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Sol-gel technique was operated to obtain pure tin oxide (SnO2) thin films. The films were grown at
room temperature on clean glass substrates by a spin coating method. Tin (II) chloride dehydrate was used
as a starting material, and 2-propanol was used as the solvent. Tin molarity was kept [Sn2*] = 0.3 M. The
SEM micrographs of the elaborated films show that they are composed of very fine-grained microstructure
of SnO2. XRD analysis reveals that all annealed films consist of single phase SnOsg, the diffractograms indi-
cate the presence of (100), (101), (211) peaks corresponding to the tetragonal phase without any secondary
phases. The scanning electron microscopy and the atomic force microscopy images show the evolution of
the different surface morphologies; all films have homogeneous and uniform surface morphology. The
transmission electron microscopy measurements confirm that the prepared films are nanocrystalline. Fur-
thermore, the influence of multiple coating on the optoelectronic properties of SnO: thin films is examined.
In the visible region, the transmittance is greater than 85 %. The resistivity of SnOs thin films decreases

significantly with the thickness. The estimated maximum value of conductivity is 2.72 (Q.cm)-1.
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1. INTRODUCTION

Transparent conducting films have received consid-
erable attention of the researchers owing to their useful
properties such as photoluminescence, electrolumines-
cence, or nonlinear optical properties, which may lead to
new optoelectronic devices with greater performance [1].

In particular, we are interested in the study of tin
dioxide (SnQ2) based films as a TCO metal oxide [2],
most important because of their excellent optical, elec-
trical, and gas sensing properties [3]. It is a direct n-
type wide band gap semiconductor of about 3.87-4.3 eV
[2, 4], which has been extensively used in various tech-
nological applications such as gas sensors [5, 6], heat
reflectors, flat display devices, photovoltaic cells, and
thin film transistors [7].

Plethora techniques have been experienced to ob-
tain SnO2 thin films. These include radio frequency
(RF) magnetron sputtering [8], evaporation [9], chemi-
cal vapor deposition CVD [10], spray pyrolysis [11] and
sol-gel processes [12, 13]. Among these techniques, the
sol-gel is non-vacuum, wet and chemical method. It
offers the greatest possibility of preparing a film with
large area at low cost for technological applications.

Spin coating was selected to synthesize nanostruc-
tured SnOz thin films. We chose this method because it
is quiet and has the merits of simplicity and the flexi-
bility for process modifications, and it has advantages
of excellent compositional control, uniformity of the
film thickness and lower crystallization temperature.

However, in thin film form, depending on the depo-
sition technique its structure can be polycrystalline or
amorphous [14]. There are many factors affecting the
crystallization behavior of SnOz2 thin films, such as the
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annealing temperature, the molar ratio of the starting
material and the thickness.

The present study investigated the characteristics
of SnOz2 thin films prepared by the spin-coating process.
The structural, electrical and optical properties were
examined in relationship with the variation in thick-
ness, as well as obtaining uniform films of a quality
necessary for optoelectronic applications.

2. EXPERIMENTAL

Using SPIN 150 system, we have grown pure SnO:
thin films on glass substrates. Solutions of compound
precursors were prepared. Tin chloride dehydrate
(SnCl2-2H20) was used as a starting material. It was
dissolved in 2-propanol [(CH3)2:CHOH], and the concen-
tration of tin was kept 0.3 mol/l. After continuous mag-
netic stirring for 1 h, a transparent homogeneous and
stable sol was obtained. The spin coating was made one
day after the sol preparation.

The coating solution of approximately 0.2 ml was
dropped and spin-coated with 3000 rpm for 35s (the
spinner reached 3000 rpm after 5s which was main-
tained for 25 s). For each layer, the films were followed
by drying in air at 250 °C for 5 min in a furnace to
evaporate the solvent and remove organic residuals and
impurities in the coated films. To investigate the effect
of multiple coating, the above procedure (spin-
ning + drying = cycle) was repeated 1-5 times. Then, the
films were annealed into furnace at 450 °C for 1 h. This
heat treatment decomposed the precursor film and oxi-
dized it so as to produce SnOz film. The choice of these
parameters was justified from preliminary investiga-
tion. Fig. 1 shows the flow diagram for SnO:z films pre-
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pared by sol-gel spin-coating process, a similar process
as described in our previous work [15].

Finally, the multilayered SnO: films were left to
cool down at room temperature and they were ready for
measurements.

The thicknesses of SnOz thin films were measured
using a Dektak 150 surface profiler. They were charac-
terized by using a variety of techniques. For surface
topology and to confirm the presence of fine particles, a
scanning electron microscope (SEM), a LEO 1430 VP
microscope and an atomic force microscope (AFM: digi-
tal Instrument NanoScope (R) III, Veeco Digital In-
struments Version 5.30r2) were used. The structural
properties of the films were determined by X-ray dif-
fractometer wusing CuK, radiation (wavelength
1=1.54056 A) with a Philips X-ray diffractometer
X'pert PRO, MPD PANalytical) operated at 40 kV,
20 mA. The transmission electron microscopy (TEM)
was undertaken with a Philips CM20 (at an accelera-
tion voltage of 200 kV). The optical transmission spec-
tra for SnO2 films of different thicknesses were ob-
tained by a double-beam spectrophotometer (JASKO V-
530, UV-VIS Version: 1.53) at room temperature. Final-
ly, the electrical conductivity of thin films was meas-
ured using four-point probe method.
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Fig. 1 — Flow diagram of spin coating process to elaborate SnO2
thin films

3. RESULTS AND DISCUSSION
3.1 Thickness

The thickness increases normally with the number
of layers. As can be seen from Fig. 2, a linear increase in
the thickness of the samples with increasing the cycle
number is accompanied by an increase in the material
volume operated in the plane and in the thickness.

3.2 Film Structure and Morphology

The surfaces observed of SnOgz thin films are homo-
geneous, and they have very good adhesion to the sub-

JJ. NANO- ELECTRON. PHYS. 12, 03010 (2020)

strate. Fig. 3 shows a SEM picture of the pure SnOsz film
prepared by spin coating. It indicates that the films
have a very compact microstructure, and the crystal
grains cannot be observed.
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Fig. 2 — Variation of the SnO: thin film thickness versus the
number of layers
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Fig. 3 — SEM photograph of SnO: thin film of 5 cycles, spin
coated from M = 0.3 of starting solution on a glass substrate,
and annealed at 450 °C for 1 h in air

As shown in Fig. 3 and Fig. 4, larger grains have
germinated of size about 20-100 um on the film mat, they
come from the precursor elements that have not reached
the hydrolysis reaction. An X-ray microanalysis profile
was made with SEM to verify the elements corresponding
to films. Fig. 4 shows a general aspect of these analyses.
Two places are distinguished in the figure, where the
first, indicated (1), corresponds to the white spots and the
second, denoted (2), corresponds to the gray mat, the
presence of tin and oxygen is clearly detected. The pres-
ence of chlorine from the precursors indicates incomplete
dissolution; the elements silicon, sodium and calcium are
detected because of the substrate.

X-ray diffraction (XRD) was carried out on all the
samples with different thicknesses to determine the
structure of the films. The diffraction patterns (Fig. 5)
of pure SnOz films show that all observed peaks can be
indexed to the known tetragonal (rutile) phase without
any secondary phase. No diffraction peaks from other
species or from parasitic phase can be detected. The
characteristic peaks are consistent with those reported
in the literature [16].

The intensities of the peaks increase with the in-
crease in the number of cycles, as the amount of mate-
rial increases, therefore the film thickness increases,
which intensifies the diffraction peaks and improves
the crystallinity of the material.
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Fig. 4 — SEM micrographs (a) and X-ray microanalysis profiles
(b): two locations (1) and corresponding to SnO: (2)

The lattice constants a =b and c of SnOz films were
calculated using the analytical method, where the distance
dnii 1s governed by the well-known analytical law [17]:

2 2 2
L Wk L (3.1)

2 2 2
dyy a ¢

The calculated dpw values are in good agreement
with standard ones (ICDD pdf No. 00-001-0625). The
lattice parameters were found to be a=b=0.477 nm
and ¢ = 0.3177 nm. We may conclude that the films have
a good structural quality.

According to the full width at half-maximum (FWHM)
of the diffraction peaks, the mean size of SnO2 nanoparti-
cles Drr was calculated using Scherrer’s formula:

kA

D,, = B 9.
it COS Uppy

(3.2)

where Dnr is the particle size perpendicular to the
normal line of (hkl) plane, k is a constant (it is 0.9), Bhru
is the FWHM of the (hkl) diffraction peak, Guu is the
Bragg angle of (hkl) peak and A is the wavelength of
X-rays used.

The values of the lattice parameters of the most in-
tense diffraction peaks and the grain sizes of our an-
nealed thin films are listed in Table 1.

Although (110) and (101) peaks are intense, (211)
and (112) peaks are relatively less intense which may be
explained by the reduction in the film thickness, and by
the size difference between the film particles. The re-
sults indicate also a slight offset of the peak angular
position which can be explained by heat treatment,
stress produced during the deposit development in SnO2
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thin films and/or instrumental imperfections (including
the incident wavelength). Finally, we can conclude that
the thickness is an important parameter; it will have a
significant role on the crystal orientation and degree of
crystallinity, which improves with increasing coating
repetition (cycle), i.e. with the film thickness.
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Fig. 5 — SEM X-ray diffraction patterns of SnO: film grown by
5 cycles (inset: diffractograms of the films: 1 cycle and 3 cycles)
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Fig. 6 -2D and 3D AFM images of SnO: films grown by 5
cycles and annealed at 450 °C for 1 h in air

Fig. 7—TEM images and the selected-area electron diffraction
patterns of pure SnOs thin film elaborated by spin coating

The surface topography of SnO: film was studied us-
ing atomic force microscopy (AFM). Fig. 6 shows two-
dimensional (2D) and 3D AFM micrographs of the same
sample scanned over a surface area of 2 x 2 um2. The
samples exhibit uniform surface where the nanoparti-
cles grow and aggregate homogeneously and there are
some white particles that grow on the film which con-
firm SEM observations.

In order to have more insight on the crystalline
structure, the films were analyzed by TEM. Fig. 7 is a
TEM bright field plane-view image of SnO2 nanoparti-
cles. It shows the carpet of small grains. They have a
quasi-constant mean size with an average diameter of
about 8 nm. It can be seen the absence of larger white
grains previously observed in SEM photographs, which
allows us to confirm that they have disappeared in the
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Table 1 — Description of the special paragraph styles
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Samples Peak pos. (26°) Height [cts] drri spacing (A) FWHM 260 (°) | hkl | Dpri (nm) |Eg (eV)

Sn.1 layer 26.284 77.39 3.3907 0.3124 110 26.11 3
33.659 52.51 2.6605 0.9792 101 8.48

Sn.3 layers 26.563 71.26 3.3557 0.3256 110 25.08 9.84
33.834 58.56 2.6493 0.3433 101 24.20
26.423 1167.32 3.3732 0.4015 110 20.32

Sn.5 layers 33.908 876.95 2.6437 0.4585 101 18.11 3.14
51.729 263.67 1.7657 0.8160 211 10.82

preparation of the samples to this analysis, especially ( ahv)2 _ A(hv— Eg) , (3.4)

during the dissolution in ethanol.

The selected-area electron diffraction (SAED) pattern
displays several clear bright circular rings corresponding
to various orientations, three important planes in the
reciprocal space of a tetragonal structure (110), (101) and
(211) in the form of continuous rings. This implies that
nanoparticles have multiple orientations.

3.3 Optical Ttransmittance Results

The UV-Vis spectra (Fig. 8) of the films were studied
using the optical transmittance measurements of SnOgz
films formed by the spin-coating method under identical
spinning conditions but of different thicknesses. The
elaborated films are transparent in the visible range. All
films exhibit a transmission of > 85 % in the visible re-
gion. This result is similar to other reports [14, 18].
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Fig. 8 — Optical transmittance spectra of SnOz thin films pre-
pared by spin-coating

As the number of layers increases, optical transmit-
tance T (%) increases. This may be due to the improve-
ment in the film homogeneity and its crystallinity. The
microstructural and morphological characteristics de-
pend on the thickness and crystallinity. Increased crys-
tallinity is attributed to the improvement of stoichiome-
try or the reduction of the impurities or both.

It can be concluded that the transmittance of SnO2
film increases with crystallinity improvement.

The optical band gap was evaluated from the
transmission spectra. The absorption coefficient was
evaluated by the transmittance 7" and film thickness d
using Lambert law [19]:

0{=llnl

Jln (3.3)

The optical absorption coefficient a near the absorp-
tion edge is given by [20]:

where A is a constant which is related to the effective
masses associated with the bands, and E; is the band
gap energy. The direct band gap of SnOz thin film was
estimated by plotting (ahv)? versus the photon energy
hv, and extrapolating the linear portion of the graph to
the energy axis at a = 0. The values corresponding to Eg
of the produced films are listed in Table 1. It can be
seen that the energy gap increases with increasing
repetition of spin cycles which suggests that defects
and impurities disappear when the thickness increases,
which can also be correlated with the increase in grain
sizes and reorganization of SnO2 structure.

3.4 Electrical Properties

Conductivity values of SnOz films as can be seen in
Fig. 9 are proportional to the number of layers. The
conductivity of the film is found at room temperature
between a minimum of 0.42 (Q.cm)-! and a maximum
of 2.72 (Q-cm)-1 (Fig. 9). The increase in conductivity
can be understood in terms of the porous film morpholo-
gy. The electrical conductivity is also influenced by the
microstructure. It is increasing due to the improved
crystallinity. SnOz electrical conductivity also increases
due to excess Sn as an impurity (self-doping), it shows
n-type conductivity.
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Fig. 9 — Variation of the electrical conductivity of SnO: films
versus the number of layers

4. CONCLUSIONS

Transparent nanostructured tin oxide thin films
were prepared onto glass substrates by spin coating
with appropriate annealing conditions.

SnO: thin films have been studied and deposition
parameters have been optimized. Thin films were char-
acterized by a variety of techniques. The film surface is
formed homogeneously of nano-sized particles with
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dense microstructure confirmed by TEM images. The
X-ray diffraction pattern of the crystalline SnO:z thin
films reveals the existence of single-phase rutile type
tetragonal crystal structure. The increase in crystallini-
ty with thickness is attributed to the improvement of
stoichiometry or reduction of impurities or both.

The film properties are highly dependent on their
structural characteristics. All the films exhibit a

REFERENCES

1. H.Liu, V. Avrutin, N. Izyumskaya, U. Ozgiir, H. Morkoc,
Superlattice. Microst. 48, 458 (2010).

2. T.J. Coutts, D.L. Young, X. Li, MRS. Bull. 25, 58 (2000).

3. L.A.Patil, M.D. Shinde, A.R. Bari, V.V. Deo, Sensor. Actuat.
B: Chem. 143, 270 (2009).

4. K.L. Chopra, S. Major, D.K. Pandya, Thin Solid Films 102,
1(1983).

5. S.G. Ansari, P. Boroojerdian, S.R. Sainkar, R.N. Karekar,
R.C. Aiyer, S.K. Kulkarni, Thin Solid Films 295, 271 (1997).

6. R.S.Niranjan, Y.K. Hwang, D.K. Kim, S.H. Jhung, S.J. Chang,
1.S. Mulla, Mater. Chem. Phys. 92, 384 (2005).

7. F.M. Filho, A.Z. Simoes, A. Ries, E.C. Souza, L. Perazolli,
M. Cilence, E. Longo, J.A. Varela, Ceram. Int. 31, 399 (2005).

8. Y. Wang, J. Ma, F. Ji, X H. Hu, H.L. Ma, J. Lumin. 114, 71
(2005).

9. W.K. Man, H. Yan, S.P. Wong, I.H. Wilson, T.K.S. Wong,
J. Vac. Sci. Technol. A 14, 1593 (1996).

10. T.H. Fang, W.J. Chang, Appl. Surf. Sci. 220, 175 (2003).

JJ. NANO- ELECTRON. PHYS. 12, 03010 (2020)

transmission of > 85 % in the visible region. The elec-
trical conductivity of the films strongly depends on
crystalline structure quality.

In conclusion, varying the thickness of the tin oxide
films affects its optoelectronic properties, and it may be
considered that the deposited SnOz thin film is suitable
for many optical devices, such as solar cells, gas sen-
sors, surface acoustic devices, transparent electrodes.

11. B. Thangaraju, Thin Solid Films 402, 71 (2002).

12. G. Zhang, M. Liu, J. Mat. Sci. 34, 3213 (1999).

13. Z. Chen, J.K.L. Lai, C.H. Shek, H. Chen, J. Mater. Res. 18,
1289 (2003).

14. M.M. Bagheri-Mohagheri, M. Shokooh-Saremi, JJ. Phys. D:
Appl. Phys. 87, 1248 (2004).

15. M. Maache, T. Devers, A. Chala, Semiconductors 51, 1604
(2017).

16. Y.C. Goswami, V. Kumar, V. Ganesan, P. Rajaram, AIP Conf.
Proc. 1512, 1290 (2013).

17. C.S. Barrett, T.B. Massalski, Structure of Metals (Oxford:
Pergamon Press: 1980).

18. ML.M. Bagheri-Mohagheghi, N. Shahtahmasebi, M.R. Alinejad,
A. Youssefi, M. Shokooh-Saremi, Physica B 403, 2431 (2008).

19. D. Bao, X. Wu, L. Zhang, X. Yao, Thin Solid Films 350, 30
(1999).

20. D.R. Sahu, Microelectron. J. 38, 1252 (2007).
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JJI ONITOEJIEKTPOHHUX 3aCTOCYBaHb
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30JIb-TeJIeBy TEXHIKY 3aCTOCOBYBAJIM JJII OTPUMAHHS TOHKHUX ILIIBOK YHCTOTO OKcuay osoBa (SnOgz).
IlniBkm BupontyBasu mpy KIMHATHIN TEMIIEPATYpPl HA YUCTUX CKJISTHEX IIIKJIATKAX METOJOM IeHTPHUDYTY-
BanHs. JlurigpaT xmopucroro ososa (II) BuroprcroByBamm sk BUXIAHUN Marepial, a 2-IPOMMAHOJ — SIK PO3-
uynHHUK. MoJstsipHicTh ostoBa 36epirasacs [Snzt] = 0.3 M. Ha mikpodororpadisx SEM ompaiiboBaHUX ILTIBOK
BHUJIHO, 1[0 BOHU CKJIATAIOTHCS 13 Iyske IpiOHO3epHUCTUX YaCTUHOK. XRD aHasis BusABIIse, 110 BCl BiAmasIeHl
IJIIBKY CKJIAMAI0ThCS 3 ofgHodasuoro SnOq, nudparxrorpamu BrasyoTh Ha HasBHICTH mikiB (100), (101),
(211), 110 BIOMOBIZAIOTH TETPATOHAJBHIN (a3l 6e3 OyAb-AKNX BTOPHUHHUX (a3. 300parkeHHs CKAHYyIUOl ejie-
KTPOHHOI MIKPOCKOIIII Ta ATOMHO-CHJIOBOI MIKPOCKOIIII ITOKAa3yIOTh €BOJIIOIII0 PI3HUX IMOBEPXHEBUX MOPGOJIO-
Tiif; yei IUTIBKM MAIOTh OTHOPIOHY Ta PiBHOMIpHY MopdoJiorioo moBepxHi. [IpocBiuyoua eleKTpoHHA MIiKpOC-
KOIIis IMOTBEPAsKye, 10 INATOTOBJICH] INIBKY € HaHOKpUCTAiuanMu. KpimM Toro, mociimKyerbes BILIUB Oa-
raToIIAPOBOrO MOKPHUTTS HA OIITOEJIEKTPOHHI BJIACTUBOCTI TOHKUX ILTiBOK SnQq. ¥ BumnMiit obacti mpomyc-
KHa 3narHicTb nepesurrye 85 %. luromuit omip ToHKMX TiBoK SnO2 3HAYHO 3MEHIINYETHCS 3 TOBIIMHOIW.
OpieHTOBHE MaKcUMaJsIbHe 3HAYEHHsI IIPOBLIHOCTI cTaHOBUTH 2.72 (Q.cm) ~ L.

Knrouoei ciosa: SnO2, 3osb-rens, Coinose mokpurts, [IpoBinHicts, OnToeseKTpOHHUIA.

03010-5


https://doi.org/10.1016/j.spmi.2010.08.011
https://doi.org/10.1557/mrs2000.152
https://doi.org/10.1016/j.snb.2009.09.048
https://doi.org/10.1016/j.snb.2009.09.048
https://doi.org/10.1016/0040-6090(83)90256-0
https://doi.org/10.1016/0040-6090(83)90256-0
https://doi.org/10.1016/S0040-6090(96)09152-3
https://doi.org/10.1016/j.matchemphys.2005.01.050
https://doi.org/10.1016/j.ceramint.2004.06.004
https://doi.org/10.1016/j.jlumin.2004.12.003
https://doi.org/10.1116/1.580302
https://doi.org/10.1016/S0169-4332(03)00817-1
https://doi.org/10.1016/S0040-6090(01)01667-4
https://doi.org/10.1023/A:1004685907751
https://doi.org/10.1557/JMR.2003.0176
https://doi.org/10.1557/JMR.2003.0176
https://doi.org/10.1088/0022-3727/37/8/014
https://doi.org/10.1088/0022-3727/37/8/014
https://doi.org/10.1134/S1063782617120132
https://doi.org/10.1063/1.4791525
https://doi.org/10.1063/1.4791525
https://doi.org/10.1016/j.physb.2008.01.004
https://doi.org/10.1016/S0040-6090(99)00273-4
https://doi.org/10.1016/j.mejo.2007.09.025

