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Undoped and Aluminum-doped Zinc Oxide (AZO) were grown on a glass substrate using a facile home
developed pneumatic spray pyrolysis technique. Four samples were prepared with Aluminum percentage
weight ratios of 0, 0.5, 0.75 and 1. The structural, electrical and optical properties of the grown films were
characterized using X-ray diffraction (XRD), the four-point and Ultraviolet—visible (UV-vis) spectroscopy
methods respectively. XRD characterization revealed that the undoped and doped Zinc Oxide (ZnO) films
have a polycrystalline structure with a strong preferential growth orientation along the (002) direction and
the crystallite size increases and then decrease and ranges from 31.66 to 84.93 nm indicating the reduction
increase again of defects. UV-vis spectroscopy has shown that the 0.1 % Al portion slightly enhanced the film
transmission while larger amounts drastically deteriorated it which is probably due to the behavior of defect
and the surface roughness. The band gap energy was almost unaffected varying between 3.21 and 3.29 eV.
The defect’s behavior has also affected the sheet resistance which showed a huge decrease of for increasing
Al ratio until the last ratio where it has slightly increased. Although, most of the obtained results behave in
their usual way, the transmittance behavior is the most remarkable where it can be useful in designing solar
cells where the lightly doped AZO can be used as a window while the highly doped AZO can be used as part
of the heterojunction with a p-type semiconductor (like Si, GaAs or another oxide) to increase generation and
collection of carriers.
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1. INTRODUCTION

Transparent conductive oxides (TCO) are semicon-
ductors with a wide gap (> 3 eV) [1]. Their importance lies
in a compromise between good electrical conductivity and
optical transmission in the visible spectrum [2]. One the
most widely studied TCOs is Zinc Oxide (ZnO) due to its
remarkable characteristics such as its large exciton bind-
ing energy (~ 60 meV), wide bandgap (~ 3.4 eV), natural
abundance, non-toxicity, and strong thermal and chemi-
cal durability [3]. In recent years, it has been used as a
wide—band gap semiconductor for optical and electronic
applications such as solar cells as a window layer [4]. Its
electrical, optical and other properties can be easily and
conveniently controlled for targeted applications by me-
tallic doping [5]. In particular, Aluminum (Al) doped Zinc
Oxide (AZO) has emerged as a cheaper alternative to re-
place other TCOs such as Indium Tin Oxide (ITO) and
Fluorine Tin Oxide (FTO) in several applications [6]. Dif-
ferent preparation methods and treatments were used to
enhance ZnO thin films properties by Al doping [7-9]. In
photovoltaics, AZO has played a major role in enhancing
the performance of solar cells, in particular as a window

* Correspondence e-mail: yasmine.senouci@univ-biskra.dz
T n.hamani@univ-biskra.dz
¥ n.sengouga@univ-biskra.dz

2077-6772/2024/16(5)05030(5)

05030-1

PACS numbers: 72.80.Ey, 73.90.f, 78.66.Hf

layer. AZO can replace ITO in heterojunction Silicon so-
lar cells (SCs) because of its low cost, abundant material
reserves in nature and capability of achieving compara-
ble efficiencies to the ITO-based SHd solar cells [10]. ZnO
as well as AZO were examined in view of their use both
as TCO and the n-type partner for the p-type gallium ar-
senide (GaAs) substrate, that resulted in creation of the
p-n heterojunction-based photovoltaic device [11]. The
CdTe solar cell performance can be greatly improved by
adjusting the carrier concentration of the AZO layer, as
potential material to replace CdS window layer [12]. Fur-
thermore, AZO can be used as an effective mean to im-
prove a device performance [13]. The performance of an
IGZO thin film transistor (TFT) was influenced by the
conductivity of the AZO film, related to its structural
properties, used as the source and drain electrodes [14].
AZO can also be used in different types of sensors [15].
The different properties of AZO thin films are greatly
affected by the different preparation conditions. For ex-
ample, the grain size and the roughness difference of can
affect the optical properties [16]. Transmission may be
reduced because of increased thickness and increased
roughness [17] since Al doping create more defects and
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affects randomly transmittance and resistivity [18]. The
transmittance decrease is usually correlated with grain
and defect density increase indicating the substitution of
Zn2+ with Al ions indeed facilitates the formation of zinc
vacancy (VZn) and increasing the oxygen vacancy (VO)
concentration in the thin films, hence; the fewer the de-
fects the better the crystallinity of the film and the
smaller the resistivity [19]. In summary, Al may substi-
tute Zn atoms in the ZnO matrix and may have different
and wide range effects such increasing then reducing
conductivity, reducing mobility, affecting transmission
and other electrical and mechanical properties, but the
remaining challenges are how the different preparation
conditions and techniques affect these properties [20]. In
this work, AZO thin films were prepared using a facile
spray deposition on glass substrate with different Al
weight percentages ranging from 0 to 1 %. The struc-
tural, optical and electrical properties were characterized
by XRD, UV-vis spectroscopy and four-point respectively.
The obtained results were analyzed for possible utiliza-
tion of these films in designing solar cells based on AZO
as a dual-function layer or a combination of a window
layer and a heterojunction with other semiconductors
such as Si, GaAs or CdTe as suggested recently [21].

2. MATERIALS AND METHODS

Table 1 — The deposition conditions of the sprayed AZO thin films
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Glass substrates are used to allow good optical char-
acterization of the films and because of the good thermal
expansion that it presents with ZnO. The glass sub-
strates were cleaned to remove organic contamination
using organic solvents (ethanol, acetone) and then inten-
sively rinsing with distilled water. A gentle cleaning of
the two surfaces of the blades is carried out using a soft
lint-free paper (optical paper) before it was immersed in
a bath of distilled water, then an ethanol bath. The de-
greasing in each bath lasts five minutes and is followed
by a rinsing with distilled water. The thin AZO layers
were prepared from hydrated =zinc acetate
(C4H604Zn2H20) dissolved in distilled water according
to a molar concentration of the solution equal to 0.15 M.
An addition of a few drops of hydrochloric acid (HCI) is
necessary to ensure maximum dissolution of zinc ace-
tate, and then stirred for 1 hour. For the Al doping,
quantities of hydrated aluminum nitrate
(AIN309.9H20), according to the desired Al doping, in
were dissolved in the starting precursor. The doping per-
centage is varied in the range 0-1 wt%. The deposition
conditions are shown in Table 1.

The grown thin films were characterized using a
Rigaku mini Flex 600 XRD diffractometer for structural
properties, a JASCO V-770 UV-Vis spectrometer for the
optical properties while a four- probe with a Pico Am-
peremeter Keithley 485 and a 2182 Nanovoltmeter.

Al doping ratio: Substrate tem- Deposition Distance sprayer- Pressure of Molarity of the
(wWt%) perature (°C) time (min) substrate (cm) compressor solution (mol/l)
0-1 300 3 12 Moderate 0.15
3. RESULTS AND DISCUSSION s70f 1 1% wi]
o}l . . g 3
The XRD spectra of ZnO films doped with Al with L.t T2 = g
different doping percentages (undoped, 0.5 %, 0.75 %, 5 [raaeny i
1 %) are presented in Fig. 1. The (100), (002) and (101) T 'ﬁ‘ =
diffraction peaks were observed. These peaks are in good ::: | g _ AT
agreement with the JCPDS reference file (No 36-1451) = | g 7&8 § g
which confirms the hexagonal structure of wurtzite type % i
for all the elaborated layers and the polycrystalline s — 7;5%‘“;
structure with a strong preferential growth orientation 21 Mﬂvf )
114 K‘

perpendicular to the crystallographic planes (002) of the
hexagonal structure of ZnO (the ¢ axis is perpendicular
to the substrate). Other peaks around 26 = 31° and
260= 36° correspond to the (100) and (101) planes respec-
tively of the ZnO system, they appear intensively in the
spectrum of pure ZnO then they decrease with increas-
ing doping. An increase in the intensity of the dominant
peak (002) with the doping ratio is observed. The maxi-
mum intensity is noted for the 0.75 % Al doping, which
explains that the high concentration of the dopant pro-
motes growth according to (002) because of its low en-
ergy. No corresponding additional Aluminum peaks
were observed, probably indicating that Al atoms occupy
interstitial sites of ZnO [22]. Fig. 2 represents the vari-
ation of the size of the crystallites (D) and the defor-
mation (¢) variation with Al doping ratio. The crystallite
size increases from 31.66 to 84.93 nm with increasing Al
doping ratio in good agreement with other studies [16].
The increase in D can be explained by the fact as
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Fig. 1 - XRD spectra of the different elaborated AZO thin films

the ratioof doping increases, the electrostatic interaction
between atoms becomes greater, thus increasing the
probability of more solute gathering to form a crystallite
[17]. Furthermore, the deformations vary inversely with
the size of the crystallites. This decrease indicates a de-
crease in lattice imperfections in the grain boundaries
[18]. We obtained the best crystallization of the hexago-
nal phase of ZnO on the film doped with 1 wt % Al with
a crystallite size of 84.93 nm and a strain of — 0.4304 %.
If authors have the appropriate experience, they can
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continue to develop the existing two-level list starting
from the third level.

Fig. 3 shows the optical transmittance (a) and its cor-
responding average (b) of the AZO prepared thin films
for different doping concentrations of Al in the wave-
length range 400-800 nm. All spectra are transparent in
the visible range ranges and its average between (49-
84%). The transmission is over 80% for low Al doping
values (0%, 0.5%) and then drops drastically to just un-
der 50% for the 0.75% ratio. This behavior can be at-
tributed to the roughness of the film surface and defects.
For smaller Al doping; defects are reduced since Al sub-
stitute Zn2* sites and hence annihilate the oxygen vacan-
cies. For larger doping; probably oxygen vacancies (VO)
are annihilated hence the additional Al atoms contribute
to creating more defecting by occupying interstadial sites
or oxygen Zn2* vacancies (VZn) [22].
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Fig. 2 — The variation of the crystallites size (D) and the defor-
mation (¢) variation with Al doping ratio
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Fig. 3 — The optical transmittance (a) and its corresponding av-
erage (b) of the AZO prepared thin films for different doping
concentrations of Al in the wavelength range 400-800 nm

The band gap of the AZO thin films was determined
from the transmission spectra by means of a graphical
method using the Tauc relation (1). The Tauc plot trans-
form the transmittance curve to (ahv)? versus hv. The
determination of the optical gap of the films is deduced
by extrapolation of the linear part to the hv axis as
shown in Fig. 4 (a) and the corresponding energy gap are
shown in Fig. 4 (b) as a function of the doping rate.
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Fig. 4 — a) The Tauc plot: (ahv)? vs hv and b) the calculated

energy band gap of the differently doped AZO thin films

The variation in the energy gap can be attributed to
the variation in grain size [21, 22]. We observe a de-
crease and then an increase in the band gap, this widen-
ing of can be interpreted by the Burstein-Moss effect.
This phenomenon is linked to the increase in the num-
ber of majorities. This increase leads to a shift in the
fermi level just below the level of the conduction band
causing the band gap to increase.
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Fig. 5 — The sheet resistance variation (Rs) as a function of the
doping concentration
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The sheet resistance variation (Rs) as a function of
the doping concentration is represented in Fig. 5. Rs was
found to decrease with Al doping concentration to a min-
imum value obtained at 1 wt %, Rs = 1.09 x 105 Q/01. The
decrease in Rs can be explained by the increase in crys-
tallite size leading to a reduction in grain boundary scat-
tering as well as defect creation and annihilation by Al
atoms and/or reduced mobility due to increased scatter-
ing by higher Al atoms. The decrease in the sheet re-
sistance of the film due to the increase in the carrier con-
centration in AZO thin films, due to the incorporation by
substitution of Al?*ions on the Zn2 * cationic sites. This
explanation is in good agreement with the XRD analysis,
which shows an improvement in the crystallinity for the
prepared films.

4. CONCLUSIONS

Aluminium doped zinc oxide thin films were elabo-
rated on a glass substratiousing a facile pneumatic
spray pyrolysis technique for different doping percent-
ages. The grown films were characterised for their struc-
tural characteristics using X-ray diffraction, and their
crystallite size and deformation were extracted. The un-
doped and doped zinc oxide (ZnO) films were found to
have a polycrystalline structure with a strong preferen-
tial growth orientation along the (002) direction and the
crystallite size increases and then decrease and ranges
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Oxcug NUHKY, JOIIOBAHUM AJIIOMiHi€M, IIJIAXOM JIETKOT0 MipoJIidy MHEeBMaTUIHUM
PO3HUJIEHHAM JJI (POTOEJIEKTPUIHUX CUCTEM

Y. Senouci!, N. Hamani2, N. Sengougal

1 Laboratory of Metallic and Semiconducting Materials (LMSM), University of Biskra, 07000, Algeria
2 Laboratoire de Physique des Couches Minces et Applications (LPCMA), Université de Biskra, 07000, Algérie

Heusteropanwuii i meroBanmit asomidieM okcu MUHKY (AZO) BUPOIyBaIN HA CKJIAHIN MIIKJIAIIN 34 JOIO0-
MOTOI0 JIETKOI, PO3pO0JIEHOT BJIOMA TEXHOJIOT1I ITIPOJIi3y 3 THEBMATUYHIM PO3MUIEHHAM. J0TUpY 3pa3ku Oyiiu
ITITOTOBJIEH] 3 MACOBUM BITHOIIEHHAM aJioMiHio0 B mporeHrax 0, 0,5, 0,75 1 1. CTpyKTypHI, eJIeKTpUYHI Ta
ONITHUYHI BJIACTUBOCTI BUPOIIEHUX ILIIBOK OYJIM 0XapaKTepPU30BaHIl 3a JOIIOMOTOK PEHTTeHIBCHKOI MU PaKIIil
(XRD), yorupuToukosoi Ta yibTpadioseroBoi Bumumoi (Y®) o6acTi. -vis) METOIU CHEKTPOCKOIIIl BiITIOBITHO.
XRD mokasaio, 110 HeJIeroBaHi Ta JIeroBaHi IUIIBKU OKCUay MUHKY (Zn0) MAoTh MOJIIKPUCTAIYHY CTPYKTYPY
3 CHJIBHOIO TIePEBAaYKHOIO OPIEHTAITIEI0 POCTY B3I0BK HAMpAMKY (002), a po3Mip KPHUCTAITIB 301/IBIITYEThC, a
TOTIM 3MEHIIIYETHCS T KOJIMBAETHCS Bix 31,66 1o 84,93 HM, 1110 BKa3ye Ha TOBTOPHE 301IbIIIEHH 3MEHIITeHHS.
nederris. CrerTpockormisa Y®-BuamMoro mianasoHy moxasasa, mo yactea 0,1 % Al memnmo mokpariye mporryc-
KaHHS IUNBKHU, TOAl K OLIBIN KIJBKOCTI PI3KO IOTIPIIYIOTH WOTO, 10, MMOBIPHO, IOB’SI3aHO 3 MOBEIIHKOIO
nedeKTy Ta MopCTKICTI0 moBepxHl. KEHepris 3abopoHeHo0l 30HU Maiske He 3MIHIOBAJIACH, KOJIUBAIOYNCH MIK
3,211 3,29 eB. [loBeminka medekTy TakosK BILIMHYJIA HA CTIAKICTD JIMCTA, STKA MOKA3aJia 3HAYHE 3HUIKEHHS
I 30LJIBITeHHS CITiBBIIHONTEHHS Al 10 OCTAHHBOTO CITIBBITHOIIIEHHS, Je¢ BOHO TPoXH 30iiabmmsocs. Heara-
JKAIOYM Ha Te, IO OLIBIICTh OTPUMAHUX PEe3yJIbTATIB IIOBOSATECS ¥ 3BUYAWHUI CIIOCIO, OBEJIHKA IIPOILyC-
KaHHS € HaMOLIBII IPUMITHO, KOJIM BOHA MOKe OyTH KOPHCHO IIPXA PO3POOIIl COHAYHNX €JIEMEHTIB, Jie 3JIe-
ria Jeropanuit AZO MoskHA BUKOPUCTOBYBATH K BIKHO, a CHJIBHO JieroBaHuil AZO MoKHa BUKOPUCTOBYBATH
K YAaCTHHA TeTepolepexoIy 3 HAIMBIPOBIMHUKOM p-Tully (Hampukiaand, Si, GaAs abo 1HIINM OKCHIOM) IJIS
301/IBIIIeHHS TeHepairii Ta 300py HOCIIB.

Kmiouosi cmosa: ZnO, serosanmit Al, Ilipomis posmuienusm, Enexrpuuni xaparxrepuwermikw, OnTudmHi
xapakTepucTuiu, CTPYKTYpPHI XapaKTePUCTUHKHA.
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