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Preparation and Characterization of Mn and Al co-doped
Copper Oxide Films
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Abstract—In the present work, Mn and Al co-doped copper
oxide (CuO-Mn:Al) thin films were deposited on Si(100) and
ITO glass substrates by radio frequency (RF) and direct
current (DC) magnetron co-sputtering, and then the obtained
films were annealed at 800 °‘C. The crystal structure of films
was evaluated by X-ray diffraction. The surface morphology of
films was observed by scanning electronic microscope (SEM).
Elemental composition of films was determined by energy
dispersive X-Ray diffraction (EDX) and X-ray photoelectron
spectroscopy (XPS). The resistivity and optical band gap of
CuO-Mn:Al thin films were determined by four probe
resistance tester and ultraviolet visible near infrared (UV-Vis-
NIR) spectrophotometer, respectively. XRD, EDX and XPS
results show the perfect doping of Mn and Al into CuO host
lattice. The addition of Mn:Al into copper oxide thin films led
to the resistivity decreases. In contrast, the optical band gap
values increased upon the addition of Mn:Al.

Index Terms—Copper oxide films, electrical properties,
magnetron  co-sputtering, optical properties, surface
morphology.

I. INTRODUCTION

Copper oxides have been extensively studied because of
their potential applications as solar cells [1]-[3], gas sensors
[4], [5], electrochemical sensors [6], [7], and batteries [8],
[9]. Copper oxides are also non-toxic, abundant, low cost,
and easy to fabricate compared with other materials used for
solar cells [10], [11]. The copper oxide mainly contains two
kinds of structures: cupric oxide or tenorite (CuO) and
cuprous oxide or cuprite (Cu,0) [10]-[12]. A rarely reported
copper oxide is paramelaconite (Cus03), which is an
intermediate between Cu,O and CuO [12], [13].

CuO has a preferred monoclinic structure, and its band
gap ranges within 1.2eV-1.9eV [14]. CuO mostly possesses
a direct band gap [2], [11], [13], although some studies have
reported that CuO has an indirect band gap [14], [15]. The
disparity in the findings of previous studies can be attributed
to the complicated crystal structure of CuO and to the fact
that CuO may belong to a particular class of compounds
known as Mott insulators [16]. On the other hand, Cu,O has
a preferred cubic structure with a direct band gap ranging
within 1.8eV-2.5eV [17], [18]. Both CuO and Cu,O are p-
type semiconductors that have the most stable defects in
both Cu- and O-rich environments because of their copper
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vacancies. The band gap of copper oxides also strongly
depends on the growth methods and parameters, as
evidenced by the considerably discrepant values obtained by
most researchers.

Numerous methods such as, reactive sputtering [17],
[19]-[22], chemical vapor deposition [11], sol-gel [23],
electro-deposition [24], and thermal oxidation [25], have
been used to grow copper oxide thin films. Among these
deposition methods, radio frequency (RF) sputtering is
considered the best technique because of its advantage of
proper stoichiometric control, low substrate heating during
film deposition, and provision for uniform thickness on
large-area substrates [12].

However, the research of the properties of metal-doped
CuO films is rarely reported except for Al doping. The
transition metal doped CuO films help to research the origin
of ferromagnetism, on the other hand, it may produce
excellent optical, electrical, magnetic and other electrical,
which in solar cells and other aspects of a good application
prospects.

In this work, Mn and Al co-doped Cu,O (Cu,O-Mn:Al)
thin films were deposited on Si(100) and ITO glass
substrates by RF and DC co-sputtering. The effects of
doping on structure, electrical and optical properties of the
obtained copper oxide thin films were investigated.

Il.  EXPERIMENTAL DETAILS

The CuO-Mn:Al thin films were deposited on Si(100) and
ITO glass substrates by RF and DC magnetron co-sputtering.
Before the deposition, substrates were cleaned sequentially
with acetone, ethanol and de-ionized water in an ultrasonic
bath for 15 min each. The high purity (99.9%) Al target and
Cu-Mn(9: 1) alloy target were used to co-sputter. The
chamber was initially pumped to 5 x 10 Pa and the
substrates were fixed on a rotating substrate holder at a
distance of 60 mm above the target. The reactive sputtering
conditions of the thin films are listed in Table I.

TABLE I: REACTIVE SPUTTERING GROWTH CONDITIONS FOR THE METAL-
DoPED COPPER OXIDE THIN FILMS (CuO-Mn:Al)

Cu-Mn Depositi
Al target
Experimental  target Al target on Ar-0O,
sputtering
conditions power power (W)  pressure  ratio
time (min)
w) (Pa)
Si(100) 80 40, 50, 60 1.0 20:4 5,10, 15
ITO glass 50 40, 50, 60 0.8 20:10  5,10,15

The crystal structure of films was characterized by X-ray
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diffraction (XRD). The surface morphology of films was
observed by scanning electronic microscope (SEM).
Elemental composition of films was determined by energy
dispersive X-ray (EDX) and X-ray photoelectron
spectroscopy (XPS). The resistivity and optical band gap of
metal-doped copper oxide thin films were determined by
four probe resistance tester and ultraviolet visible near
infrared spectrophotometer, respectively.

I1l. RESULTS AND DISCUSSION

A. Structural Properties

Fig. 1 shows the XRD diffraction patterns of the CuO-
Mn:Al films deposited on Si substrates at different doping
power. For the film without metal addition, a single
diffraction peak was observed and can be well indexed as
(002) planes of CuO. With the addition of Mn into CuO
films, a single diffraction peak (002) plane of CuO
disappeared and a very weak peak at the position of 26
=36.5° appeared, which was ascribed to the diffraction
pattern from (002) plane of Cu,O. With the addition of Al
into CuO films, the diffraction peak intensity in the (002)
plane of CuO was declined and the peak position was
normal. It indicated that Al ions were doped into the lattice
of CuO and it was not certain whether or not to occupy the
vacancy of the body. With further increase of Al doping
power, the intensity of CuO (002) peak increases gradually,
while the crystallinity of the film is improved. When the Al
doping power is 40W, the diffraction peaks of Cu,O (111)
plane and Cu,O (200) plane appear and the diffraction peak
of Cu,O disappears as the power further increases.
Therefore, metal doping has a significant effect on the film
structure [26].
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Fig. 1. XRD patterns of CuO-Mn: Al films deposited on Si substrates at
different doping powers.

Fig. 2 shows the XRD diffraction patterns of the CuO-Mn:

Al films deposited on ITO glass substrates at different
doping power. It can be seen from Fig. 2 that the XRD
diffraction patterns change very slightly with Al doping
power increases. With the addition of Mn into CuO films, a
very slightly shift of the CuO (002) diffraction peak was
observed. It indicated that Mn was successfully doped into
the CuO lattice. With the addition of Al into CuO films, a
diffraction peak (111) plane of CuO appeared. From the
XRD patterns with Si and ITO glass substrates, it can be
seen that two substrates present different effect as the Al
doping power changes. It shows that different substrates

have a significant effect on the film structure [26].
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Fig. 2. XRD patterns of CuO-Mn: Al films deposited on ITO glass

substrates at different doping power.

Fig. 3 shows the XRD diffraction patterns of the CuO-
Mn:Al films deposited on Si substrates at different doping
time. It can be seen from Fig. 3 that the XRD diffraction
patterns change very slightly with doping time increases. A
diffraction peak (002) plane of the CuO film deposited at the
doping time of 15 min disappears almost and therefore as-
deposited films are almost amorphous. It could be ascribed
to Al and Mn ions are doped into the CuO unit cell and the
CuO crystal quality was reduced [27].
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Fig. 3. XRD patterns of CuO-Mn: Al films deposited on Si substrates at
different doping time.
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Fig. 4. XRD patterns of CuO-Mn: Al thin films deposited on ITO glass
substrates at different doping time.

Fig. 4 shows the XRD diffraction patterns of the CuO-
Mn:Al films deposited on ITO glass substrates at different
doping time. With the doping time increasing, the
diffraction peak intensity of the (002) plane of CuO films is
increased slightly at first and then decreased. The diffraction
peak (-113) plane of the CuO film deposited at the doping
time of 15 min appears evidently. The increase of doping

78



International Journal of Materials, Mechanics and Manufacturing, Vol. 7, No. 2, April 2019

time results in the increase of Al content. It is clear from the
XRD patterns that metal doping can change the
crystallographic structure. It can be observed clearly the
decrease in the (002) peak intensity and increase in the (-113)
peak intensity. Further, it is indicated that Al ions and Mn
ions have been doped into the lattice of CuO. Thus, it is
figured out that different substrates have a significant effect
on the film structure.

XRD patterns of annealed CuO-Mn:Al films deposited on
Si substrates at different doping power are shown in Fig. 5,
and the annealed temperatures were 800 C. As shown in
this figure, there is a distinct increase of the diffraction peak
was observed for the Mn-doped films annealed at
temperatures 800 ‘C. The diffraction peaks in the (110) and
(111) plane of CuO are formed. With the addition of Al into
CuO:Mn films, the diffraction peak intensity in the (002)
and (111) plane of CuO films is decreased, the diffraction
peak in the (110) plane of CuO films is disappeared and the
diffraction peak in the (-113) plane of CuO films is
increased slightly. When, the diffraction peak intensity in
the (002) and (111) plane of the CuO film deposited at the
Al doping power of 60W is clearly increased. And the
intensity of the CuO-Mn:Al film is higher than the CuO:Mn
film. It can be seen that the crystallinity of the films has
been improved. It may be attributed to the decrease of
oxygen vacancy and Cu atoms defects. The observed
decrease of the diffraction peak intensity can be due to the
inducing thermal effect accompanied with recrystallization
or reorientation of smaller grains to bigger one through
crystal growth [28]-[30].
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Fig. 5. XRD patterns of CuO-Mn: Al films after annealing deposited on Si
substrates at different doping power.
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TABLE II: THE LATTICE CONSTANT AFTER ANNEALING OF CuO-Mn:Al
THIN FILMS DEPOSITED ON SI SUBSTRATE BY DIFFERENT DOPING POWER

CuO- CuO- CuO-
CuO-Mn-
Samples  CuO Mn:Al- Mn:Al- Mn:Al-
an
an40w) an(50W)  an(60W)
a(A) 4685  4.692 4.703 4.689 4.689
b (&) 3430  3.406 3.429 3.417 3.398
c(A) 5139 5113 5.107 5.093 5.087

The copper oxide monoclinic lattice parameters a, b, ¢ are
obtained by using the relation:
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The calculated values of a, b, ¢ are listed in Table II.
These results are in accordance with literature reports [31].
As shown in Table I, there are slight changes in lattice
constant for the films with different Al doping after
annealing. The change of lattice constants can cause the
modification of electronic band structure [32]. It is clear
from the Table Il that Al doping does not change the
crystallographic structure evidently which is because ionic
radii of Al (0.51 A) is smaller than Mn and Cu [33].

B. Surface Morphology and Composition Analysis

Fig. 6 shows SEM images from CuO-Mn:Al films
deposited at different doping power. Fig. 7 shows the
corresponding EDX spectra. The deposited CuO-Mn:Al thin
films exhibit approximate pyramid morphology change to
the rugby form. The grain sizes decreases resulting in
decreasing surface roughness. Therefore, the crystallinity of
the film is poor. This consists well with the above XRD
analysis results. The SEM images indicate that the surface
morphology is strongly dependent on the metal-doped. The
EDX images indicated that Mn was substantially retained. It
can be ascribed to the use of synthetic targets. No Al
element is found, which may be due to less content.

Fig. 6. SEM spectra of CuO-Mn:Al films psied on Si substrates at
different doping power; (a) undoped; (b) 40W; (c) 50W; (d) 60W.
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Fig. 7. EDX patterns of CuO-Mn:Al films deposited on Si substrates at
different doping power.

In order to further clarify the phase composition of CuO-
Mn:Al, X-ray photoelectron spectroscopy (XPS) was carried
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out. Fig. 8 shows the XPS spectrum of CuO-Mn:Al films on
Si substrates. A peak at about 76.3eV is assigned to

AlP*2py,. This is similar to the results reported by Gong et al.

[33]. It is shown that the aluminum in the film is almost
completely in the form of AI**, which indicates that Al has
successfully doped into the CuO lattice.
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Fig. 8. XPS spectrum of CuO-Mn:Al films deposited on Si substrates.

C. Electrical Properties

Table 111 shows the variations in electrical resistivity as a
function of doping time and power, respectively. It can be
seen in Table Il that the resistivity of the thin films
deposited on the Si substrates increases with doping time
increasing. The resistivity of the thin films deposited on the
Si substrates decreases with doping power increasing.
However, the resistivity of the thin films deposited on the
ITO glass substrates decreases with doping time increasing.
The resistivity of the thin films deposited on the ITO glass
substrates increases with doping power increasing. Thus, it
is figured out that different substrates have a significant
effect on the film electrical properties. It is attributed to the
change in free carrier concentration and mobility due to the
change of film crystallinity. When the film crystallinity is
improved, the internal defects in the film are reduced. The
crystal quality of films plays a critical effect in the electrical
properties. The resistivity of the films obtained in this work
is much smaller than the reported results [34], [35].

TABLE III: RESISTIVITY IN CUO-MN:AL FILMS AS A FUNCTION OF DOPING
TIME AND POWER, RESPECTIVELY

Doping time(min) Doping power(W)

5 10 15 40 50 60
Si substrate 203 518 563 563 539 3.14
(Q€m)
ITO glass 254 107 093 039 041 049

substrates (Q €m)

D. Optical Properties

In order to further investigate the optical properties of the
films, the optical band gap of metal-doped copper oxide thin
films were determined by ultraviolet visible near infrared
(UV-Vis-NIR) spectrophotometer. The optical transmission
spectra of films with different doping power are presented in
Fig. 9. It can be seen that the transmittance distinctly
decreases with Al doping in the visible range from 300 to
720nm. Excessive Al doping causes the movement of the
band gap. An energy band widening (blue shift) effect is
resulting from the increase of the Fermi level in the
conduction band of degenerate semiconductors. It shows
that the transmittance in the 1075nm and 1331nm is 34.8%
and 36.2%, respectively. Subsequently, the optical band gap
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of the films is estimated using Tauc relationship:

1

(ahv)2 =A(hv-Eg) 2)
where A is a constant, a is the absorption coefficient, hv is
the photon energy, and Eq is the band gap. The band gap
energy E4 can be determined by plotting o? versus hv and
extrapolating the linear part of the curve until it crosses the
hv axis where o becomes zero. Fig. 10 shows the variation
of «* as a function of hw for doping power.

The band gap value obtained for undoped films is 2.84eV
which is close to the reported value previously [26]. It
shows that the band gap at the 40w, 50w and 60w is 3.57eV,
3.69eV and 3.63eV, respectively. According to Fig. 10, the
band gap increase distinctly with the doping power increases.
The increase of band gap with different doping power may
be the result of changes in atomic distances which affects
the band gap. This is attributed to the Mn and Al ions doped
into the CuO lattice. This is consistent with the reported
results [36], [37].
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Fig. 9. Transmission spectra of CuO-Mn:Al films deposited on ITO glass
substrates at different doping power.
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Fig. 10. Variation of a® as a function of photon energy for films deposited
at different doping power.

IV. CONCLUSION

Mn and Al co-doped copper oxide (CuO-Mn:Al) thin
films were deposited on Si(100) and ITO glass substrates by
radio frequency (RF) and DC reactive co-sputtering. With
doping time and power increasing, the crystallinity of the
films changes. XRD, EDX and XPS results show the perfect
solubility of doping Mn and Al into CuO host lattice. We
have found that different substrates have a significant effect
on the film structure. The transmittance distinctly decreases
for CuO-Mn:Al films in the visible range from 300 to
720nm. The addition of Mn:Al into copper oxide thin films
leads to the resistivity decrease. In contrast, the optical band
gap values increased upon the addition of Mn:Al.
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