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EFFECT OF THE OXIDATIVE ANNEALING TEMPERATURE
ON THE STRUCTURAL AND OPTICAL CHARACTERISTICS
OF TIN OXIDE FILMS

V. K. Ksenevich,™" V. A. Dorosinets,® M. A. Samarina,? UDC 535.375.5:546.811/.814
D. V. Adamchuk,® G. Abdurakhmanov,? and H. Liu"*

Results are given for a study of the crystal structure and optical characteristics of disordered tin oxide films. The
synthesis of these films was carried out by means of magnetron sputtering of a tin target on a glass substrate followed
by two-stage annealing in the air. The microstructure of the tin oxide films was analyzed by x-ray diffraction and
Raman spectroscopy. Transmission spectra of the samples were taken in the wavelength range /. = 200-3000 nm. The
optical constants of the thin tin oxide films, namely, the refractive index n and absorption coefficient a, relative to
wavelength were determined using the envelope method. Feasibility was shown for the preparation of tin oxide films
with control of the optical parameters (absorption coefficient a up to 82% in the visible range of the electromagnetic
spectrum, refractive index n in the range 2—2.6, and Tauc optical gap in the range 2.62-3.46 eV) by adjusting the
temperature in the second stage of the oxidative annealing process in the range 325-475°C.

Keywords: tin oxide films, magnetron sputtering, oxidative annealing, x-ray diffraction, Raman spectroscopy,
absorption coefficient.

Introduction. Tin dioxide (SnO5) is a wide-gap n-type semiconductor with band gap E, = 3.6 €V at 300 K, which
imparts high optical transparency in the visible spectrum to unalloyed SnO,. Alloying SnO, with donor additives such as
antimony or fluorine, which form fine band gap structure, permits us to obtain materials transparent in the visible and UV
regions with high electrical conductance. The optimal ratio of transmission and conductance coefficients for SnO,, as in
the case of other wide band metal oxide semiconductors such as ZnO and In,03, is also achieved by the introduction of a
high concentration of intrinsic defects during the preparation process, which leads to a nonstoichiometric composition of
the material. Thus, the high electrical conductance of unalloyed tin dioxide is usually related to the presence of oxygen
vacancies, forming fine donor level structure in the band gap and providing for good electronic conductance [1-3]. The
electrical conductance of SnO, with a large amount the intrinsic defects can vary in a wide range up to metallic conductance
when there is a high concentration of oxygen vacancies [4, 5]. Indium oxide semiconductors are currently most commonly
used in optoelectronic devices. However, due to the limited proven reserves of indium, SnO, films are finding increasing
use in functional optoelectronic elements. For example, SnO; films can be used as conducting coatings in sensor panels
[6], transparent conducting electrodes for solar cells [7, 8], resistive gas sensors [9, 10], UV light sensors [11], as well as
in lithium-ion [12] and sodium-ion batteries [13]. We should note that nonstoichiometric SnO, has a number of significant
advantages such as low cost, nontoxicity, and rather high mechanical strength.

Since tin can have two oxidation levels in its oxides (+2 and +4), two stable oxide phases are possible, namely, tin(II)
monoxide (SnO) and tin(IV) dioxide (SnO,). In contrast to direct bandgap tin dioxide, tin monoxide is an indirect bandgap
semiconductor with a wide band gap £, = 2.5 eV at 300 K and p-type conductance due to the presence of tin vacancies [6].
Multiphase samples containing the SnO phase in addition to SnO, as well as nonstoichiometric SnyO3 and Sn3O4 phases
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can be obtained by varying aspects of the tin oxide film preparation procedure. In particular, the crystal structure and phase
composition of tin oxide films, when prepared by reactive magnetron sputtering with subsequent annealing in the air, can
be varied by changing the amount of oxygen in the argon-oxygen plasma during the sputtering and the temperature of the
subsequent oxidative annealing [14—17].

Multiphase character of tin oxide films can be advantageous for the creation of thermoelectric materials containing
such films due to decreased thermal conductance attributed to disorder in the structure. Vieira et al. [18] have shown
the possibility of creating thermoelectric sensor panels using SnO, containing both SnO and SnO, phases. Multiphase
structures with tin oxides can also be used for creating gas sensors. Shanmugasundaram et al. [19] have found enhanced
sensitivity to oxygen in comparison with samples with monophase SnO, attributed to the p—n transitions in SnO/SnO,
nanocomposites. Greater sensitivity to NO, and decreased working temperature were also found for SnO/SnO, and
Sn0O/Sn304 nanocomposites [20, 21].

The significant change in the conductance in going from nonstoichiometric SnO, films to multiphase tin oxide films
can also involve change in the optical properties of this oxide such as band gap width, absorption coefficient, and refraction
index, which permits us to obtain tin oxide films with electrical and optical characteristics required for specific applications
by adjusting the preparation conditions.

In the present work, we studied the structural and optical properties of thin tin oxide films prepared on glass
substrates by means of direct current magnetron sputtering with subsequent oxidative annealing in the air. A study was
carried out on the effect of the annealing temperature on the phase composition of these films and their optical properties
such as absorption coefficient, refraction index, and optical absorption edge.

Experimental. Thin tin oxide films were synthesized by magnetron sputtering of a 99.99%-pure tin target with
subsequent two-stage oxidative annealing in the air at 200°C for 2 h in the first stage and at different temperatures in the
range 325-475°C for 1 h in the second stage. The microstructure of the tin oxide films was analyzed by x-ray diffraction and
Raman spectroscopy. The x-ray structural analysis of the films was carried out using a Rigaku Ultima IV x-ray diffractometer
in parallel beam configuration and monochromatic Cuk,, radiation (0.15406 nm) with a D/teX high-speed x-ray detector.
The Raman spectra were taken at room temperature using a backscattering Lotis TII Nanofinder High End spectral analysis
complex. The spectrometer resolution was 0.3 cm!. The exciting beam diameter was ~1 um upon applying 0.6 mW power
to the sample, The exciting radiation of a solid laser with wavelength 532 nm was used. The optical transmission spectra
of the samples were taken using a Photon RT spectrophotometer in the range 200-3000 nm. The spectral resolution of the
instrument was 1.2 nm.

Results and Discussion. The x-ray diffractograms of the samples are shown in Fig. 1. Analysis of these
diffractograms suggests that our synthesis method yields polycrystalline multiphase tin oxide films containing both
tetragonal SnO and tetragonal SnO, with rutile structure as well as nonstoichiometric Sn,O3 and Sn3;O4 phases [22-25].
Variation of the temperature in the second annealing stage in the range 325-475°C after prior annealing for 2 h at 200°C
permits us to obtain different phase compositions of the resultant samples. Thus, the diffractogram of the film annealed at
325°C in the second annealing stage shows x-ray reflections near 29.9°, 33.3°, and 57.4° from the (101), (110), and (211)
SnO planes, respectively. In this case, reflections typical of SnO, phase do not virtually manifest themselves for this sample.
The formation of the SnO, phase becomes obvious for the film annealed at 400°C. In particular, on the diffractogram of
this sample reflections can be observed near 26.6°, 33.9°, and 52.2° that can be caused by reflection of x-ray radiation
from the (110), (101), and (211) SnO, phase, respectively. Greater intensity of peaks characteristic of the SnO and SnO,
phases is observed upon further increasing the temperature in the second annealing stage, which indicates more perfect
crystal structure in the prepared films. We should note that, in addition to reflections characteristic of SnO and SnO,,
the diffractograms of the films show peaks due to reflection from the (011) and (0-21) planes of the nonstoichiometric
Sn,O3 phase near 26.9° and 31.6°, respectively, and from the Sn3O, phase near 38.2°.

The effect of the second oxidative annealing stage on the structural properties and phase composition of these tin
oxide films is also seen in their Raman spectra (Fig. 2a). The spectra of the films annealed at 325°C show pronounced lines
near 110 and 211 cm™! corresponding to the E, and 4, vibrational modes of the SnO phase [26] as well as a line near
78 cm! corresponding to the Sn,O5 phase [27]. Furthermore, the Raman spectrum of this sample shows weak lines near
315, 695, and 750 cm ™! corresponding to the SnO, phase [28]. These findings indicate that the SnO phase is predominantly
formed after annealing at 325°C. When the temperature in the second annealing stage is raised to 350°C, the intensities of
the Raman peaks corresponding to the SnO phase are diminished and the intensity of the peaks corresponding to the SnO,
phase and nonstoichiometric SnyO3 or Sn3O4 phases are enhanced. In particular, the line near 211 cm! characteristic of the
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Fig. 1. X-ray diffractograms of tin oxide films obtained by magnetron sputtering of a tin
target with subsequent annealing in the air at 200°C for 2 h in the first stage and 325 (1),
350 (2), 375 (3), 400 (4), 425 (5), 450 (6), and 475°C (7) for 1 h in the second stage.

SnO phase is not seen for films annealed at >350°C but we find lines near 125, 140, and 250 cm! corresponding to vibrations
characteristic for the SnO,, Sn304, and Sn,O5 phases [29]. A further increase in the annealing temperature to 425°C leads
to improved crystallinity of the films and enhancement of the intensity of the peaks corresponding to the SnO, phase. The
Raman spectra of the films annealed in the second stage at 450 and 475°C showed a decrease in the intensity of the lines
corresponding to vibrational modes of both SnO and SnO,. The decrease in the intensity of the lines characteristic of SnO
and the nonstoichiometric phases is attributed to increased content of the SnO, phase in these films. The lower intensity of
the lines characteristic for SnO, in the spectra of the films annealed at 450° and 475°C relative to the samples annealed in
the range 350-425°C can be a Raman resonance effect. The essence of this effect lies in the enhanced intensity of inelastic
light scattering when the energy of the laser radiation excitation is the same as the energy of the electronic transitions in
the material studied [29]. The Raman spectra were taken using exciting laser radiation with A = 532 nm, which corresponds
to 2.33 eV. The band gap width for SnO E, = 2.5-3.0 eV, which is much lower than E, = 3.6 €V for SnO, [6]. Thus, an
increase in the SnO, content in the tin oxide multiphase films should lead to an increase in the Tauc optical gap. The x-ray
diffraction analysis data and the Raman spectral results showed that this occurs with an increase in the temperature of the
second annealing stage. Thus, the excitation energy becomes much less than the energy of possible electronic transitions
in the films annealed at 450 and 475°C, leading to reduced probability of Raman resonance and, correspondingly, decreased
intensity of the Raman lines.

The transmission spectra of the samples in the range 200-3000 nm were taken to evaluate the Tauc optical gap of
the tin oxide films prepared on glass substrates at different temperatures in the second annealing stage in the air. Oscillatory
nature is found for the transmission spectra shown in Fig. 2b due to interference effects in the film—substrate system. The
prepared thin films have a high transmission coefficient in the range A = 350-3000 nm.

The optical characteristics of the thin tin oxide films such as the refraction index n(A) and absorption coefficient
o)) as well as the film thickness d were determined from the interference-type transmission spectra using the envelope
method [30] employed in the case of the weak light absorption by the thin film and high transparency of the substrate
whose thickness is much greater than the film thickness. The essence of this method lies in the following. The transmission
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Fig. 2. Raman (a) and transmission spectra (b) of tin oxide films obtained by magnetron sputtering
of a tin target with subsequent annealing in the air at 200°C for 2 h in the first stage and then at
325 (1), 350 (2), 375 (3), 400 (4), 425 (5), 450 (6), and 475°C (7) for 1 h in the second stage.

spectra are used to construct envelope curves Tj,(A) and T,,(A) by interpolation of the transmission spectra between the
experimental interference maxima and minima observed on them. Both linear interpolation and splines can be used to obtain
envelope curves from the experimental data [30]. The dependence of the refraction index on the wavelength n() of the thin
films studied was found using the following equations [30, 31]:

1/2
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where 7, is the refraction index of the substrate given by the following equation:
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TABLE 1. Optical Characteristics and Thickness of Tin Oxide Films Synthesized at Different Temperatures in the Second
Annealing Stage

Temperatu.re in the s:)acond Refraction index Tauc optical gap, eV Film thickness, nm
annealing stage, “C (A =550 nm)
325 2.6 2.62 340
350 22 2.81 330
375 29 2.85 400
400 25 291 300
425 2.16 2.85 480
450 2 3.37 500
475 2 3.46 500

where T; is the transmission coefficient of the substrate. For the glass substrates used 7, = 0.9. Using Eq. (2), we obtained
ng = 1.595. The results for our calculation of the refraction index are given in Fig. 3. It is seen that the refraction index
dependence on A is nonmonotonic. A similar nature of the curves ngy(L) in the visible spectral region for SnO, films has
already been noted by Kondrashin [30].

The films thickness was determined using the formula of Kondrashin [30]:

AN,
d = s
2 [’1(7»1)7“2 - ”(}\‘2)7‘*1]

3

where A| and X, are the wavelengths corresponding to adjacent extreme points in the transmission spectrum, while 4 = 1
for two adjacent extrema of the same type (max—max and min—min), and 4 = 0.5 for two adjacent extrema of opposite types
(max—min and min—-max). These results are presented in Table 1. The range of values found for the thickness d of the tin
oxide films prepared with different temperatures of the second annealing stage evaluated using Eq. (3) was 340-500 nm.
The discrepancies in the values of d largely arise because there is quite a large scatter of the film thickness in the radial
direction in the case of magnetron sputtering. The samples cut from segments of the substrate located near its center have
greater thickness.

In order to determine the absorption edge (Tauc optical gap) of the tin oxide films, the measured transmission
spectra were recalculated to give absorption spectra using the following equation [32]:

(n() — 1) (n(2) — n,) [[TM—(MJW ' 1}

T, (V)

(n(2) +1) (n(k) + ny) KTM (x)jm - 1]

a(r) = — In

T, (M)

The width of the band gap of both direct-bandgap and indirect-bandgap semiconductors can be found from
the dependence of their absorption coefficient o on the radiation energy 4v plotted in coordinates (Oth)2 versus iv or
(ochv)l/2 versus hv [33, 34], Figure 4 shows the absorption spectra in coordinates (ochv)2 versus Av for films prepared at
different temperatures in the second annealing stage.

The Tauc optical gap was determined from the linear approximation of the dependence of the absorption coefficient
on the electromagnetic radiation frequency in coordinates (Oth)2 versus av indicating the existence of direct optical
transitions (Table 1). Analysis of the structural features of the samples indicated that they contain SnO, SnO, as well as
nonstoichiometric phases, which suggests the existence of both direct and indirect optical transitions. However, due to
strong disorder of the tin oxide film structure and the existence of deep tails in the density of states in the band gap of
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Fig. 3. Dependence of the refraction index on the wavelength for tin oxide films prepared
by magnetron sputtering of a tin target with subsequent annealing in the air at 200°C for
2 hin the first stage and at 325 (1), 350 (2), 375 (3), 400 (4), 425 (5), 450 (6), and 475° (7)
for 1 h in the second stage.

Fig. 4. Absorption spectra in coordinates (ochv)2 vs. hv of tin oxide films obtained by
magnetron sputtering of a tin target with subsequent annealing in the air at 200°C for 2 h
in the first stage and at 325 (1), 350 (2), 375 (3), 400 (4), 425 (5), 450 (6), and 475°C (7)
for 1 h in the second stage.

optical Tauc gap energies (corresponding to the optical width of the band gap of the films studied), the curves for a(v)
determined from the linear approximation plotted in coordinates (ochv)l/ 2 versus hv and (ochv)2 versus hv differ only slightly
for samples obtained at the same temperature in the second annealing stage. Table 1 shows that a tendency arises with higher
temperature in the second annealing stage for expansion of the optical Tauc gap, which varies in the range 2.62-3.46 eV.
This effect of second-stage annealing at higher temperatures is related to more complete oxidation of SnO and a greater
amount of the SnO, phase in the films. This conclusion is in good accord with the structural data results for the tin oxide
films by x-ray diffraction and Raman spectroscopy. Varying the annealing temperature permits us to obtain materials with
an altered Tauc optical gap width, which can be useful for the creation of light filters.

Conclusions. Feasibility was shown for changing the crystal structure, phase composition, and optical characteristics
of thin tin oxide films obtained by magnetron sputtering on glass substrates with subsequent two-stage annealing in the
air in the temperature range 325-475°C in the second stage. The x-ray diffraction, Raman spectral, and transmission
spectroscopy results for the structural and optical properties of the films in the UV and visible regions indicate the following
conclusions.

Magnetron sputtering of tin films on glass substrates and subsequent oxidative annealing was found to yield thin
polycrystalline disordered tin oxide films, in which SnO, Sn,03, and Sn3O4 are present in addition to the SnO, phase. The
composition of the tin oxide films can be controlled by changing the temperature of the second annealing stage. Raising this
temperature leads to a greater content of the SnO, phase in the films. Variation of the second stage annealing temperature
permits us to obtain tin oxide films with a high transmission coefficient (up to ~82%) in the visible spectral region as well
as to alter the optical properties of the films (the transmission index in the range 2—2.6 and the Tauc optical gap in the range
2.62-3.46 eV).
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