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Influence of Al and Cu Doping on the Structure, Morphology, and Optical Properties
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Abstract: In this study, ZnO thin films doped with Al (AZO) and Cu (CZO) were
fabricated on a glass substrate via sol-gel spin coating. The influence of 1 atomic % Al and
Cu doping on the structure, morphology, as well as optical properties of ZnO thin film
was then analyzed with X-ray diffraction (XRD), atomic force microscopy (AFM), and
UV-Vis spectroscopy. XRD analysis revealed that all samples possessed hexagonal
wurtzite crystal structures with 3 to 4 preferred orientations. Al and Cu doping caused a
decrease in crystal size, while the lattice strain (&) and dislocation density (p) were
increased. AFM indicated that Al and Cu doping reduced the surface roughness of the
ZnO thin film. Optical measurement showed that all samples exhibited high
transmittance (> 80%) in the visible light region. Transmittance was reduced after
doping, while the band gaps for ZnO, AZO, and CZO thin films are 3.26, 3.28, and
3.23 eV. This study showed that an addition of 1 atomic % transition metal (Al and Cu)
greatly influences the structure, morphology, and optical properties of ZnO thin film.
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= INTRODUCTION

Zinc oxide (ZnO) is a semiconductor II-VI with a
bandgap of 3.2-3.3 eV and a strong excitation binding
energy (60 MeV) at room temperature [1-3]. ZnO is a
polycrystalline material and could exist in wurtzite, zinc-
blende, and cubic rock salt form, with wurtzite being the
most abundant due to it being the most stable [4]. In
addition, ZnO is known to be non-toxic, eco-friendly,
easy to process, and possesses high chemical stability [1-
2,5-8]. In thin-film form, ZnO has high optical
transmittance, high electron mobility, and thermal
conductivity [9-10]. These properties make ZnO suitable
for many applications, such as solar cells [11], transparent

conductive oxide (TCO) [12], light-emitting diode [13],
and photocatalysts  [6,14].  Therefore, various
improvements in ZnO thin film have been the subject of
much research.

The doping process is a promising way to modify
the microstructure and both optical and electronic
properties of ZnO. Some studies have reported that
elements from the III group (Al, In, Ga) [5,7,15] and
transition metals (T1i, V, Cr, Mn, Fe, Co, Ni, Cu) [10,16-
17] are suitable dopant candidates for ZnO thin film. A
previous study by Asikuzun et al. showed that doping
ZnO thin film with Cu increased the surface roughness,
lowered the optical transmittance, and lowered the
optical band gap [18]. A similar result was reported by
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Nimbalkar and Patil [13], who confirmed that the band
gap, as well as the activation energy of ZnO thin film, were
decreased after Cu doping.

On the other hand, Al doping has been reported to
lower the crystal quality and band gap of ZnO thin film.
However, lattice strain and Seebeck coefficient were
conserved [19]. Another study found that band gap,
lattice parameter, and grain size decreased after Al was
added [20]. According to the studies mentioned earlier,
the addition of Al and Cu could affect the morphology
and optical properties of ZnO thin film.

From the chemical and physical perspectives, Cu is
a more suitable candidate as a dopant for ZnO, as Cu has
similar atomic properties to Zn, particularly in terms of
atomic radius and electron shell [18]. The substitution of
Cu’" into Zn*" is thought not to cause a notable change in
lattice parameters, seeing as the radii of Cu** and Zn** are
estimated to be around 0.073 and 0.074 nm [21]. In
contrast, Al with an ionic radius of 0.053 nm is expected
to cause a significant alteration in the lattice parameter,
owing to the large radius difference. A previous study of
Al- and/or Cu- doped ZnO thin film has been conducted
[11-14,18-19,21-28]. However, the investigation focuses
on the effect of only one doping (Al or Cu) in the ZnO
thin film. Bakhtiargobandi et al. [29] investigated the
effect of Al and Cu doping on the photoelectrochemical
properties of ZnO thin films, nevertheless, the amount of
dopants is large, i.e., 6 wt.%. To the best of our knowledge,
there has been no report on the small number of dopants
(Cu and Al) on the structure, morphology, and optical
properties of ZnO thin films. The addition of small
doping with different ionic radii on the structure,
morphology and optical properties of ZnO becomes the
focus of the present study, where ion radii of Cu are closer
to that of Zn compared to ion radii of Al In general, the
least amount of reported doping of Cu or Al on ZnO is 1
atomic %. The interesting finding is that it has an effect
on the properties of the thin films, especially with the
addition of two different dopant atomic radii with Zn.

In this research, ZnO thin film was doped with Al
and Cu, each with a concentration of 1%. The thin films
were deposited onto a glass substrate using a sol-gel spin
coating. This method was used due to its being safe, easy

to operate, and low cost [1-2] when compared to other
methods such as pulsed laser deposition (PLD), chemical
vapor deposition (CVD), sputtering [7], spray pyrolysis
[21],
deposition, and hydrothermal [13]. The influence of 1%

chemical bath deposition, electrochemical
Al and Cu doping on ZnO thin film's morphology,
structure, and optical properties were evaluated
thoroughly using X-ray diffraction (XRD), atomic force

microscopy (AFM), and UV-Vis spectroscopy.
m EXPERIMENTAL SECTION

Materials

The materials used in this research were zinc
acetate dihydrate (Zn(CHs;COO),-2H,0) (CAS number
5970-45-6, Merck KGaA), isopropanol (CAS number
67-63-0, Merck KGaA), ethanolamine (NH,CH,CH,OH)
(CAS number 141-43-5, Merck KGaA), Copper(II)
acetate monohydrate (Cu(CH;COO),-H.O) (CAS
number 6046-93-1, Merck KGaA), and aluminum
acetate (C,;H;AlOs;) (CAS number 142-03-0, Sigma-
Aldrich) were used in this study.

Instrumentation

VTC-100 spin coater was used to fabricate the thin
film. Phase analysis was conducted by X-ray diffraction
(XRD, Smartlab, Rigaku, Japan). The surface roughness
of samples was observed by atomic force microscopy
(AFM, NX10 AFM, Korea). The band gap of the sample
was obtained from UV-Vis spectroscopy (UHS5300,
Hitachi, Japan).

Procedure
Copper(II) acetate monohydrate
(Cu(CH;COO0),-H,0) and aluminum acetate

(C4H,AlOs) was added into the solution to make Cu-
doped (CZO) and Al-doped (AZO) ZnO thin film,
respectively. The percentage of dopants was calculated
according to the molecular weight of the dopants.

Both ZnO and dopant precursor solution has a
concentration of 0.5 M with the molar ratio of metal salt
and ethanolamine 1:1. Undoped and doped ZnO
solution were stirred at a temperature of 60 °C for 1 h
with 300 rpm and was left at room temperature for 24 h.
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Glass substrates were cleaned using the radio
corporation of America (RCA) method, where the
substrates were cleaned with ethanol for 10 min and
acetone for 5 min using an ultrasonic cleaner to ensure
that no organic impurities remained in the sample. The
substrates were then rinsed with deionized water.

The solutions were deposited into the substrates
using spin-coating (3000 rpm for 50 s) using VTC-100
spin coater to fabricate the thin films. The deposition
process was repeated three times, with a pre-heated
treatment at a temperature of 110 °C for 10 min. The final
heat treatment for the ZnO thin film was done at 400 °C
for 1 h.

m  RESULTS AND DISCUSSION

Fig. 1 shows the diffraction pattern of ZnO, AZO,
and CZO deposited using sol-gel spin coating. According
to ICDD [96-230-0113], all samples have a hexagonal
wurtzite structure. Crystal growth and orientation of each
sample could be further analyzed using the texture
coefficient (TC) obtained from the Harris equation, as
shown in Eq. (1).

I(hk%
T I( Ioghkl) )
1 hkl
{AZ Ahm]

where n, Inw, and Ionay represent the number of

diffraction peaks, peak intensity of a certain plane, and
reference intensity. Calculated TC of ZnO, AZO, and
CZO, along with the planes associated with diffraction
peaks, are presented in Table 1. According to TC
calculation, each sample tends to crystallize in a different
orientation, as the crystal growth could be attributed to a
few particular planes. ZnO tends to crystallize in the
direction of (002), (101), and (112) planes. Crystal growth
in AZO is dominated by (102), (110), and (112) planes,

while CZO crystallization mostly occurs in (100), (101),
(110), and (112) orientations.

The incorporation of Cu and Al also caused the
peak intensity of ZnO to decrease, although the decrease
is more significant in AZO. This is due to the large
difference in ionic radii between Al and Zn, while the
ionic radii of Cu and Zn only while the difference in
ionic radii for Cu and Zn insignificant. The atomic radii
of AP*, Cu*, and Zn** are 0.053, 0.073, and 0.074 nm,
respectively. The immense difference between Aland Zn
atomic radii would result in a more notable distortion in
the ZnO crystal structure, hence the less crystalline
structure of AZO [17].

Additionally, other properties are also affected by
the doping process, such as lattice parameters (a and c),
crystal size (D), lattice strain (¢), and dislocation density
(p). Lattice parameters (a and ¢) and d-spacing (d) of each
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Fig 1. Diffraction pattern of ZnO, AZO, and CZO thin
film
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Table 1. Texture coefficient (TC) of ZnO, AZO, and CZO thin film

Texture Coefficient (TC)

Sample (100) (002) (101) (102) (110) (103) (112)
7n0 0.97 111 1.01 0.95 0.94 0.97 1.05
Cz0 1.00 0.96 1.02 0.97 1.01 0.99 1.06
AZO 0.88 0.98 0.98 113 1.02 0.99 1.03

Faras Afifah et al.



Indones. J. Chem., 2023, 23 (1), 44 - 52 47

sample could be evaluated using the following relations,
according to Eq. (2-4), respectively.

a=— 2 bk 4K )
\/gsinﬁ

A
= 3
¢ 2sin0 ®)
1 4sin’0
FORE W

where A is the X-ray wavelength (1.5405A), 0 is the
diffraction angle, and h k1are the Miller indices.

Crystal size (D) could be calculated using the Debye-
Scherrer formula, as shown in Eq. (5).
D— 0.941 (5)

BcosH
where B represents the full width at half maximum
(FWHM) of a particular peak (h k1).
Lattice strain (g), which is a lattice disorder

developed during crystallization, could be calculated
using the following Eq. (6).
B
= 6
¢ 4tan® (©)
Dislocation density (p) is defined as dislocation-
induced imperfection present in a unit volume and could

be calculated using the Williamson-Smallman relation

(Eq. (7)),
p=§ )

Table 2 shows the calculated crystallography
parameter such as lattice parameter, crystal size (D), d-
spacing (d), lattice strain (¢), and dislocation density (p)
of ZnO, AZO, and CZO. Al doping resulted in a decrease
in lattice constant, while Cu doping increased. The change
in lattice parameter is related to the addition of Al and Cu.
A similar result has been reported by Jongnavakit et al.,
where ZnO underwent a decrease in lattice constant

after Cu doping [30]. Al Farsi et al. also reported that Al
doping caused the lattice constant of thin film to
increase [22].

A shift in lattice constant also indicates an
alteration in crystal size (D), where the crystal size of
Zn0O, AZO, and CZO calculated from the (112) plane are
50.48, 38.38, and 47.96 nm, respectively. This change in
crystal size is clearly observed in the broadening of the
peak, as shown in Fig. 1, which shows that the addition
of Al caused the peak to broaden; thus, the crystallite size
decreased compared to ZnO. These changes also show
that the doping process was successful, as evidenced by
the decrease in crystal size in both doped samples.
Moreover, studies by de Lara Andrade et al. and Ali et al.
demonstrate that ZnO crystal size decreased along with
the increase of AI** and Cu?* concentrations [23-24]. The
ionic radii of the dopants also affect the d-spacing, which
represents the distance between parallel planes in the
structure. AZO and CZO have lower d-spacing than
ZnO, where the calculated values are 1.3772, 1.3781, and
1.3784, respectively. Similar to crystal size, AZO has the
lowest d-spacing value as a consequence of the small
ionic radius of AI*".

Furthermore, immense atomic radii differences
would consequently cause higher lattice strain in the
ZnO structure. Higher lattice strain would result in more
dislocation and therefore cause the structure to have a
higher dislocation density, as observed in both samples,
particularly AZO, which exhibits a significantly higher
dislocation density than CZO and ZnO. Additionally,
there are published reports that Al and Cu doping
increased the lattice strain, which led to an increase in
defects in grain boundaries, reinforcing that higher lattice
strain is related to higher dislocation in a crystal structure
[19,24]. Another suggestion is that the addition of Aland

Table 2. Lattice parameter, crystal size (D), d-spacing (d), lattice strain (g), and dislocation density (p) calculated from

plane (112)
Sample a(A) c(A) D (A) d(A) & (%) p (<107
(line/nm?)
ZnO 3.2473 5.2111 50.48 1.3784 1.229 3.92
CZO 3.2473 5.2097 47.96 1.3781 1.293 434
AZO 3.2503 5.2170 38.38 1.3772 1.615 6.79
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Cu could inhibit crystal growth, in which case the lattice
distortion is bound to occur [24].

Fig. 2 represents the three-dimensional 2 x 2 um
surface topology of ZnO, AZO, and CZO thin film obtained
from AFM analysis. Visually, it could be observed that the
addition of Al and Cu to ZnO reshaped its surface topology,
as indicated by the relatively more even surface of AZO
and CZO. The morphology parameter was further
analyzed using Gwyddion software, from which grain size,
average surface roughness, and root mean square surface
roughness were obtained and presented in Table 3.

The average grain size ranged from 29.95 to
51.95 nm, as shown in Table 3. After being doped with Al,
the grain size of the ZnO thin film was reduced from 36.68
t0 29.95 nm. Previous studies by Al Farsi et al. and Hsu et
al. also found that Al doping resulted in a decrease in grain
size and surface roughness [22,25]. The opposite could be

22 nm

-23 nm

observed in Cu doping, where the grain size increased to
51.95 nm. This result is also in agreement with a study
by Istrate et al., who found that the addition of Cu
increased the grain size of ZnO thin film [26].

In addition to grain size, the surface topology of
each sample is also related to its surface roughness,
which was determined by the distribution of its grain. In
ZnO, the surface is riddled with elliptical grains of
varying sizes, while in AZO and CZO, the grains are
more homogenous and evenly distributed. As a result,
the average surface roughness of Cu-doped ZnO is
slightly lower than that of pristine ZnO, while in Al-
doped ZnO, the roughness is reduced to almost a quarter
of its initial. On top of that, root mean square (RMS)
roughness analysis yields a similar result, which further
confirms that the grain of AZO is finer and notably more
homogenous than CZO and ZnO.

(b)

Fig 2. AFM images of (a) ZnO, (b) CZO, and (c) AZO thin film

Table 3. Grain size, average roughness, and RMS roughness of ZnO, AZO, and CZO thin film

Sample Grain size (nm)  Average roughness (nm) RMS roughness (nm)
ZnO 36.68 2.02 2.59
Cz0 51.95 1.93 2.45
AZO 29.95 0.54 0.69
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Fig. 3 shows the optical transmittance of ZnO, AZO,
and CZO within the wavelength ranging from 200-
1000 nm. Generally, all samples exhibit around 80-90%
transmittance in the visible light region. This property is
particularly useful for optoelectronics applications such
as a transparent electrodes in solar cells. However, the
transmittance of AZO and CZO in the visible light region
was lower. This could be explained using the structure
disorder caused by the incorporation of dopants. After the
doping process, ZnO has a higher amount of structural
disorder. These defects would increase the optical
scattering of ZnO so that the doped samples will have
lower transmittance than pristine ZnO. Since structural
defects contribute to optical scattering, a higher
concentration of defects in a structure indicates poor
optical transmittance [18]. This result also agrees with the
XRD data, where AZO with the highest amount of
disorder in its structure has the lowest transmittance
among other samples.

Fig. 3 also reveals the blue shift in both AZO and
CZO, where the absorption edge shifted toward a shorter
wavelength. After Al doping, the edge shifted from 360 to
300 nm, while Cu doping caused it to shift to 320 nm. This
shift would later play a role in determining the bandgap
and evaluating the charge carrier concentration. These
findings are in agreement with studies related to
absorption edge shift in ZnO thin film after Al doping
[31] and Cu doping [30].

100 4
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From transmittance data, the optical band gap
could be calculated by using Eq. (8).

(ochv)2 :B(hv—Eg) (8)
where a is the absorption coefficient, B is the edge width
parameter, hv is the photon energy, and n=2 (for
semiconductor band gap). The absorption coefficient
(a) of the thin film samples could be obtained by using

this relation (9).

a :%ln(%) )

in which t is the thickness of the thin film. Thin-film
bandgap could be acquired from the linear extrapolation
of (ahv)? with hv.

As shown in Fig. 4, the optical band gaps of ZnO,
AZ0O, and CZO thin films are 3.26, 3.28, and 3.23 eV. In
the thin film, ZnO has a lower band gap than bulk ZnO
(3.37 €V). The lower value is due to the heat treatment
and the structural defects formed during the fabrication
process [19]. For doped samples, Al doping increased
the optical band gap of ZnO, while Cu doping lowered
the band gap. The shifting of the band gap in ZnO thin
tilm doped with transition metal could be explained by
the Burstein-Moss effect. AI’* and Cu’* ions introduced
charge carriers into ZnO, which would then modify the
band gap.

In AZO, the Al atom, which has more valence
electrons than Zn, would introduce more charge carrier
concentration in the ZnO thin film. These carriers would
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Fig 3. Optical transmittance of ZnO, AZO, and CZO thin film
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create sites near the conduction band, which would
consequently draw the Fermi energy closer to the
conduction band, thus increasing the band gap [28]. This
also explains the blue shift in absorption edge, where the
shift toward a lower wavelength suggests that it would
require higher energy to induce a photocatalytic effect in
AZO. Likewise, the Cu atom in CZO would create more
sites near the valence band and lower the band gap. The
band gap shift also proves that the doping process was
successful. Additionally, Bakhtiargonbadi et al. suggested
that Cuy, donor-acceptor played a role in lowering the
ZnO bandgap, along with Vg", V5 and Zn;* [29].

m CONCLUSION

ZnO thin films doped with 1% Al and Cu were
fabricated using sol-gel spin coating, and the structure,
morphology, and optical properties of the thin films were
then analyzed. The diffraction pattern of thin films
confirmed the structure of hexagonal wurtzite. Texture
coefficient calculation showed that each sample tends to
crystallize in a different orientation, particularly during
heat treatment. Al and Cu doping resulted in lowered
crystal size (D), average surface roughness, and
transmittance, as well as heightened lattice strain (¢) and
dislocation density (p). Moreover, shifts in band gaps
have been observed according to the type of dopants.
ZnO, AZO, and CZO have band gap values of 3.26, 3.28,
and 3.23 eV, respectively. In conclusion, the slight

addition of 1 atomic % transition metal (Al and Cu)
proved to greatly influence the structure, morphology,
and optical properties of ZnO thin film.
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