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Abstract

AlO-doped ZnO nanocrystalline thin films from with nano
crystallite size in the range (19-15 nm) were fabricated by pulsed
laser deposition technique. The reduction of crystallite size by
increasing of doping ratio shift the bandgap to IR region the optical
band gap decreases in a consistent manner, from 3.21to 2.1 eV by
increasing AlO doping ratio from 0 to 7wt% but then returns to grow
up to 3.21 eV by a further increase the doping ratio. The bandgap
increment obtained for 9% AIO dopant concentration can be
clarified in terms of the Burstein—Moss effect whereas the aluminum
donor atom increased the carrier's concentration which in turn shifts
the Fermi level and widened the bandgap (blue-shift). The
engineering of the bandgap by low concentration of AIO dopant
makes ZnO: AIO thin films favorable for the fabrication of
optoelectronic devices. The optical constants were calculated and
was found to be greatly affected by the increasing the doping ratio.
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1. Introduction

ZnO bandgap technology provides continuous development of transparent
photonic devices, transparent electronics and transparent electrodes. [1-3]. ZnO also
provides acoustic surface wave equipment [4]. solar cells, [5], flat panel display
etc. [6]. In dye-sensitized solar cells, a transparent conducting layer of doped ZnO
nano-film is used [7]. In applications such as energy yield, flexible electronics,

nanowires with ZnO also show good performance [8]. ZnO has abroad direct bandgap
of about 3.37 eV which makes it optically transparent in the visible spectrum. It also
has photoluminescence properties due to its high exciton binding energy of 60 meV at
room temperature [9]. Regardless of the fabrication conditions and methods, ZnO
emits a blue-green emission at room temperature. Surface defects, such as singly
ionized oxygen vacancies, Zn interstitials, and Zn vacancies, are believed to be
responsible for the green photoluminescence of ZnO structures [10]. Zinc oxide can
be used to expand a variety of nanostructures. Flame transport synthesis (FTS)-
fabricated ZnO tetrapods and networks display promising photocatalytic and
photoswitching properties. The network of these structures has enticing properties
including high-temperature stability, electrical conductivity, tunable Young's
modulus, and so on, which open up a wide range of possibilities in both basic research
and industrial applications. SnO2 nano- and microstructures, in addition to ZnO [11].
The FTS can also make a variety of other metal oxides [12].

Due to deep level defects, a sample with direct integration of ZnO nano- and
micro-needles using FTS shows NBE emission about 380 nm and a broad green
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luminescence [13]. Isoelectronic dopants, such as Ca, Mg, and Sr have been used to
tune the bandgap of ZnO, while Group Ill metal dopants, such as Fe, have been used
to tune the bandgap of ZnO. To improve the electrical conductivity and transparency
of ZnO films, Al, In, and Ga have been added as required [14-16]. Aluminum has
proven to be the most efficient of these dopants in producing high-quality samples

with improved clarity to visible light and emission in the UV/blue field [17]. As a
consequence of the Burstein-Moss effect, the band distance is also altered (BM).
Because of its naturally occurring n-type conductivity and optical clarity, zinc oxide
is emerging as a potential alternative to ITO for thin-film transparent electrode
applications. Thermally and mechanically, doped ZnO films are said to be more

stable [18-22]. PLD sputtering; thermal evaporation, and magnetron sputtering, are
some of the physical deposition methods that can be used [23]. Chemical vapor
deposition and wet chemical routes are examples of situations where maintaining a

vacuum is important [24-29]. Spray pyrolysis, is a wet chemical route for large-area
deposition that does not require vacuum. It is also used to synthesize Al-doped ZnO
films. It was found that the surface morphology of ZnO-based films has a major
impact on their optical properties [30]. Apart from studying the structure and surface
of the film, doping impact on optical properties such as transmission, bandgap, and
optical constants, is the primary subject of this research paper.

2. Experimental work

ZnO and AIO with high purity 99.99 % supplied from Aldrich Company were
the materials used in the present work. The starting materials which used to prepare
different composites with various concentrations were weighed according to the
following ratios (100/0, 97/3, 95/5, 93/7, and 91/9 % using an electronic balance with
four digits after the point (10“ gm). The composites were subjected to a sintering
process by putting the composites in quartz ampoule of length ~ 25 cm and internal
diameter ~ 8 mm which was evacuated to ~10° Torr and sealed. The ampoules were
put in an oven at 1273K for 5 hours. The obtained composites were grounded to
obtain a powder which was pressed, with a hydraulic piston type (SPECIAL), under
pressure of 7 tons for 15 sec, to form pellets with a diameter of 1 cm and of 0.5 cm
thickness. ZnO: AIO composite was used to prepare thin films using pulsed laser
deposition technique. The deposition was done in a vacuum of 2x1072 Torr using Nd:
YAG laser beam (with 500mJ energy, 500 pulse, and frequency of 6Hz) which was
focused through a window an incident on the target. The ablated atoms were incident
on the glass substrates and get gathered to create thin films. The optical
interferometer method was used to determine the film thickness (t). The XRD
measurements were carried out with a diffractometer (type XRD / 6000 Shimadzu) at
(the Iranian Republic Laboratories) using Cu-Ka (A=1.5404A°) radiation operating at
30 kV and 20 mA.

3. Results and discussion

Fig.2 shows the x-ray diffraction spectra of the hexagonal wurtzite structure of
ZnO according to the standard JCPDS cards PDF#36-1451 which exhibit remarkable
orientation along (100), (002) and (101) plane with the (100) plane as the
predominate plane for crystal growth. This result is similar to that of Srivastava et al.
[31]. No impurity was observed in the thin films that have been doped. The peak
along, the a-axis, i.e. (100) plane are located at 26=32.0357°, 32.0714°, 32.0357",
31.9543 and 32.0357° for samples (ZnO), (Zn0:3%wt.AlO), (ZnO:5%wt.AlO),
(ZnO:7%wt.AlO), and (ZnO:9%wt.AlO) respectively. The diffraction peak, was
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shifts, to a higher value of 20, for Zn0O:3%wt. AlIO and ZnO:7%wt. AlO and
exceeded the angle of undoped ZnO.

Experimental work and procedure

Preparing of (ZnO):(AlO) compounds with different
concentrations of (0,3,5,7,9) wt%

Substrates cleaning (glass)

Preparing of (ZnO): (AlO) films with different concentrations using pulsed
laser deposition on glass substrates with thickness 150 nm

Structure examination sing (XRD)

Optical Properties (T, n, k, &i, &)

Figure 1: The scheme of the experimental work.

The Scherrer formula was used to measure the average crystal size (D):
0.94
= 1)
pcosé
where B and 0 are the full widths at half maximum and the glancing angle

respectively. The dislocation density A and the strain 6 were determined by applying
the following relations, respectively [32]:

1
5="15 @
and
D cos 05
A=—1— (3)

The estimated crystallite size using Debye-Scherer relation varies from growing up to
19 nm as AlO was introduced to the host oxide but it reached lower value of 15 nm at
the doping ratio of 7%wt. The dislocation density and the strain values were also
calculated. The strain value was found to range from 19 x 10 to 22 x 10~* as the
composite ratio was varied from 0 to 7wt%. Strain in sample ZnO:3%wt. AIO was
less than residual samples. This reflects the higher crystallite size.
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Figure 2: The diffraction pattern of ZnO: AlO thin films.

When ZnO crystallizes as wurtzite, the oxygen atoms are organized in a
hexagonal close packed form, with zinc atoms occupying half of the tetrahedral
positions. The atoms Zn and O are tetrahedrally coupled to one other and hence share
the same location. All of the octahedral and half of the tetrahedral sites in the zinc
structure are vacant. Bragg's law states that [32],

nA=2 d Sin@ 4)

where n denotes the diffraction order (typically n = 1), X is the X-ray
wavelength, and d denotes the distance between planes with the given Miller indices h,
k,and I.

The plane spacing d is related to the lattice constants a, ¢, and the Miller indices
in the ZnO hexagonal structure by the following relationship [32],

1/d2=4/3(h2+hk+k2)/a2+(I2/c2) (5)

for the first-order approximation:

(n=1); Sin%0=)?/2a%[4/3(h?*+hk+k?)+(a/c)I’] (6)
The lattice constant a for the (100) plane is determined by the relation,

a=M\3sing (7
While, the lattice constant ¢ for the (002) plane is determined by the relation,

¢= M Sin6 (8)
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The a-lattice constant is used here, was seen to be decreasing for the samples
Zn0:3 wt%. AIO (AZ3) but remained constant for the samples ZnO:5wt%. AIO
(AZ5) and ZnO:9wt%. AIO (AZ9). The c-lattice constant, decreased for samples
Zn0:3wt%. AIO (AZ3), ZnO:7wt%. AlO (AZ7), and ZnO:9wt%. AIO (AZ9), and
grew up for sample ZnO:5wt%. AIO (AZ5). The amount of defect states in the
prepared thin films which represents dislocation density increased randomly from
3.15x10%° to 4.2x10%lines/m? for the undoped and doped ZnO:9 wt%. AlO (AZ7)
samples. Table 1 shown the results of x-ray diffraction.

The decrease of c- lattice constant indicates that doping ZnO with AlO results from
the shrinkage of the lattice constant while the growing of c-lattice constant indicates
that the dopant atoms AI** continue to interstitial habitation. A similar mode was
found for calcium-doped zinc oxide films [33]. This behavior was ascribed to the high
difference in ionic radii of dopant atoms AI®*. AI**, having a significantly reduced

size ('zn?" = 0.074 nm and r o°%* = 0.054 nm) [34-37].
Table 1: The results of x-ray diffraction on ZnO: AlO thin films.

FWHM | dna EXp. CS dha Std. | & x10%° .
AlO wt% | 26 (Deg.) (Deg) A) P (nm) hkl A) (line/m?) strain
32.0357 0.4643 2.7916 17.8 (100) 2.7989 3.15 0.0019
0 34.6786 0.5000 2.5846 16.7 (002) 2.5867 3.61 0.0021
36.4286 0.5000 2.4644 16.7 (101) 2.4617 3.57 0.0021
32.0714 0.4286 2.7886 19.3 (100) 2.7989 2.69 0.0018
3wt% 34.7143 0.6072 2.5821 13.7 (002) 2.5867 5.32 0.0025
36.5357 0.4286 2.4574 195 (101) 2.4617 2.62 0.0018
32.0357 0.4643 2.7916 17.8 (100) 2.7989 3.15 0.0019
5wt% 34.7143 0.4643 2.5821 17.9 (002) 2.5867 3.11 0.0019
36.4286 0.4643 2.4644 18.0 (101) 2.4617 3.08 0.0019
31.9543 0.5357 2.7985 154 (100) 2.7989 4.20 0.0022
Twt% 34.6786 0.6429 2.5846 13.0 (002) 2.5867 5.96 0.0027
36.4200 0.3929 2.4650 21.3 (101) 2.4617 2.21 0.0016
32.0357 0.4643 2.7916 17.8 (100) 2.7989 3.15 0.0019
Iwt% 34.7143 0.3571 2.5821 23.3 (002) 2.5867 1.84 0.0015
36.5000 0.4643 2.4597 18.0 (101) 2.4617 3.08 0.0019

UV-Visible—near-infrared spectrophotometer was used to record the optical

transmission in the range of 300-1100 nm, for films with thickness 150 nm in the
normal incident in this case as shown in Fig.3. The transmittance increases
monotonically by increasing dopant atoms in the former and the best transmittance
was found to be at (3wt%) however the transmittance reduced for high doping ratio.
A similar result was reported by Chabane et al. who observed a letdown in the
transmission for an 8% doping, ratio [38]. This occurs by increasing the doping ratio
which gives rise to structural enhancement.
The bandgap Eg was determined using Tauc formula [39]:

(ahv)¥r = B (hv — Ego™) (9)

where hv, E¢°' and B are photon energy, optical band gap, and band tailing
parameter, respectively, while r is a constant of 0.5 for direct permitted transition.
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Figure 3: Transmittance spectra of ZnO: AlO thin films.

The optical band gap in Fig. 4 for both the undoped and the doped AIO thin
films had same trend of transmittance i.e., it decreased monotonically by increasing
the doping ratio up 7wt% and then started to increase. Mia et al. pointed out that
optical band gaps of Al doped ZnO thin films showed increase from 3.30 to 3.37eV
by increasing the doping ratio from 0 to 8mol% [40]. Bandgap shifts are the result of
two competing factors.One is the bandgap narrowing and the other is the Burstein-
Moss effect. The former happens when the donor and conduction bands overlap
above a certain carrier concentration known as Mott density, which is around 4.5 1018
cm3. [41, 42] As the number of defects in the ZnO host matrix is high, the defect
states become more delocalized and may overlap with the valence band edge,
increasing it and reducing the banding distance [43]. While the latter occurs due to
the increase of carrier concentration and the movement of Fermi level in the
conduction band. It is found that transition metal dopants like (Mn, Co in *?state,Fe)
also increasethe bandgap of ZnO which is illustrated based on the exchange
interaction of electrons in conduction and valence band with the d electrons of the
dopants atoms [44, 46]. In terms of sp hybridization, as well [47]. The increase in
bandgap occurred only on sample 9wt % AIO because stoichiometry is unchanged in
pulsed laser deposition, which was used in this study, as a result, the concentration of
dopant in the films was the same as in the starting content. The tunable band gap of
the prepared thin films makes AlO doped ZnO thin films favorable for fabrication of
heterojunction [48]. The refractive index n and the extinction coefficient k were
determined from the relations [38]:

_| (AR o l/Z_M

n {((R-l)z K )} (R-1) (10)
ai

k=47r -

where R the reflectanceand A the wavelength of incident photon respectively n and k
versus wavelength are shown in Figs.5 and 6, respectively. It was observed that n
changed in a non-systematic sequence with increasing AIO dopant concentration. On
the other hand, k increased by increasing dopant concentration while k falls for high
doping concentration. It was found that maximum k value corresponded to the lowest
bandgap value at 7wt% AIlO. Table 2 The optical energy gap and optical constants are
shown.
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Table 2: The optical energy gap and the optical constants at 2=550nm of thin
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Figure 4: Variation of (ehvfwith (ho) of ZnO: AlO thin films.

ZnO: AIO films.
Sample T% a (cm™?) k n & & Eg (eV)
Zn0O 76.12 109162 0.478 2.062 4,025 1.972 3.21
Zn0:3%AI0 72.65 127817 0.560 2.160 4.353 2.418 3.2
Zn0:5%AI0 53.76 248263 1.087 2.566 5.405 5.580 3.1
Zn0O:7%AI0 27.27 519787 2.276 2.355 0.364 10.719 2.1
Zn0:9%AI0 59.12 210264 0.921 2.478 5.293 4.563 3.21
3
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Figure 5: Refractive index spectra of ZnO: AlO thin films.
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Figure 6: Extinction coefficient spectra of ZnO: AlO thin films.

Figures. 7 and 8 shows the changes of the Real and imaginary dielectric
constants which were estimate by applying the following relations [48]:

er =n2-k? (12)
and
gi=2nk (13)
8 B
] —Zn0
7] — Zn0:3%AI0
] — ZnO:5%AI0

— ZnO:7T%AI0
— Zn0O:9%AI0

300 400 500 600 700 800 900 1000 1100
A (nm)

Figure 7: Real dielectric constant spectra of ZnO: AIQ thin films.
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Figure 8: Imaginary dielectric constant spectra of ZnO: AlO thin films.

4. Conclusions

Nanocrystalline AIO doped ZnO thin films with hexagonal wurtzite of
crystallite size inthe range of 15-19nm were prepared using pulsed laser deposition
method with (100) as the predominant plane for crystal growth. The prepared thin
films have transmittance in the range of 76-27%. The bandgap showed two different
trends with increasing the doping ratio, the first was reduction of bang gap when the
concentration of carriers exceeded that Mott density and widening of bandgap
(Burstein-Moss effect). The ability to tune the bandgap by inserting a small number
of dopant atoms makes the current films very appealing for optoelectronic system
fabrication, such as light-emitting diodes.
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