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Abstract

Objectives: The aim of this work is to fabricate and analyze the Aluminum
Doped ZnO, Copper Oxide CuO and their heterojunction CuO/ZnO:Al using Spin
Coating and Rf-Sputtering techniques. Methods: ZnO:Al was synthesized from
a sol-gel precursor and deposited on Indium Tin Oxide-coated glass substrate
ITO using spin coating. CuO thin films, on the other hand, were elaborated by
RF-sputtering. The characterization of both thin films was performed by means
of X-ray diffraction, scanning electron microscopy and UV-visible-NIR double
beam spectrophotometer. The CuO/ZnO:Al heterojunction was fabricated and
characterized using current voltage, capacitance-voltage and conductance-
voltage measurements. Findings: The collected results confirm the rectifying
nature of the junction with a built-in voltage V,;of about 1.6 V.

Keywords: Copper oxide; Aluminum doped Zinc oxide; RF sputtering; spin
coating; heterojunction

1 Introduction

Copper oxide CuO is a p-type semiconductor with a direct optical band-gap (Eg)
between 1.51 and 1.74 eV (1. It has a high absorption coefficient, which makes it suitable
as an absorber in solar cells and in photo-thermal energy conversion. The CuO is also
widely applied in optoelectronic devices such as thin film transistors ("?), This material
is very promising in these applications because of its low cost being earth abundand,
environmental friendly and nontoxic. Up to now, thin films of CuO have been deposited
by various techniques, such as reactive sputtering®, metal-organic chemical vapor
deposition® and electrochemical deposition®,®. On the other hand, aluminum
doped zinc oxide ZnO:Al (AZO) is an n-type semiconductor with a direct optical band
gap of about 3.3 eV ), which makes it useful as a transparent electron collecting (hole
blocking) oxide. The conductivity of ZnO, and consequently its collection efficiency
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of electrons, can be increased by doping®). Nowadays, among several kinds of transparent conductive oxides (TCO), ZnO:Al
meets the requirements for contacting thin-film solar cells ®~'!. This is due to its abundance in nature, low cost and non-toxicity.
In addition, ZnO:Al has been used in different applications such as gas sensors 1), flat screen displays, touch panels and energy-
saving windows 1*~18). High-quality AZO films are recently deposited by various processes such as spray pyrolysis 1*), chemical
vapor deposition (CVD) 2%, sol-gel process ?V, pulsed laser deposition ??, chemical spray *?, plasma enhanced CVD ¥ and
sputtering techniques ?>-2”). The ZnO/CuO heterojunction where the oxides layers were prepared by various techniques have
been reported in previous works?8-3%, Terasako et al. studied a heterojunction where the ZnO and CuO layers were both
deposited by the chemical bath deposition (CDB) technique V). The authors reported a built-in voltage (V_bi) between 0.2 and
1.5 V for these heterostructures. On the other hand, Kumar et al. ®? fabricated CuO-composite/ZnO nanowire heterostructures
and found a built-in voltage of 0.47 V. More recently, CuO-Cuy;O/ZnO:Al heterojunctions were developed by Hoppe et al. for
selective volatile organic compound detection *¥). The ZnO:Al films were deposited by a wet chemical method, while the mixed-
phase CuO-Cu, O was fabricated by first depositing a Cu layer on the ZnO:Al film by thermal evaporation followed by annealing
in an air atmosphere at 425 °C ®®, However, such high temperature treatment may degrade the interface between the two oxides
(inter-diffusion) which, therefore will affect the quality of the heterojunction. Furthermore, a p-CuO/n-ZnO heterojunction was
fabricated recently using the sol-gel spin-coating technique by Prabhu et al. 3%, Their devices exhibited a rectification behavior
with a turn on voltage of 2.5 V, and an ideality factor of more than 40 at high voltages *¥). Solution processing of the CuO/ZnO
heterojunction may affect the quality of the interface between the two oxides and hence the electrical properties of the junction.
Vacuum processing of the junction, through reactive RE-sputtering of CuO on pre-fabricated and cleaned ZnO films may
minimize such problems and also allow to control the oxide structure and stoichiometric easily. In our previous work, we based
only on Rf-sputtering technique to fabricate CuO/ZnO heterojunction ®*. In this work, we proposed to synthesize CuO and
Aluminum doped ZnO thin films by the two different techniques RE-sputtering and spin coating respectively. These films were
subsequently used to fabricate CuO/ZnO:Al heterojunction. In order to investigate the effect of doping ZnO by Aluminum and
also the use of the two last deposition techniques, we studied the structural and optical properties of the elaborated films, and
finally the electrical characteristics of the CuO/ ZnO:Al heterojunctions were measured and discussed.

2 Experimental Details

To prepare ZnO:Al thin films, the starting material was synthesized by sol-gel process. We used the zinc acetate 2-hydrate
(Zn(CH3C00)2,2H,0) (99.5% purity) as a source of zinc. The absolute ethanol was used as a solvent and monoethanolamine
(MEA) as a sol stabilizer. Aluminum was added as a dopant in the form of (AI(NO3)3,9H20) (extra purity) with an Al/Zn
ratio of 1 %. A 0.5 M ethanolic solution of zinc acetate was prepared by dissolving 0.5 mole of zinc acetate 2-hydrate in 100 ml
of the absolute ethanol in a conical flask. After vigorously stirring for 30 min, MEA was added drop-wise while stirring. The
molar ratio of MEA/Zn?* was fixed at 1. The solution became clear after stirring for about 2 hours. ZnO:Al (1% of Al) film
were deposited on bare glass, ITO and silicon (100) substrates by spin coating with spinning speed of 2000 rpm for 25 s. The
thickness of the obtained ZnO film is on the order of 380 nm. CuO thin film was prepared by reactive RF-sputtering on glass
substrate at room temperature from a pure Cu target (99.99 %) with a diameter of 10 cm. The reactive sputtering was carried
out in an Ar/O; gas mixture containing 30 % of O,. We deposited the thin film at an RF power of 200 W for a duration of 120
min which gives 590 nm film thickness. Each one of these grown films was subjected tor electrical measurements.

The CuO/ZnO:Al/ITO/glass heterojunctions were prepared by first depositing ZnO:Al on ITO/glass using spin-coating and
subsequently depositing CuO on the ZnO:Al/ITO/glass by reactive RF-sputtering. The structure is completed by depositing top
Al circular electrodes (1Imm of diameter) by thermal evaporation at 2.10~> mbar base pressure. The thickness of this Al layer
is about 100 nm.

The structural properties of the various thin films previously developed, were investigated by XRD with an X-pert
MPD diffractometer using the Cu(Ka) radiation. Their surface morphology were studied by a TESCAN VEGA3 Scanning
Electron Microscope (SEM). Optical transmittance measurements were carried out by using a Shimadzu UV-PC double-beam
spectrophotometer in the range of 200-2000 nm.

The current-voltage (I-V) characteristics of Al/CuO/ZnO:Al/ITO/glass device were measured at room temperature using
computer-controlled Keithley 410 programmable ammeter and voltmeter. The impedance measurements were performed by a
Keithley LCZ3000 impedance meter.
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3 Results and Discussion

3.1 Structural properties

Figure 1 shows the XRD patterns of typical ZnO:Al and CuO thin films singly deposited on glass substrates. For the ZnO;Al
films ( Figure 1-a), all peaks are assigned to the ZnO wurtzite phase (reference: JCPDS No.79-2205). No characteristic peaks of
aluminum oxide or of any impurities were observed. In addition, no preferred growth direction is observed compared to the thin
films deposited by RE-sputtering which exhibited a (100) preferred orientation on glass substrates as reported elsewhere .

The XRD patterns of CuO thin films deposited on glass substrate at 200 W and 30 % of O, are shown in Figure 1-b. The
inset of Figure 1-b depicts the deconvolution of the peaks located at 35° and 75° using the Lorentzian line shapes. The peaks
centered at 32.23°, 35.34°, 35.63°, 38.32°, 57.86°, 74.71° and 75.36° correspond respectively to the (110), (002), (-111), (111),
(202), (004) and (-113) lattice planes of the monoclinic CuO phase with C2/c space group. These results are supported by the
JCPDS No 80-0076 reference. In addition, the XRD spectrum is dominated by the intense peak attributed to the (002) lattice
plane of the CuO monoclinic phase. No peaks attributed to Cuy O or CusO3 phases are observed, which further confirms that
the CuO phase is more stable under oxygen rich atmospheres %, 7).
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Fig 1. XRD pattern of (a)ZnO:Al and (b) CuO thin films deposited on glass substrates (The insets of figure 1-b shows the deconvolution of
the peaks)

The lattice constants of the ZnO:Al films were calculated from the d-spacing of (hkl) planes of the quadratic phases through
the following equation ®®:

1 4 TR +hk+k2] 12
—— == At 2+ +— ;withEZ\f?) (1)
dhkl 3 a c a

where d_(hkl )is the d-spacing of a given set of (hkl) planes, a and c are the lattice constants. The obtained parameters, listed in
Table 1, are in good agreement with the known lattice parameters of ZnO ®?). On the other hand, the parameters of CuO thin
films, were calculated from the d-spacing of the monoclinic phase given in the literature work “%:

L— h72+ﬁ_%cosﬁ L_ﬁ.ﬁ 2)
dy, \a> & ac sin’f - b?

where a, b, c and 8 were the lattice parameters.
The obtained lattice parameters for the CuO thin films are summarized in Table 1 . It is noticed that these parameters are in

close agreement with previous reported values '), 3% In addition, the crystallite size D of the films was determined from the

Debye Scherrer equation given by “!:
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Table 1. Extracted parameters of the ZnO:Al and CuO thin films.

Thin film Lattice parameters (A) grain size Dhkl (nm)
CuO a=4.718 20.4
B=99.26° b=3.457

c=5.141
ZnO:Al a=3.248 15.0

c=5.207

c/a=1.603

KA
ﬁh]dCOSe = F (3)

where Kis a constant which is approximately 0.9 while A is the wavelength of the X-rays, B, is the Full-Width at Half-Maximum
intensity (FWHM) of the peak and 6 is the corresponding Bragg angle. All the structural parameters of the ZnO:Al and CuO
thin films are regrouped in the Table 1. The crystallite size for the ZnO:Al films are consistent with those reported for thin films
prepared by spin-coating 1, 3%,

Figure 2 -a shows a typical SEM surface image of the prepared ZnO:Al thin films. This SEM image reveals a homogeneous and
smooth surface with no pin holes. The shown morphology is similar to that observed by Chavan et al. *?. The SEM image of CuO
thin film, shown in Figure 2-b, reveals a homogeneous surface and well-distributed nano-sized grains >, These characteristics
are critical for obtaining good hetero-junctions (no short circuits in electrical measurement).
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Fig 2. SEM image of (a) theZnO:Al thin film developed by spin-coating method (b) CuO thin film depositedby RF sputtering.

3.2 Optical properties

Figure 3 shows the optical transmittance spectrum of the as-deposited ZnO and CuO thin films in 200-2000 nm wavelength
range. The ZnO films are highly transparent in the visible range of the electromagnetic spectrum with an average transmittance
value of 84 %. On the other hand, the CuO films are absorbing in the visible range. Their transmittance spectrum in the near
IR region is marked by an average transmission of about 50% and also by the presence of interference fringes. These are an
indication of the good quality and the smoothness of the surface in the films as observed in the SEM image.

The optical band gap of the thin films was determined from the variations of the absorption coefficient (¢t) with photon
energy hv. The former parameter was calculated from the transmission spectra in the region where the film is absorbing through
the relationship:

https://www.indjst.org/ 2789


https://www.indjst.org/

Agdad et al. / Indian Journal of Science and Technology 2020;13(27):2786-2796

100 50

- (b
[Zn0:Al (1%)] (a) - ( ]l
CuD
— 40 < L L
& (=]
< g
T s 10
G 60- £
E P b} o
E — E =
] S E 204 5 g
E 40 - 'E'.\-g g n.lg
v = o
Eg=3,27 eV o = 2wt
E g . ’l_' 10 5 : Eg=158 eV
20 z
30 31 32 33 34 35 38 37 38 39 40 [] 100 1.25 .50 i7s 200
0 e (o) b (V)
T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
Wavelength(nm) Wavelength(nm)

Fig 3. Optical transmission spectrum of (a) ZnO:Al thin film and (b) CuO thin film. Insets show the (¢thv)2versus photon energy (hv)

a = —1/d In(1/T) (4)

where d is the film thickness.
For photon energies above the band gap, the absorption coefficient is usually written in the form:

(ahv)V" = k(hv — E,) (5)

with r=1/2 for direct allowed transitions, r=3/2 for direct forbidden transitions, r=2 for indirect allowed transitions and r=3 for
indirect forbidden transitions.

Since both ZnO and CuO are direct band-gap semiconductors, the optical band-gap of these films can be determined from
the linear part of the (athv)? vs hv graphs (insets of Figure 3) #4). Other details concerning the determination of the optical
parameters from the optical transmission spectrum were reported by Laaziz et al.(*). The optical gap of ZnO thin films was
found to be 3.27 eV, which is in agreement with the reported value (Eg= 3.28 eV)*,40) (47) On the other hand, the optical
band gap of CuO is found to be 1.58 eV, which is also consistent with previously reported values for CuO ), %),

In order to determine the refractive index of our samples, as presented in the transmittance spectra of samples, there are no,
or small interference fringes. In this case, we used the Cauchy equation, which is valid for the thin film model 4*):

b NpZe?
n=nr++ , b= pee

1 (6)

47reOmC2
where n;g is the refractive index in the infrared region, b is a constant, the constant b, n;g, which can be determined from the
transmittance spectra and used for extrapolation of all the wavelengths ©%1-

It can be observed in Figure 4 . that the refractive index of CuO thin film is decreasing with increasing wavelength, and in
the order of 1.8 031,

The variation of refractive index of ZnO:Al thin films from Cauchy’s method too is shown in Figure 4. It was clear from
Figure 4; the refractive index of the films decreased as the wavelength increased. The same phenomena is observed by A. M.
Alsaad et al. >3-

This refractive index of ZnO:Al ( 1.98) is greater than that of CuO thin film making ZnO:Al thin film an antireflective layer
in hetero junction solar cell 3

Using the relation of the absorption coefficient (o), the extinction coefficient (k) can be directly evaluated.

al
K=—
4w

7)

https://www.indjst.org/ 2790


https://www.indjst.org/

Agdad et al. / Indian Journal of Science and Technology 2020;13(27):2786-2796

1.928
1926
1,824
1.922

1.920 -

Refractive Index
Refractive Index

1.918 4

19186 <

1.914

Wavelength (nm)

Fig 4. The variation refractive index of (a) the CuO and (b) the ZnO:Al thin films

The variation of extinction coefficient with wavelength for both ZnO:Al and CuO thin films are depicted in Figure 5. As can
be seen in ( Figure 5) the extinction coefficient increase with the increasing wavelength the maximum value of the extinction
coefficient is at the edge of absorption **). The highest extinction coefficient occurs for CuO thin film. This might be attributed
to the batter crystallite size, which enhances reduced the grain boundaries. In addition, the greater thickness could have led to
an increase in optical scattering, which would have increased the value of the extinction coeflicient.
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Fig 5. Extinction coefficient of ZnO:Al and CuO thin film

3.3 Zn O:Al/CuO heterojunction

The Current-Voltage (I-V) characteristic of a typical ZnO:Al/CuO hetero-junction fabricated by using the deposition techniques
described above is shown in Figure 6. The characteristics are not linear, asymmetric and exhibit a rectifying behavior as the
reverse bias current is much lower than the forward bias one. The turn-on voltage is about 0.6 V which is small compared to
2.5V reported by Prabhu et al. ®¥ for heterojunctions based on the sol gel method.

The rectification ratio at =1 V, I(+1V)/I(—1V) is on the order of 12 which is higher than that observed by other
authors ®+5%), These parameters further support the good quality of the heterojunctions prepared by the present method.
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Fig 6. Current-Voltage characteristics of ITO/ ZnO:Al(1%)/CuO/Al device

As in the case of p-n junctions, the dark I-V characteristics of heterojunctions are usually described by the well-known
modified Shockley equation *® given by:

V—RS1>
1

¢ V—IR
I= Iy exp ( nkT + )

Rsh

(8)

where I, is the saturation current,
e is the electron charge,
R, is the series resistance,
n is the ideality factor of the diode,
k is the Boltzmann constant,
T is the absolute temperature and
Ryj, is the shunt resistance.
The parameters Ry, and R, were determined by the dynamic resistance method *" as described below. From equation 11,
the dynamic resistance Ry = dV /dI of the diode is given by following expression:

av 1

= — = RS +
a BlyexpPV—1R) 4 L )
Rsh

Ry

with § = & .
In the high-voltage region, where the effect of Ry, is negligible, Bl expP (Y —1Rs) > ﬁ and equation (12) becomes:

av 1 1

— xR ——— ~R — 1
ar ~ Bt e SRt By (10

=
Therefore, in this region, R; depends linearly on 1/I . The slope of this line enables to calculate §(n) and its y-intercept
yields directly the series resistance R;. On the other hand, in the low-voltage region, where I, expP(V—1Rs) « ﬁ » Ry tends
asymptotically towards Ry, which is supposed to be much higher than R;. B

The dynamic resistance (Ry), obtained from the results of Figure 6 by numerical differentiation is plotted against 1/I in
Figure 7 -a. As expected, and according to the above arguments, two regions A and B can be clearly distinguished in this figure.
In region B corresponding to the low-voltage region of the I-V characteristics, R, is practically constant. This latter region gives
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a shunt resistance Ry, of 3.5 x 107Q. In the zone A shown with more details in Figure 7-b, the linear fit yields a series resistance

Ry of 11.9 kQ. This value is lower than the value of 492 kQ of the heterojunctions prepared by the sol-gel method *%.
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Fig 7. (a) dV/dI versus 1/1, (b) dV/dI versus 1/I inthe zone A.

The other two parameter, Iy,; and n are obtained from the diode equation (11) after suppressing the effects of Ry and Ry,
Indeed, in the region where the exponential term in equation 11 is much higher than 1, the current I, flowing through the diode

only is then:

Ln(l;) = Ln (L) + By

wherey=V —RJ and I; =1 — R%h

Figure 8 shows the curve of Ln(I;) = f(y) and Ln(I) = f(y). As it can be seen, both curves coincide in the high voltage
region and present the same slope () which leads an ideality factor of n = 10. The intercept of this linear part with the y-axis
gives the value of I, = 1.9 x 1077A.
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Fig 8. Plots of Ln (Id) and Ln (I) versus y.

(11)

Compared to the literature results, the ideality factor 7 that we obtained has a value between 13 and 6.87), while it is
lower than the value of 40.3 obtained by Prabu et al. . The departure of n from the ideal value of 1 is usually attributed to the
recombination of electrons and holes in the depletion region and the interface between the two oxides. In this interface, there
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2793


https://www.indjst.org/

Agdad et al. / Indian Journal of Science and Technology 2020;13(27):2786-2796

is a high density of defects which is expected as a result of the large lattice mismatch between ZnO and CuO (on the order of
32%). Other conduction mechanisms such as space-charge-limited currents in the high voltage region ®* are not ruled out. In
addition, the formation of an interfacial aluminum oxide layer between the Al electrodes and CuO may also lead to non-ideal
diode behavior.

Also, it should be noted that the obtained shunt resistance is very high compared to the series resistance, which justifies
the assumption made in the above method. In addition, this large value of Ry, suggests that there is no low-resistance paths
(short-circuits) in the junction which confirms the good quality of the deposited thin films. Moreover, the high series resistance
of the structure (R = 11.9 kQ) may be due to the high resistivity of the CuO thin films as result of the low carrier mobility
(mobility of holes in CuO < Lem? V15~ 1058)) and the low doping levels. The contact resistance as well as the formation of an
oxide layer on the Al electrode may also contribute to the series resistance.

In order to obtain further information about the junction properties, the capacitance-voltage (C-V) and the conductance-
voltage (G-V) characteristics of the heterojunction were measured at 1 kHz in the DC bias voltage range £2 V. For a one-sided
pn junction (heterojunctions) and in the deletion approximation, the capacitance per unit area is given by:

L (2 Ny T )
CQ* qNaEOSI bi q

where V is the applied reverse bias voltage, Vj; is the built-in voltage (diffusion potential), €’ is the relative dielectric constant
(equal to 2.459) and N, is the effective doping density. T, ¢, &, and k represent respectively the measurement temperature,
electron charge, vacuum permittivity and Boltzmann’s constant ), It is assumed that the doping level of ZnO:Al is much higher
than that of CuO and therefore the depletion region extends mainly in the CuO film.

As it can be observed in Figure 9 (a), a linear region can be clearly seen in the plot of C™2 vs V in the reverse bias-region
which suggests the existence of a depletion region within the structure. The intercept of this linear fit with the voltage axis yields
the value of the built- in potential V},;, while its slope gives the doping level according to equation (15).

From this plot, a value of 1.5 V is obtained for V};, which is close to the value of 1.55 V obtained for CuO/ZnO thin film
heterojunctions reported by other works®>. Indeed, the diffusion potential is the difference between the work function of
CuO (> 5.8 ¢V) and that of ZnO ( > 4.2 ¢V) and is expected to be on the order of 1.4 ¢V. The differences between the
obtained experimental and the theoretical values are attributed to the fact that the work functions are surface properties which
are affected by the state of the surface as well as the interface between the two oxides. The doping level obtained from the slope
of the line fitis N, = 1.1 x 10" cm™3 which is in close agreement with values reported for CuO prepared by RE-sputtering ©!).
This doping level and the low mobility of holes in CuO further support the values of the series resistance of the heterojunctions.

Moreover, the asymmetric nature of the conductance voltage characteristic, shown in Figure 9-b, further confirms the
rectifying nature of the present heterojunction.

1.6x10'"

. a (b)
1.4x10" @ 2ax10% f
1.2x10" - -
L !
15 | @
_._"O"D 2 1.6x10"
s 1 | @ -
© 8.0x10 _ﬁ g,
~
O 6.0x10" 4 °
T = G 8.0x10°
4.0x10™ 4 i (5]
2.0x10" Vb'=1 BV
|
o0l - 0.0 - : : : .
20 5 -1.0 05 00 05 10 15 20 1.8 -1.2 -0.6 0.0 0.6 1.2 1.8
Voltage (V) Voltage (V)

Fig 9. (a) The capacitance-voltage (C-2-V) and (b) The conductance-voltage (G-V) characteristics of the CuO/ZnO:Al heterojunction.

4 Conclusion

ITO/ ZnO:Al(1%)/CuO/Al heterojunction was successfully fabricated by combining thin films deposited by RF-sputtering and
spin coating. The as-deposited films were polycrystalline. The optical band gap of the obtained CuO and ZnO films are found to
be 1.58 and 3.27 eV respectively. The prepared thin films are in good quality in terms of the purity and surface uniformity. On
the other hand, the prepared heterojunction showed a rectifying behavior and the I-V characteristics were analyzed in terms
of the modified Shockley diode equation model. The analysis yielded to a shunt resistance of 3.5 x 107 €, a series resistance of
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11.9 kQ, an ideality factor of 10 and a saturation current of about 1.9 x 10~ A. Furthermore, the capacitance-voltage and the
conductance-voltage measurements confirm the rectifying nature of the junction with a Vj; of 1.6 V.
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