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Nanoscale binary oxide thin film structures of pristine and Fe-substituted CuO/ZnO have been produced on soda-
lime glass substrates by the SILAR method and characterized by different acceptable analytical approaches. The
more irregular and lumpy ZnO in the pristine CuO/ZnO binary thin film sample evolved into more regular and
hexagonal prismatic structures with the addition of Fe. XRD patterns of the samples indicated that both
monoclinic CuO and hexagonal ZnO phases were present without any impurities. Optical analyses by meaning

absorbance and transmittance measurements exhibit an important change in the energy band gap and trans-
mittance value with the Fe doping ratio. The energy band edges of the bare sample shift to red with increasing Fe
percentage in the starting solution, presumably due to an increase in the carrier concentration. The transfer
length method (TLM) is used to define the conductivity properties of the samples, which considers the contact
properties and structural features of thin films. The minimum specific contact resistivity of 0.865 x 10° Q[ was
obtained by 3.0 % Fe-implemented CuO/ZnO binary oxide samples, and the addition of Fe increased the effective

transfer length of thin films.

1. Introduction

Great progress has been made in the preparation, characterization,
and functional applications of various nanomaterials because of the
rapid development of nanoscience and nanotechnology over the last few
decades [1-3]. Among advanced materials, nanostructured metal oxides
(MO) are highly sophisticated materials that have attracted significant
interest because of their unique topologies, distinctive properties, and
simple, cost-effective, and technologically straightforward production
processes. One of the most common categories of compounds on Earth is
MO, which comes in various crystalline forms, atomic configurations,
and chemical compositions [4-7].

Among the various MOs, zinc oxide (ZnO) possesses unique proper-
ties, including high excitation binding energy at room temperature,
chemical and thermal stability, n-type semiconductor characteristics,
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and biocompatibility. ZnO exhibits a broad 3.3 eV direct bandgap and
60 meV excitation binding energy. High temperature stability, strong
biocompatibility, an easy etching procedure, a large supply of raw ma-
terials, low cost, non-toxicity, and minimal pollution are only a few of
the benefits of ZnO [8-10]. Copper oxide (CuO) is another helpful
member of the MO family. It has high intrinsic and catalytic capabilities
and a low band gap (1.2 eV), which makes it appropriate for photode-
tector applications. CuO is a naturally abundant, highly stable p-type
semiconductor with conductivity of 10~*s/cm. It is also biosafe [1 1,12].

Nanocomposites (NC) composed of semiconductors or MOs are a
significant type of heterogeneous nanostructure. They frequently
demonstrate superior physical and chemical properties compared with
isolated individual nanoparticles. When two or more fundamental ele-
ments are combined, a new material is produced that has characteristics
distinct from the constituent parts. NCs often exhibit numerous
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advantages over traditional materials, such as increased strength, lower
density, and reduced cost [13-16].

Several methods have been used to synthesize CuO/ZnO coupled
MO, including co-precipitation, chemical vapor deposition, sol-gel, wet
impregnation, thermal decomposition, and successive ionic layer
adsorption and reaction (SILAR) [17-21]. Compared with other syn-
thesis techniques, the SILAR method is simple, economical, and the
easiest to scale up in industries for producing NC [22,23].

Doping CuO/ZnO with metals such as Er, Dy, Mn, N, and Fe is an
effective method for enhancing the material’s structural, optical, and
electronic properties. This method has generated significant interest in
the synthesis and characterization of doped materials for multifunc-
tional purposes [24-27].

Iron (Fe) is a significant element that finds extensive use in the
doping of single MOs. The element Fe exhibits two primary oxidation
states: Fe?* and Fe3". In most oxidation states, Fe has unpaired electrons
in its d-orbitals. Furthermore, it is worth noting that the ionic radius of
Fe corresponds to the ionic radii of Cu?" and Zn?' in oxide form.
Therefore, it is anticipated that adding Fe ions to the CuO and ZnO
lattices will improve the chemical and physical characteristics of the
CuO/Zn0O nanocomposite [28-30].

To the best of our knowledge, no studies have been conducted on the
impact of Fe as a dopant element on the structural, optical, and electrical
properties of CuO/ZnO nanocomposites. In this study, pristine and Fe-
doped CuO/ZnO nanocomposites were synthesized using an easy-to-
use, reasonably priced SILAR approach. The prepared samples’ phys-
ical characteristics were examined and are discussed in more depth
below.

2. Experimental Details

To obtain a robust composite system, bare and Fe-substituted CuO/
ZnO NC binary oxides were deposited on soda-lime glass substrates
using the SILAR technique. 50 mL of 0.1 M copper (II) chloride dehy-
drate and 50 mL of 0.1 M zinc acetate dehydrate salts were dissolved in
100 mL of distilled water to obtain a Zn*" and Cu®*solution. The pH of
the prepared solution was approximately 12 by adding ammonium hy-
droxide, and then the temperature of the prepared bath was adjusted to
355 K and retained stable at this value. For the fabrication of binary
oxide structures, the glass substrate was first rinsed in cationic precursor
(0.1 Cl,CuH405 and 0.1 M C4H;0¢Zn) for 20 s to adsorb Zn?" and Cu?*
ions, followed by washing in deionized water to remove loosely bound
Zn?" and Cu?" ions for 10 s. This process was repeated 14 times to ac-
quire the requested thickness of the CuO/ZnO NC binary oxide films. To
examine the impact of Fe?* ions on the main characteristic properties of
CuO/ZnO NC binary oxides, two varied ratios (1.0 % and 3.0 %) of Fe®t
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were applied to the starting bath solution. The same deposition process
as above with CuO/ZnO was repeated for Fe-doped CuO/ZnO samples.
The fabricated binary oxide samples were annealed in an oven at 250 °C
for 30 min. A schematic of the SILAR fabricated procedures is shown in
Fig. 1.

The microstructural and surface morphological characteristics of the
binary oxide samples were investigated using X-ray diffraction and field
emission scanning electron microscopy. Elemental composition and
mapping were conducted using an energy-dispersive X-ray spectrometer
(EDX). The thickness of the films was measured using the AEP Tech-
nology NanoMap 500 LS 3D profilometer by measuring different parts of
the samples. The energy band gap and transmittance values were
determined using a Jasco V-670 UV-Vis spectrophotometer. The mo-
lecular structure of the fabricated materials was investigated by Fourier
transform-infrared spectroscopy. Current-voltage measurements (I-V)
were performed in the dark using a computer-controlled Wonatech Zive
SP1 potentiostat system at 273 K. The conductivity performances of the
binary oxide samples were evaluated using the transfer length method
(TLM).

3. Results and discussion

The effect of Fe-doping on the surface morphology of CuO/ZnO bi-
nary oxide thin film samples was investigated using scanning electron
microscopy (SEM). As shown in Fig. 2, images of both bare CuO/ZnO
(Fig. 2a) and thin film surfaces doped with Fe at two different ratios
(Fig. 2b and c) are presented. In all samples, it is observed that the CuO
nanostructure (dark gray) covers the ground like a carpet, whereas the
ZnO nanostructures (light gray) form surface protrusions like the pat-
terns of this carpet. In the bare sample shown in Fig. 2a, CuO nano-
structures have a tighter and less fluffy morphological structure. ZnO
nanostructures are also closer to each other and have oval-like nanotips.
In Fe-substituted samples, Fig. 2a and b CuO nanoclusters are fluffier
and have a distinct morphology. ZnO nanostructures turned into sharper
and more pointed nanotips with the addition of Fe.

It has been reported that the differentiation of ZnO nanotips by
doping is attributed to lattice mismatches and that dislocations may
form an energetically favorable site for further nucleation and growth of
ZnO [31]. The results clearly show that the more irregular and lumpy
ZnO in the undoped CuO/ZnO binary thin film sample evolves into more
regular and hexagonal prismatic structures with the addition of Fe.
Morphologies very similar to those in this study were obtained, and this
situation was attributed to the anisotropic growth caused by Fe in the
study of Sahai, A. et al. [32]. The effect of Fe doping on the CuO
nanostructure is also obvious. The CuO nanostructures changed into a
fluffier structure. This change in morphology can provide volumetric
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Fig. 1. The schematic exhibition for fabrication of CuO/ZnO NC binary oxides using a SILAR procedure.
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Fig. 2. Typical FE-SEM images of CuO/ZnO binary oxide thin films at different magnifications (scales above the figures): (a) bare CuO/ZnO, (b) 1.0 % Fe-substituted

Cu0/ZnO, and (c) 3.0 % Fe-substituted CuO/ZnO.

increase on the surface. Chaudhary, M. et al. [33] clearly observed that
the morphology of CuO nanostructures changes with the doping of Fe
ions in the CuO lattice, which they attributed to the interstitial Fe ions at
Cu sites in the CuO lattice. This morphological change is also compatible
with our thickness measurements. While the film thickness was 0.33 pm
in the undoped CuO/ZnO binary oxide thin film sample, it was measured
as 0.67 pm for the 1 % Fe-doped thin film and 1.49 pm for the 3 %
Fe-doped thin film. The thickness values of fabricated samples were
summarized in Table 1. The results show that the film thickness
increased approximately twofold with 1 % Fe doping and more than
fourfold with 3 % Fe doping. Taking advantage of pixels’ analysis pro-
gram, the average size of the obtained particles was estimated to check
the influence of Fe substitution. The average sizes of the obtained par-
ticles are found to be 198.52 and 266.20 nm for bare and 3.0 % Fe-doped
composite samples respectively. These findings are consistent with the
outcomes by XRD, i.e., the increase of crystallite size with increasing Fe
content in the growth bath.

Elemental analyses and surface mapping of the samples were per-
formed using the energy dispersive X-ray spectrometry (EDX) method.
The results are shown in Fig. 3a for the undoped CuO/ZnO binary oxide
thin film and in Fig. 3b for the CuO/Zn0:1.0%Fe sample with 1.0 % Fe
doping. A bar graph showing the percentage composition of the ele-
ments by weight is embedded in these figures. Thin film samples were

Table 1
Relative peak intensity, FWHM, and crystallite size and film thickness of
nanostructured CuO/ZnO binary oxide thin films.

Sample Name Relative peak FWHM Crystallite size  Film
intensity (radian) (nm) thickness
7(002) (prm)
CuO/ZnO 81100 0.00495 30.63 0.33
1.0 % Fe- 86950 0.00464 32.63 0.67
doped CuO/
ZnO
3.0 % Fe- 82133 0.00457 33.18 1.49
doped CuO/
ZnO

subjected to Au coating to increase conductivity before SEM-EDX anal-
ysis. The results were interpreted by excluding the peaks related to the
coating from the analysis. In the mapping, Zn is represented by orange,
Cu by red, O by green, and the color of Fe, which is the doping element,
by cyan. The peaks belonging to the elements forming the thin film and
the colors representing the elements in the mapping process were suc-
cessfully obtained. The cyan color of the doping element Fe is clearly
noticeable in maps containing all colors, and in the mapping of Fe alone,
it is observed how it is incorporated into the entire structure. Similar
peaks were obtained in both analyses, but the Fe peak resulting from
doping is seen in Fig. 3b.

In the current study, the crystallite sizes and phase analysis of the
CuO/ZnO binary oxide crystalline structures were investigated using X-
ray diffraction (XRD) measurements in the scan range of 30° to 80°, as
illustrated in Fig. 4.

The XRD results of binary oxide thin films show that the synthesized
films have a polycrystalline nature and that the CuO and ZnO diffraction
peaks are in good agreement with the JCPDS files (JCPDS card no: 01-
075-6445 and JCPDS card no: 00-041-0254). Moreover, the XRD pat-
terns of the samples indicate that both monoclinic CuO and hexagonal
ZnO phases are present without any impurities. As can be seen from the
XRD spectrum of the CuO/ZnO binary oxide thin films, peaks originating
from the diffraction planes (002), (111), (020), (113), and (311) and
(100), (002), (101), (102), (110), (103), (112), and (004) are assigned to
the CuO and ZnO structures, respectively. This result is consistent with
our previously reported results [34]. It can be seen from the XRD pattern
of the binary oxide thin films that there are two prominent ZnO peaks at
the (002) and (101) planes, which show that the samples have a highly
crystalline structure. As tabulated in Table 1, the intensities of the ZnO
(002) peaks first increased and then decreased, indicating the presence
of Fe?* ions in the CuO/ZnO binary oxide lattice. The justification for
the crystallinity quality and structural alteration is the reaction between
Cu, Zn and Fe elements throughout the thin film deposition process. The
increment or decrement in the peak intensities may be owing to the
synergistic impact of Cu, Zn and Fe as a host and dopant elements.
Hereafter, it can be concluded that the variation in the Fe content of the
growth solution has a considerable impact on the nucleation process and
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Fig. 3. Elemental composition analysis and EDX mapping results of (a) bare CuO/ZnO and (b) 1.0 % Fe-substituted CuO/ZnO binary oxide samples.
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Fig. 4. XRD patterns of the bare CuO/ZnO and Fe-substituted CuO/ZnO binary
oxide samples.

crystallinity ability of the ZnO-CuO composite film structure [35,36].
Another reason for this change in the crystallinity quality and structural
alteration can be due to the ionic radius distinctions of Cu, Zn, and Fe
materials [37,38]. Meantime, the electronegativity properties of Zn, Cu
and Fe ions were 1.65, 1.90 and 1.83 respectively. Hence, the Fe dopant
atoms can engage the location of Zn and Cu in lattice structure.

When the added in the reaction bath amount of 1.0 % Fe, the highest
peak intensity was obtained. Moreover, with increasing iron percentage
in the reaction solution, the peak width (FWHM) decreased and the
crystallite size increased. The value of D (crystallite size) of the CuO/
ZnO binary oxide samples was calculated using the famous Debye—
Scherrer equation [39,40]:

0942

" pcosd M

where 0.94 is a constant value, the wavelength of the X-ray source is 4,
is the full width at half maximum (FWHM) of the ZnO (002) charac-
teristic peaks and @ is the Bragg’s diffraction angle. The most intense
diffraction lines (ZnO (002) peaks) were selected to calculate the crys-
tallite size of bare and Fe doped CuO/ZnO binary oxide samples. Table 1
presents the calculated crystallite size values of the CuO/ZnO binary
oxide thin films. The alteration of the crystalline quality may be due to
the permutation of Fe?* ions into sites in the ZnO and CuO lattice
structures during the formation of composite films by the combination of
CuO and ZnO. A similar result regarding the increase in crystallite size
was found by Sahin et al. [41] and Zaman et al. [42]. The lattice pa-
rameters of ZnO hexagonal structure and CuO monoclinic structure were
estimated using Egs. (2) and (3), respectively [43].
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where d represents an interplanar spacing between the atoms, {3 repre-
sents an inter-axial angle and h, k, 1 are the Miller indices. The lattice
parameters of bare and Fe doped CuO/ZnO binary oxide samples are
summarized in Table 2.

The CuO/ZnO binary oxide thin film was analyzed using FTIR
spectroscopy to investigate its various vibration modes. The dimensions,
morphology, and aggregation state of the nanoparticles affect the modes
of FTIR [44]. Fig. 5 displays the FTIR spectra of the Fe-doped and
undoped CuO/ZnO binary oxide thin film samples, which were analyzed
to confirm their structural properties. The FTIR spectra of the CuO/ZnO
binary oxide thin film samples were obtained by recording their vibra-
tional modes in the wavenumber range of 400-4000 cm'. These
spectra, as shown in Fig. 5, revealed the existence of several vibrational
modes.

In general, nanostructured metal oxides exhibit prominent absorp-
tion peaks in the fingerprint region (below 1000 cm™!) due to stretching
vibrations. These vibrations are caused by the interatomic vibration
modes of metal oxides. The appearance of broad and intense peaks at
around 440 cm™! may be attributed to the combined stretching vibra-
tions of Cu-O and Zn-O bonds [45,46]. In addition, absorption peaks at
679 cm™! and 881 cm™! were identified as characteristic stretching
modes of the Cu~O and Zn-O bonds, as demonstrated in Fig. 5. The weak
peaks located at 1571 cm ™! and 1402 cm ™! are ascribed to vibrations of
the C=0 and —CH; bonds, respectively [34]. The presence of absorption
peaks around 2350 cm™! may be attributed to the absorption of atmo-
spheric carbon dioxide by metallic cations [47]. Moreover, the presence
of water molecules in thin films is responsible for the weak absorption
peaks observed at 3728 and 3621 cm™! [48]. Infrared spectroscopy is
capable of differentiating FTIR spectra caused by synthesis conditions
such as metal/metal ratio, elemental constitution, and the use of a
support during the synthesis of the nanoparticle template. The shape and
intensity of the absorption bands, as well as the location of the bands at
the specified frequencies, provide insights into the vibrational modes of
the chemical bonds formed among the pertinent atoms in atomic groups
located on the surface of the nanoparticle [49]. The interaction between
the dopant ions and host metals could describe the considerable varia-
tions in peak intensities across the entire FTIR spectrum [50,51]. The
change in the band vibration intensity reveal the incorporation of Fe ion
into the ZnO-CuO crystal lattice. The interstitial iron changes the order
of the lattice remarkably, which results in the alteration of peak in-
tensity of metal-oxygen vibration frequency in FTIR [52,53].

To explore the optical characteristics of the synthesized binary oxide
samples, bare and Fe-doped films were analyzed using a UV-Vis spec-
trophotometer. The variation in the optical band gap energy values of
the thin film samples was calculated using Tauc’s equation (Eq. (4))
[54]. The Tauc equation indicates the relationship between photon en-
ergy (hv) and the absorption coefficient (o).

1/2

(ahv) =C(hv — E) (C)]

Table 2
The lattice parameters of bare and Fe doped CuO/ZnO binary oxide samples.

Sample Name Zn0 (A) (Hexagonal) CuO (A) (Monoclinic)

a=b c a b c
CuO/ZnO 3.2616  5.2185 4.6846  3.4227  5.1316
1.0 % Fe-doped CuO/ZnO  3.2656  5.2294 4.6901  3.4267  5.1375
3.0 % Fe-doped CuO/ZnO  3.2706  5.2318 4.6983  3.4327  5.1466

Optical Materials 152 (2024) 115557

where C is a constant value and Ej is the optical bandgap energy value.
The plots of (ahv)? versus hv of CuO/ZnO binary oxide samples fabri-
cated from pristine and Fe-doped (1.0 % and 3.0 %) samples are dis-
played in Fig. 6. When Fig. 6 is checked, it is seen that the addition of
Fe?" ions into CuO and ZnO lattices decreases the optical band gap value
from 1.98 to 1.57 eV. This decrease in the optical band gap might be due
to an increase in carrier concentration owing to the successful substi-
tution of Fe*2 ions in the ZnO and CuO lattice structures. Additionally,
during the formation of CuO/ZnO binary oxide thin films, more reactive
sites may be formed that promote electron transfer from ZnO to CuO,
which may be the reason for the lower optical band gap for the com-
posite thin film. In addition, alteration in film grain boundaries, changes
in structural defects, and crystallinity cause the optical band gap to
change [55,56].

The optical transmittance spectra of the fabricated CuO/ZnO binary
oxide thin films for bare and different iron doping ratios (1.0 % and 3.0
%) are shown in Fig. 7. The transmittance values of the films decreased
from 35.14 to 8.4 % in the 1100 nm region. The film deposited at 3.0 %
Fe doping had the lowest transmittance value of 8.4 %. When compared
with the 3.0 % Fe-doped thin film, it was observed that the 1.0 % Fe-
doped thin film had higher optical transmittance (15.06 % in the
1100 nm region). As a result, the optical transmittance value of the thin
films decreased with increasing iron doping ratio. These changes in the
optical transmittance of thin films might be linked to the increase in film
thickness; at the same time, these changes indicate an increase in the
grain size of thin films [56,57]. Both the crystallite size values obtained
from the XRD analysis of CuO/ZnO binary oxide thin films and the
measured thickness values of thin films confirm these results. In addi-
tion, the decrease in optical band gap energy values may also indicate
the presence of weak transmittance values for CuO/ZnO binary oxide
thin films [58].

The conductivity and contact mechanisms of thin films are quite
different from those of bulk materials. While current conduction in bulk
materials is more related to bulk properties, current conduction in thin
films is related to surface properties rather than bulk properties. For this
reason, the transfer length method (TLM), which considers the contact
properties and structural features of thin films, such as current crowd-
ing, is used for resistance measurements (Fig. 8).

According to this method, multiple (here number of pads was chosen
4) metal contacts were made by thermal evaporation of gold on films
with certain distances (d) between each other (see inset in Fig. 9.).
Current-voltage (I-V) measurements between the most closed contacts
(A and B pads) of bare and Fe-doped CuO/ZnO binary oxide thin films
are shown in Fig. 9. All binary oxide thin films showed ohmic behavior,
and resistivity depends on the Fe-doping level.

Fig. 10 shows the current-voltage (I-V) evaluation outcomes of 1.0
% Fe-substituted CuO/ZnO binary oxide thin film samples at room
temperature. Resistivity values (Ry) were calculated from each I-V
measurement and used in d vs. Ry plots Fig. 11. Effective transfer length
(Lefr) and specific contact resistance (p.) values can be calculated from
these plots [59,60].

The slope and intercept of the d vs. Ry plots give the total contact
resistance (R¢) and the transfer length (L) with the following equations
[59]:

_Rglr
R, 7Tcoth <d/LT> 5)
and
Pe
Ly=,/—
"=\ Ree (6)

Here, w, d and Rgy is the width of the contact, the length of the
contact, and the modified sheet resistance under the contact,
respectively.

Additionally, under w22L,s and 2Rsx = Rsy condition, the total
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Fig. 6. Plots of (ahv)? versus hv of CuO/ZnO binary oxide thin films prepared
bare and Fe-doped (1.0 % and 3.0 %).

resistance (Rr) and contact end resistance (Repng) are given by the
following equations [60,61]:

2R L Rgil
RT = 7Sk r Jr l (7)
w w
Written as [60]:
1
Rng =1 ——— ®
™ sinh (d/LT)

where Rgy, is the sheet resistance of the outside of contact.

Rc, Rend and pc, values was slightly decreased with the Fe content
(Fig. 12(a-b)). The minimum specific contact resistivity of 0.865 x 10°
Q[] was obtained by 3.0 % Fe-implemented CuO/ZnO binary oxide thin
films, and the addition of Fe increased the effective transfer length of
thin films. This decrement in contact resistance values may be

40
@®—8—® Cu0-ZnONC
IB—8—8 1.0% Fe:Cu0-ZnO NC
~| &—&— 3.0% Fe:Cu0-ZnO NC
30 —
ey _
o
5]
g
E 20 —
E
@
=
o
= 4
10 —
0

[ |
400 600 300
Wavelength (nm)

Fig. 7. Optical transmittance spectra of CuO/ZnO binary oxide thin films
prepared bare and Fe-doped (1.0 % and 3.0 %).

elucidated by the influence of different parameters such as particle
morphology, distribution, and surface roughness [62]. However, as we
can see in Table 1, the crystallite size was almost constant and the
thickness was remarkably increased with Fe doping. Therefore, the ef-
fect of Fe™2 ions on conductivity and increment in bulk material under
the TLM contacts may cause an increment in specific contact resistivity.

The substitution of appropriate elements in metal-oxide forms can
cause varying stages of alterations in the conductivity characteristics of
their matrix materials, which are principally affected by the ionic radius,
electronegativity, valence state, and bonding energy of the elements
with oxygen [ [63]. Furthermore, the decreasing value of specific con-
tact resistivity with increasing iron content signs sufficient incorpora-
tion of Fe into the interstitial or substitutional sites of both CuO and ZnO
lattices [64,65].
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Fig. 9. I-V characteristics between the most closed contacts and the linear fits
of the bare CuO/ZnO and Fe-substituted CuO/ZnO binary oxide samples. Inset
shows the TLM contact pattern.

4. Conclusion

CuO/ZnO nanocomposite films with different Fe-doping concentra-
tions were successfully synthesized using the SILAR technique. The
evolution of CuO and ZnO as distinct phases in each composite was
demonstrated by crystal structure studies of bare and doped CuO/ZnO
NC. The successful inclusion of Fe ions into the CuO/ZnO lattice was
confirmed by shifts in the band gap and the 2-theta angle of the XRD
peaks. EDX corroborated the chemical element concentrations and
revealed Cu, Zn, O, and Fe in the composites. As the doping weight
percentage was increased to 3.0 %, the energy band gap of the CuO/ZnO
film was red-shifted from 1.98 to 1.57 eV. 3.0 % Fe-doped CuO/ZnO
binary oxide thin films had the lowest specific contact resistivity of
0.865 x 10° Q[7; the addition of Fe also lengthened the effective transfer
length of the thin films. These findings indicate that binary composite
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-9
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Fig. 10. I-V characteristics of 1.0 % Fe-substituted CuO/ZnO binary oxide thin

film sample. The dc resistivity values decreased with pad distance. Inset shows
the TLM contact pattern.
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Fig. 11. Total resistance as a function of pad distance plots of bare and Fe-
doped CuO/ZnO binary oxide thin films.
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Fig. 12. Contact parameters Reng, Rc (a) and p., Lt (b) as functions of Fe content (%).

forms of CuO/ZnO thin films have potential for use in optoelectronic
applications.
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