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Abstract

In this work, Cu,O thin films were obtained by air annealing of copper thin films deposited on
glass substrates using thermal evaporation method by Glancing Angle Deposition “GLAD”
technique. The copper was sculptured into a zigzag shape, which presents two columns with

inclined angles +y and - y where y is the deposition angle between the incident flux and the

substrate normal. Morphological, structural, optical and electrical properties of the obtained thin
films were investigated using X-ray diffraction (XRD), UV-Vis-NIR Spectroscopy and electrical
resistivity measurements. The XRD patterns revealed that thin films deposited at different incident
angles are mainly crystallized in Cu,O cubic phase characterized by the preferential orientation
along (111) plane. The optical parameters were calculated from the analysis of the transmittance
and reflectance spectra in the wavelength range 300-1800 nm. The absorption coefficient exceeds
10° cm™ in the visible and NIR spectral ranges. Direct band gap energy increases from 2 to 2.54 eV
with deposition angle. The in-plane birefringence and the anisotropic resistivity of the Cu,O films
were also studied. Their maxima were obtained at incident flux angle of y = £60°. Therefore, the
GLAD technique is a promising way to create zigzag nanostructures with enhanced anisotropic
properties.
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1. Introduction

In the recent years, glancing angle deposition (GLAD) technique has attracted interest for
designing novel structures of thin films and controlling their morphologies and physicochemical
properties [1,2]. This technique is a physical vapor deposition (PVD) process that is implemented
by oblique angle deposition and/or substrate rotation in front of the deposition source to control the
column orientation and porosity of nanostructured films [3,4]. The GLAD technique has been shown
to be capable of thin films elaboration with a wide variety of microstructures, such as vertical
columns [5], helical [6], and zigzag shapes [7], which is hardly obtained from the normal incidence
vapor deposition [8].

For instance, films with a porous structure have been shown to well operate in various
applications such as solar cell [9], photonic crystals [10], optical filters [11], gas sensors [12] and
photo-catalysis [13]. Thus, many novel physical and chemical properties of thin films can also be
easily engineered [14].

Copper oxides (CuxO) have gained extensive interest because of its important role in many
applications, such as catalyst [15], gas sensor [16], optical and optoelectronic devices [17].
Especially, Cu,O thin films are potential for photovoltaic applications, due to their good properties
such as high absorption coefficient in the visible region, elemental abundance, non-toxicity and
stability with the characteristic of being “ultra-low-cost”. Their direct optical band gap energy is in
the range of (2.1 to 2.6 eV) for Cu,0 and (1.21 to 2.1 eV) for CuO [18-22]. Copper oxide thin films
had been fabricated by various techniques such as electrodeposition [23], pulsed laser deposition
[24], sol-gel technique [21], spay pyrolysis [25] ...etc. However, the common technique used is
thermal evaporation due to its simplicity, low cost, reproducibility, ease of composition control and
large area deposition. In a previous work, copper oxide nanostructures were developed into inclined

nanostructures using a deposition angle of +85° and two zigzag shapes using (+85°,-85) (2



directions) and (+85°,-85,+85°) (3 directions) where y = 85° is the deposition angle between the
incident flux direction and the substrate surface normal [26]. Another earlier work, where nanorod
structures tilted toward the incident deposition direction were made with a stationary substrate at
various deposition angles from 0 to 80° [27]. In the two previous works, the substrate does not
rotate around its own axis. In this actual work, copper thin films were prepared by thermal vacuum
evaporation method with the GLAD technique, proceeding with double inclined angles +y and — y
just by rotating the substrate holder with azimuthal angle ¢ = 180 °, in order to develop zigzag
shapes. Then they were annealed in air, to form copper oxides films. In this paper, we aim therefore
to investigate the influence of incident flux angles + y on the structural, optical and electrical
properties of these samples. According to these properties, one can optimize the angle of deposition
of Cu,0 nanostructures for a potential application such as gas sensing devices, since the gas atoms
can infiltrate easily in nano-structures or photovoltaic solar cells since its band gap energy is
suitable for buffer layer in solar cell structure.

2. Experimental details

The glass substrates were previously cleaned by washing agents (a commercial detergent,
acetone, a solution of diluted hydrochloric acid then rinsed with ethanol and deionized water)
before being introduced into the vacuum system. Copper thin films were grown on glass substrates
of rectangular shape (2.5 x 1.5 cm?) by vacuum thermal evaporation using the GLAD technique
from a tungsten boat. The substrates were placed above the source at a distance of 11 cm. The level
of base pressure achieved before the deposition was 5x10” Torr. During our experiments, the
deposition angle y, which is defined as the angle between the incident flux direction and the
substrate normal, had taken the following values +40°, £60°, £75° and +85°. A motorized substrate
holder ensured the rotation of the substrate, in order to form + y then — y angles. The evaporation is
stopped during the rotation of the substrate holder with azimuthal angle ¢ = 180°. A schematic
drawing of the film deposition system is shown in Fig. 1. The obtained films were inserted into a

programmable furnace, and annealed at 250 °C during 2 hours, in order to obtain copper oxide



films. The zigzag nanostructures were characterized by scanning electron microscopy SEM (Zeiss
ultra 55 microscope) with an operating voltage equal to 5 kV. The crystalline phase and crystal
orientation of the GLAD films were examined using a Philips X Pert X-ray diffractometer with
monochromatic CuK, radiation (4 = 0.154056 nm and 40 kV, 30 mA) in the 26 range 20°- 70°.
Optical measurements, reflectance, and transmittance, of the obtained films, were carried out by
means of UV-Vis-NIR spectroscopy. The wavelength accuracy is 1 nm in the wavelength region
300-1800 nm by using a spectrophotometer (Shimadzu 3100 S). The photometric accuracy of these
measurements is *3%. The attained optical constants estimation errors depend on the R
measurement accuracy. The experiment was done twice and the nano-zigzag structures were
observed in both cases for the same values of deposition angles.
3. Results and discussion
3.1. Morphological properties

Fig.2.a and b show highly arranged nano-zigzags copper structure deposited at an angle y = + 85
°and y =% 60 °, respectively. It depicts void separated nano-zigzags; this space becomes greater for
the high deposition angles because of the important shadowing effect produced by the GLAD
technique, which is the most heuristic phenomenon for the nanostructures elaborated by GLAD.
The shadowing phenomenon begins as soon as the vapor of the material begins to reach the inclined
substrate. The first ad-atoms inhibit the incoming atoms that try to reach the substrate and
consequently cover a neighboring region of the substrate. The incoming atoms will be forced to
stick on the first ad-atoms and the “nano-rods” begin to be created each time the atoms try to reach
the substrate and are prohibited by the top of the formed clusters. The films adhere well to the
substrates and there is not a detachment phenomenon, in spite of the observed voids by the SEM
images. The effect of annealing on the deposited copper samples is clear as shown in Fig.2.c and d.
The nanostructures become denser because of the incorporation of oxygen into the inter-motif
space. As the shadowing effect is appreciable at high deposition angles, the incorporation of oxygen

becomes easier and it reaches more depth. It is for this reason that the oxidation is found to be



perfect for the sample deposited at y = = 85 °, as shown in Fig.2.c. The example of Fig.2.d shows
that there are two parts; the upper part of the nano-zigzags has been perfectly oxidized, the lower
part is also sufficiently oxidized but not with the same reach. This is due to the shadowing effect,
which is not good enough for ordinary and weak angles of deposition and consequently, the
oxidation does not occur with the same magnitude. Obviously, the annealing affects the surface
state. The SEM images in Fig.3.a and b - taken at two different magnifications - show a porous
surface of nano-zigzags of copper deposited at y = = 85 °. While Fig.3.c and d show the changes
occurred on the surface by annealing effect, it is clear that it becomes a compact surface by
oxidation.

Several works have attempted to synthesize Cu,O nanostructures using chemical methods [28-
30] like solvothermal method [28]. Z. Cheng et al. [29] achieved a simple and highly repeatable wet
chemical approach for the synthesis of Cu,O nanorods. Apart from chemical methods, PVD
processes were also used to create Cu,O nanorods array by anodic oxidation [31]. Nevertheless, in
almost all cases, the nanorods are randomly oriented, and thus, physical properties of the sample
seem to be isotropic. The GLAD technique makes it possible to develop highly oriented
nanostructures, which is an advantage that characterizes this technique and enhances or creates
anisotropic properties.

3.2. Structural properties

The XRD measurements were used to study the structural properties of air annealed Cu thin
films deposited on glass substrates and prepared by GLAD technique. Fig.4.a shows the XRD
patterns of Cu,O thin films deposited respectively at y = £40°, £60°, £75° and £85°. It can be seen
that the Cu,O thin films are strongly grown along the (111) direction at 26 = 36.5°, which indicates
a preferential orientation of the Cu,O cubic phase according to the JCPDS card number (01-078-
2076) and the RRUFF ID: R050384.1. Besides, we note the appearance of (111) peak assigned to
CuO monoclinic phase (JCPDS 45-0937 and RRUFF ID: R120076.9) at 26 = 38.7°, in addition to

Cu,0 peaks, at deposition angle y = £75°. The relative intensity of the main peak decreases from



1400 to 525 (cps) with increasing the deposition angle. As shown in Fig.4.b, the intensity ratio 1;;;/
I0o decreases as a function of the incident flux angle, which indicates that the degree of crystallinity
of the Cu,0 zigzag thin films has gradually reduced at larger inclination angles. We reported in our
previous work [26] that the zigzag configuration (+ 85°,-85 °, + 85 °) enhances the crystallinity,
comparing with (+85°,-85°) and +85° configurations, contrary to the present work. The effect of
angle deposition to produce nanorod architectures not zigzag shape was studied and it was shown
that the maximum intensity of the main peaks (111) assigned to the two phases Cu,0O and CuO was
achieved for an angle of 60° [27]. The actual zigzag shape given in the present work proves to be an
inhibitor of copper oxidation and the oxygen surface diffusion mechanism seems to be held up.
Since, the temperature is an important parameter in the kinetic of the oxidation stage [27], we guess

therefore that, the experiment conditions (250° + 2 hours) may not be suitable for enhancement of

the intensity of the (111) peak of the copper oxide phases for the actual zigzag configuration (+,-

p) for y > 60°. Although CuO is a secondary phase and appears only for the sample deposited at 75

°, it would be interesting to try other annealing times (thermal oxidation) less than 2 hours to avoid
the formation of the blends of CuO and Cu,0O. Because during the increase of the temperature there
is a formation of the Cu,O phase on the surface of the copper films. Because of a difference in
lattice parameters and so the cell volume of copper and its oxide, this creates a high compressive
stress that leads to a high density of grain boundaries of this phase [32]. These conditions with long
oxidation times, convert the top layer of Cu,O phase into CuO phase, particularly in the form of
nanostructures. Regarding, the intensity ratio I,/ Lg9, we found that the same behavior of this ratio
was shown in a recent study on electroplated Cu films on a Si-interposer substrate exposed in an air
environment [33]. The decrease of 15/ I ratio of the electroplated Cu thin film was observed
when the exposure time is between 31 and 58 days, which demonstrates that atoms in these samples
were rearranged at room temperature from an as-electroplated-Cu film, which is generally unstable

[33]. The ratio I;1;/ Ig9 of the redistribution layer-Cu (RDL) films decreases from relatively strong



3.7 to 2.7 through self-rearrangement [33]. In the present study, this ratio reaches a value slightly
below 2, but it does not require a period longer than 31 days.

In order to study more the structural properties of the elaborated samples, the crystallite size D of
the films was calculated using Scherrer’s formula defined as [34]:

D= 0.94 (1)
Pcosb

where D is the average crystallite size, A the wavelength of CuK,, radiation, £ is the full width at
half maximum and @ is the Bragg angle. As seen in Table 1, the crystallite size decreases with the
increase of incident angle. In the Scherrer’s formula, the crystallite size D has been determined
using a Gaussian function to fit the peaks in the XRD patterns. Then, to remove the effect of
broadening from XRD machine, the presence of micro-strain and/or extended defects (stacking
faults, micro-twinning, dislocations, etc.) [35,36], we used the Williamson—Hall method. The total

broadening [, is given by the following equations:

2 2 2 2
IBtot = chrystallite + ﬂstmin + IBinstr (2)
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where ¢ is the strain (micro-deformation), Si,,= 0.02° is the instrumental broadening and Dyy is

the crystalline size of Williamson—Hall method. When we plot {(ﬁzmt - ﬁzmstr)coszﬁ} versus sin’0,
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we get a linear curve with a slope (4¢)* and intercept | —— | . From the slope, the strain is

D
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calculated and it varies between 8.63x10™ and 11.45%10”. The largest strain value is attained for
the deposition angle y = 75° which exhibits the lowest ratio 111/ L. The most probable reason is
due to the apparition of the monoclinic CuO phase (in y = £75°) that may exert an additional

constraint on the (111) planes of Cu,O (cubic). From the intercept, we can calculate the crystallite



size, which decreases from 27 to 21 nm. The results are resumed in Table 1. The crystallite size
obtained by the Scherrer’s formula was less than that obtained by the Williamson-Hall method
because the strain correction factor has been taken into account in the case of the Williamson—Hall
method, whereas not in the case of the Scherrer’s method.

3.3. Optical properties

In order to investigate the effect of the deposition angle +y on the optical properties of the Cu,O
zigzag nanostructured thin films, their optical parameters such as transmittance, reflectance,
absorption coefficient, refractive index, optical band gap, birefringence and Urbach energy were
studied.

Fig. 5 illustrates the transmittance 7T and reflectance R spectra of CuyO zigzag thin films
deposited at different incident angles in the wavelength range 300-1800 nm. The spectra reveal
interference effects in the transparency region 500-1800 nm with a fall of transmittance at the band
edge, whereas the interference effect disappears in the region of very strong absorption. As can be
seen also, the transmittance of Cu,O films increases gradually as the incident angle increases. The
transmittance spectrum of copper oxides zigzag GLAD films deposited at y = £85° shows a good
interference pattern which indicates that the film exhibits an acceptable homogeneity of thickness
and a sharp fall of transmittance at the band edge. The degree of slanting at the absorption edge can
relate to possible differences in the distribution of defect tail states below the band gap [37].

Based on the reflectance spectra of the Cu,O zigzag thin films, the thickness and the refractive
index of the different films deposited respectively at y = £40°, £60°, £75° and £85°, were calculated
from the positions of the interference maxima and minima of reflectance using a standard method
[38]. The estimated thicknesses were compared to the ones measured directly by SEM technique,
and the values are close. The values of the refractive index in the transparency region and the
thickness of the Cu,O zigzag films are illustrated in Table 2. We show an obvious change in the
refractive index, which may be attributed to the quantum size effect due to the nanocrystallites

Cu,O. Despite the same deposited quantity of copper, the thickness decreases versus the deposition



angle from 740 nm at y = #40° to 323 at y = £85°. Indeed, the bending of the nanosized zigzag
becomes more and more important, when the deposition angle increases. For grazing angles of flux
deposition, the high degree of bending of the zigzag shapes is reached. Therefore, the bending
effect may be the main reason for the thickness decrease. The idea is illustrated in Fig.6. This
decrease of the thickness produces less and broad oscillations in the transparency region of the
transmittance spectra.

The optical absorption coefficient a of CuyO zigzag thin films was calculated from the

transmittance 7(4) and reflectance R(4) data using the following relation [39]:

2
1 [ (1-R) )

a=—In
d T

where d is the film thickness. Cu,O zigzag thin films have a high absorption coefficient of (10*-10°
cm™) in the visible and near-IR spectral range. This result is very important because it is known that
the spectral dependence of absorption coefficient affects the solar cells conversion efficiency. To
obtain an absorber material with high efficiency, we need a great absorption coefficient within a
large spectral range for photovoltaic applications [40]. On the other hand, we notice a shift of the
absorption edge towards higher photon energies (Fig.7.a) that is to say that, the oxide phase is
favorably promoted with the increase of the deposition angle. Because the oxygen gets into the
nanopores easily for high angles and the depth of the pores is more and more accessible when the
deposition angles are stronger. In fact, it is well known that the shadowing effect is enhanced when
the flux angle deposition increases, therefore the space between the nanostructure motifs or the
zigzag nanorods will be more important. As a result, it facilitates the oxygen insertion. This is not
very remarkable in the XRD results, because in most of the cases when the deposition angles are
closer to grazing ones, the crystallinity is deteriorated even when we manipulate crystalline phases
at the beginning. The second probable reason is the existence of a conflict between the two phases
of oxides Cu,0 and CuO, whereas, for the angle 40 °, one has only one dominant phase. We believe

that the combined effect of deposition angle and the coexistence of copper oxide phases leads to the



blue shift of the absorption edge. I. Mukherjee et al. [41] found a similar result for physically self-
assembled Cu,0O nano-column array grown by oblique angle sputter deposition. They explained that
the blue shift in nano-columnar structures with high anisotropic crystal orientation could be
discussed in terms of the light of Burstein-Moss effect since the loss of charge carriers due to
trapping at grain boundaries is expected to be minimized in such structures. This explanation may
comfort the fundamental reasons for the already given combined effect.

The extinction coefficient k can be calculated from the relation [42]:

_at
4r

where a is the absorption coefficient and A is the wavelength. The variation of extinction coefficient

k S)

versus wavelength of the Cu,O zigzag thin films deposited at different incident angles is shown in
Fig.7 (b). As can be seen, the extinction coefficient decreases with increasing the deposition angle.
The absorption coefficient a can be related to the band gap energy E, according to the Tauc
model [43]:
ahv = A(hv — E, ) (6)
where A is a constant, / is the Planck constant and ¢ is equal to 1/2 for a direct gap and 2 for an
indirect gap semiconductor. The band gap value E, was determined by extrapolating the linear part
of the (ochv)2 vs. hv curve to the horizontal photon energy axis (Fig.8). It is clearly seen that the
optical band gap increases progressively from 2 eV to 2.54 eV as the deposition angle increases.
The band gap values are summarized in Table 2. Based on the XRD study, the increase in the
optical band gap with the deposition angle can be attributed to the decrease in crystallite size, which
leads to quantum confinement, the quantum size effect as predicted from the nanocrystalline nature
of the films. The confinement of the charge carriers in the nanocrystallites results in the increase of
a band bending effect and intrinsic microstrain. In our case, the values of the crystallite sizes are in
the same order of magnitude. Therefore, it may not contribute significantly to the band gap
variation. The measured band gap value using transmittance and reflectance spectra is the effective

band gap. According to the Burstein—Moss (B-M) effect, the measured band gap is the sum of B-M
10



shift and the intrinsic band gap. This shift allows for the Cu,O thin films empowering considerably
the light of a shorter wavelength to be transmitted, making it supportive in enhancement solar cell
efficiency.

The Urbach energy E, or called also Urbach tail is the broadening near the band gap due to the
existence within the band gap limit of supplementary density levels with energies, which can give
rise to band tailing as has been offered for poor crystalline, disordered and porous materials. In
other words, it acts as localized states corresponding to optical transitions between localized states
adjacent to the valence band and extended states in the conduction band above the mobility edge.
The Urbach energy E, has been calculated using a linear part of Ina below the optical band gap

using the following expression [44]:

)
Ey (7)

where ag is a constant. In fact, Urbach energy E, describes the local defects in the material. The

a=aoe

values of E, for different deposition angles are classified in Table 2, which clearly show that the
Urbach energy increases with the increase of incident angles. This result is in good agreement with
the XRD results.

The highly oriented nanostructure of the GLAD zigzag films tends to be anisotropic, thus the
optical birefringence can be calculated. Fig.9 illustrates the in-plane birefringence of Cu,O zigzag
thin films deposited at different deposition angles y, which is defined as the difference between the
two in-plane refractive indices [45], namely An = n,- ny. The two in-plane refractive indices nx and
ny are determined based on the reflectance spectra measured in two orthogonal directions of
incident linearly polarized light: R, is in the x-direction and Ry is in the y-direction. From Fig.9, it is
clear that the in-plane birefringence is weak at a low incident angle, then it increases with
increasing deposition angle and reaches a maximum value of An = 0.1063 at an angle y = £60. This
maximum of birefringence can be linked to the geometry of the columns. Generally, at deposition
angles higher than 60°, the samples have highly porous structures and this tends to reduce the value

of the birefringence. As a conclusion, the glancing angle deposition is a promising way to obtain
11



larger optical birefringence, and it seems particularly flexible to generate designed devices such as
retardation plate and polarizer.
3.4. Electrical properties

Fig.10 shows the resistance versus annealing time curves. It exhibits three main parts. Two
stages, which represent the two phases metallic and semiconductor, and a vertical rise that separates
the two stages, which indicates the metal-semiconductor transition phase. In the first stage, the
samples still have their metallic phase. However, they have different resistances as a function of the
deposition angle. Moreover, it is noted that the sample deposited at y = + 85 ° has the highest
resistance, although it is still in the metallic phase, this is due to the favored oxidation process by
large pores provided by a high deposition angle. That is why this sample passes rapidly from the
metal to semiconductor phase. The phase transition duration decreases as a function of the
deposition angle. The oxidation mechanism is easier for high deposition angles since the diffusion
of oxygen is controlled by the deposition angle. It is important to note that, the sample deposited at
y = + 40 ° has the lowest resistance in both stages even after the metal-semiconductor transition
phase. Besides, let us recall that the sample deposited at y = + 75 © has two polycrystalline copper
oxide phases Cu,O and CuO, this is the reason on which we are based to explain the existence of a
slight second transition located at 32 min within the semiconductor phase.

In order to study the electrical anisotropy of the zigzag thin films, resistivity measurements were
taken between different locations on the sample (Fig.11.a). In Fig.11.b electrical resistances of
samples deposited at different incident angles, are shown. It is clear that the electrical resistance
increases with increasing deposition angle and reaches a maximum value at an angle of £60°. After
that, it decreases with further increase of the deposition angle.

This abrupt change of electrical properties for GLAD films deposited at incident angles higher
than +£60° is mainly linked to the porous structure, which becomes more and more important for this

values of incident angles. Voids between columns may reduce the electron mean free path and
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create barriers potential for the conduction mechanism leading to a drop of the electrical
conductivity [46].
4. Conclusion

Copper oxide zigzag thin films were successfully prepared on glass substrates by air annealing of
copper films deposited using thermal evaporation method at oblique angle deposition. The X-ray
diffraction results show that the elaborated films, for all incident angle deposition, have a
polycrystalline nature and grown in a preferential orientation along the (111) plane. The crystallite
size of the prepared samples decreases with the deposition angle. The deposition angle y = +40
seems to be the adequate parameter to create copper oxide zigzag thin films with a good crystalline
features. We have shown that the elaborated films have a good absorption coefficient, higher than
10°cm™ in the visible range and it depicts a blue shift with the deposition angle. Therefore, the band
gap increases from 2 eV and 2.54 eV, when increasing the deposition angle. The Urbach energy
was found to increase from 259 to 534 meV with increasing of incident deposition angle, which
probably related to the increase of disorder and the density of defects in the nanostructures. The
maximum of birefringence was obtained for an angle y = £60. The electrical measurement brings

out the electrical anisotropy of the elaborated samples.
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Figures and tables captions

Fig. 1: The schematic diagram of the GLAD technique for the synthesis of zigzag (+y,- )

nanostructures.

Fig. 2: SEM images of (a) Cu zigzag nanostructures deposited at y = £85° and (b) y = £60° (c)
Cu,0 zigzag nanostructures deposited at y = +85° and (d) y = £60°.

Fig. 3: SEM cross-section images taken at a tilt angle of 3.5° (a) Cu zigzag nanostructures
deposited at y = £85° with a magnification of 101.91 Kx and (b) 3.537.56 KX (¢) SEM cross-
section images taken at a tilt angle of 14.7° of the CuyO film deposited at y = £85° with a
magnification of 103.36 KX and (d) 62.75 Kx.

Fig. 4: (a) X-ray diffraction patterns of Copper oxide zigzag thin films deposited at different

incident angles and (b) Evolution of I}/ I ratio, I;1; and strain ¢ function of deposition angle.

Fig. 5: Optical transmittance and reflectance spectra of the copper oxide zigzag thin films function

of deposition angle.
Fig. 6: Effect of the deposition angle on the bending of the zigzag motif.

Fig. 7: (a) Absorption and (b) extinction coefficients of copper oxide zigzag thin films deposited at

different deposition angles.
Fig. 8: Direct band gap energy of copper oxide zigzag thin film deposited at y = £85°.
Fig. 9: Variation of birefringence An as a function of deposition angle.

Fig. 10: Variation of electrical resistance versus annealing time of copper oxide zigzag thin film

deposited at different incident angles.

Fig. 11: (a) Layer configuration for the electrical measurements and (b) Variation of electrical
resistance at a different position in the copper oxide zigzag thin film deposited at different incident

angles.

Table 1: Estimated values of structural parameters for the copper oxide zigzag thin film deposited

at different incident angles.

Table 2: Thickness, refractive index, band gap and Urbach energy values of copper oxide zigzag

thin films deposited at different incident angles.
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Table 1

Deposition angle y (°)  Crystallite size (nm)  Crystallite size Dwn

Scherrer’s method (nm) Strain £ (x107)
+40° 15 27 8.63
+60° 14 26 11.79
+75° 13 24 13.08
+85° 13 21 11.45
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Table 2

Film thickness (nm)

Deposition Refractive
angle y (°) SEM Optical index eV Bulmel)
measurement measurement
+40° 735 740 2.52 2.00 259
160° 479 454 2.62 2.44 343
+75° 382 376 2.42 2.45 427
185° 341 323 2.61 2.54 534
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