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Abstract— The possibility of synthesis of active layers for
solar cells by sol-gel method has been shown. The structural
features of the surface (AFM), crystallization behavior (XRD)
during the heating and properties of synthesized films are
discussed. Achieved parameters suggest the possibility of using
synthesized ZnO layers in solar cells. The perturbation im-
posed by Al atom incorporation leads to the atomic relaxation,
which is computed and discussed in detail.
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I. INTRODUCTION

Zinc oxide ZnO is widely used in a number of optoelec-
tronic devices such as solar cells [1-2]. ZnO films can be
prepared by various methods. Of particular the opportunities
to obtain ZnO films with controlled physical properties by
sol-gel synthesis is very attractive. This method combines
the simplicity of the process and the lower cost of used
equipment and materials. In this paper, the structural and
optical properties of ZnO:Al films formed by sol-gel me-
thod has been discussed

1. MATERIAL AND METHODS

The required amount of zinc acetate filled into absolute
isopropyl alcohol and stirredin order to manufacture the
ZnO/Al layer from the precursor (sol). Then sol was stirred for
30 minutes. Sol was kept at the room temperature (22+2)° C
for 2-3 days. Monoetalamin was selected as the catalyst be-
cause reduced the exposure time to two days and ensure their
stability during the month. After applying the sol onto the
surface of glass, single crystal silicon etc., the samples were
placed in the furnace and were heated stepwise at intervals of
20 °C to the temperature of 350 OC for 10 minutes. The
process of applying and drying had been repeated until the
desired thickness of the ZnO/Al layer was achieved.

X-ray phase analysis was performed by ARL X'tradiffrac-
tometer (Thermo Ficher Scientific, Switzerland), using Bragg-
Brentano geometry and reflected Cu Kal-and Kol-radiation.
To reduce reflections from the substrate small incidence an-
gles was used. Angular 26-range was selected from 10° to 60°.
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Diffraction peaks identification was performed using da-
tabase JCPDS (with software Search Match). Diffracto-
grams were processed using JANA 2006 software. The
electrical resistivity p was measured at room temperature by
four-probe method.

I11. RESULTS AND DISCUSSION

A. Structural Properties of ZnO: Al Sol-gel Films

The ZnO:Al film synthesized by sol-gel method was in-
vestigated with AFM (Figure 1) wich confirmed the high
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Fig. 1 AFM of ZnO:Al sol-gel films
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Fig. 2 XRD spectrum of ZnO:Al sol-gel films
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homogeneity of the films. According to the XRD ZnO:Al
films are polycrystalline, single-phase and have a hexagonal
wurtzite structure (Figure 2). The angular position of the
peaks is consistent with the JCPDS-data for nominally pure
zinc oxide (JCPDS, Ne 36-1451). The AI’* ions do not
violate the hexagonal wurtzite structure ZnO.

B. Optical Properties of ZnO: Al Sol-gel Filmsnsent

Figure 3 shows the transmission spectra as a function of
wavelength for samples of zinc oxide obtained at different
aluminum content (0.6-1.4 wt.%). Studies of the optical
characteristics of the films ZnO: Al showed that zinc oxide
films have a high transmittance T (A) = 80 — 94%, indicating
that this material is acceptable for use as a window layer
and for tandem solar elements.
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Fig. 3 Transmission of ZnO films depending on the concentration
of aluminum

Research of Raman spectra (RS) of obtained ZnO:Al sol-
gel films is in good agreement with XRD data. According to
the theory of groups for ZnO, which is crystallized in hex-
agonal wurtzite structure with spatial symmetry Cgy, there
are a set of phonon modes: 1A1 (TO) + lAl(LO) + 2B| +
1E(t0) + 1Ei@w0) + 2E; [3]. Phonon modes are observed in
ZnO at the following frequencies: Eyow) (low frequency) =
101 cm'l, Eohigny (high-frequency) = 437 cm'l, Ajroy = 380
Cm_l, AI(LO) =574 Cm_l, EI(TO) =407 cm'l and El(LO) = 583
em™, respectively (LO - longitudinal optical, TO - trans-
verse optical modes). Among these 2B; modes are not Ra-
man activity [4]. In the fall of the beam is strictly normal to
the surface of the ZnO layer are observed only Ao, and E,
modes, while the other modes are prohibited under the rules
of selection. It is known that the intensity and frequency
position of E, igny mode largely depends on the crystal
lattice stress ZnO [4]. On the other hand, the study of spec-
tral characteristics of oscillation Ao, provides the oppor-
tunity to get information not only on the chemical composi-
tion of the resultant ZnO: Al films, and about the presence
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of foreign phases and areas with locally ordered lattice.
According to the data [3] all the bands observed in the Ra-
man spectra of the resulting coatings (Fig. 4) can be attri-
buted to scattering by phonons of zinc oxide. In the low-
frequency Raman spectra of sol-gel ZnO:Al films (Series Ne
1-3) are observed mode E; (o) at 330 cm’, high-frequency
mode Eyigh) in the range of 427 - 439 cm™! and mode A, (LO)
in the range of 575-582 cm™. Mode at 330 cm™ is a second-
order oscillation mode phonon E, (igny and is due, mainly,
the vibrations of atoms Zn [5]. Fixed high-E, (ign) and A,
oy mode are associated with the fluctuations of the oxygen
atoms in a perfect crystal ZnO and local vibration of intrin-
sic lattice defects such as oxygen vacancies, intermediate
cations [5].
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Fig. 4 Raman spectra of ZnO:Al films produced by sol-gel deposition of
solutions based on: Nel -2-methoxyethanol - isopropylalcohol;Ne2 -
dimethylformamide; Ne3 -isopropylalcohol.

The spectral position, intensity and half-width (FWHM) of
E; migny and A, (o) oscillations are significantly different for
the ZnO:Al coatings obtained from different starting com-
pounds. Relatively to the standard ZnO, mode Eygeny and
Aoy which are observed for specimens series Ne 1-2, are
shifted to lower frequencies. A significant red shift of E; gign)
mode (Av= 8 cm-1) is associated with the disordering influ-
ence of the crystal lattice, a nonuniform distribution of Al
impurities and indicates the presence of the coatings compres-
sive stresses. With the improvement of the quality of the crys-
talline coating ZnO: Al modes E; (igny and Ao are shifted to
higher frequencies. Simultaneously, the intensity of these
oscillations and their half-width (FWHM) are reduced (for
mode Eyigh) up to 8 cm’! and for mode A, oy up to 10 cm’,
respectively). Reflex from fluctuations E, en) on the Raman
spectra of the films ZnO: Al Series Ne3 is symmetrical
(Figure 3). That fact is indicate the process of ordering the
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crystal lattice [6]. For the series of ZnO:Al films, obtained
from isopropyl alcohol and monoetalamina (Ne3), oscillation
position of E, gigny and Ao, is shifted to the standard ZnO.
This means that the films of this series have no stress.

The fact that the mode Eypigny, due to vibrations of oxygen
atoms in the crystal lattice of ZnO, is subject of more obtain-
ing conditions than mode Ex o, attributed to fluctuations sub-
lattice Zn, suggests that defects in the oxygen sublattice are
dominant. Increase of the intensity of mode E, (g with the
improving of crystal quality of the filmss indicates on the or-
dering of oxygen anion sublattice formed in layers with optim-
al choice of reactants and deposition conditions.
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Fig. 5.Raman spectra of ZnO: Alcoatingsproducedusing sol-gel precipita-
tion from solutions based on isopropyl alcohol: a) the area of frequency-
phonon mode Al (LO); b) the frequency range of the phonon mode 2,
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C. Electrical Properties of Properties of ZnO. Al Sol-gel
Filmss

It should be noted that the mode A, (10, of the resulting
film at 574 cm” in the Raman spectra is asymmetric
(Figure 4a). According to [7, 8] asymmetry of A o) mode,
observed in doped aluminum and gallium ZnO films, is
attributed to local disordering of the crystal lattice, and
created by oxygen vacancies. Therefore, we can conclude
that the increase of the intensity fluctuations at 557sm™ in
the Raman spectra of the samples in the series Ne3 is due
to the higher concentration of aluminum AI’ " in these films.
Fig. 6 depicts the variation of resistivity (p), carrier concen-
tration (n) and mobility (1) of Al doped ZnO films with
doping concentration. The resistivity first decrease with in-
creasing current and a lowest resistivity (6.5 ohm cm) is
obtained at a current 0,8%10 further increase in current the
resistivity value started to increase significantly.
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Fig. 6 The dependence of the resistivity of the charge mobility of the
current ZnO: Al-film obtained by a sol-gel method

Fig. 7 SEM image ZnO:Al-Si film annealed at 550 © C for 1 hour in an
atmosphere of oxygen

Figure 7 depict the SEM micrographs of the surface of Al
doped ZnO thin film with (0,4 at.%). The surface morphol-
ogy of the deposited films is observed to be smooth and
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plane without crack. From the figure we find that the micro-
structure of the films consisted of many round shaped crys-
talline particles. The microstructure formed is found to
uniform and compact interconnected grains. The average
grain size of the ZnO thin films is around 20 nm.

IV. CONCLUSIONS

It has been shown that the use of sol-gel method allows
to synthesize the functional nanostructured materials semi-
conductors (ZnO)) for electronic devices with required
properties.
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