experimental current-voltage (I-V) curve of MZN-1, MZN-2, MZN-3, MZN-4 and MZN-5 Schottky diode.
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films, but when the films have the heat treatment of100 −
220◦C, P-n bonding is achieved, although the graph does not
well-formed, due to the high resistivity and low concentration
of carriers. [15].

Figure 12 shows the current-voltage (I-V) MZN-1, MZN-
2, MZN-3, MZN-4 and MZN-5. In the ZnO-QDs films, in
this analysis, the intrinsic crystalline defects are an impor-
tant parameter that is associated with the response of the I-V
curve. According to Table IV, it is possible to relate the struc-
tural behavior of the nanocrystals associated with the electri-
cal phenomena examined here. The experimental results are
registered considering the optimum calcination temperature
in the crystalline growth and adequate to obtain the optimum
concentration of structural defects. The behavior that consid-
erably governs the Schottky diode responds that in all films
it is not possible to obtain the p-n junction. However, in the
MZN-5 samples, it is observed in particular that the I-V curve
presents the optimal behavior, which is associated with the
optimal reduction of intrinsic crystalline defects and the op-
timal obtaining (p-njunction) of the Schottky diode curve.

4. Conclusions

QD’s of ZnO films were applied by varying the heat treatment
temperature of60◦C, 100◦C, 140◦C, 180◦C, and210◦C on
a diode showing P-n junction, although the I-V curves were
better when applying theZnO − QDs. Five thin films of
ZnO − QDs were used to perform the morphological, opti-
cal, structural, and electrical analysis. In this manuscript, the

key parameter was chosen to find the optimum crystal growth
temperature for the chemical synthesis ofZnO − QDs thin
films. The samples are prepared in parallel by the sol gel
technique and colloidal synthesis, respectively, in the range
of 60◦C, 100◦C, 140◦C, 180◦C, and 210◦C, deposited on
glass substrates. SEM investigates the morphological struc-
ture of the ZnO-QDs nanocrystals. Compact flakes-like with
fibers of compact crystalline conglomerates are observed. In
the optical studies of absorbance and transmittance, are reg-
istered intrinsic electronic transitions and characteristics of
ZnO − QDs. In particular, the charge-associated transport
assigned with the cationZn2+ → Zn3+ +e−, is discussed in
this paper. The PL spectra located at the UV-Vis region show
the existence of crystalline defects or faults, which are identi-
fied with vacancies(Vzn), zinc interstices(Zni) and oxygen
VO andOi, respectively. The experimental study of the Hall
Effect, mobility and concentration of charge carriers, and re-
sistivity is recorded and briefly discussed. The p-n junction
found in the film MZN-5, presents the relative minimum and
therefore optimal concentration performed in this study for
the successful construction of the Schottky diode.
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