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Abstract

This study investigates the effects of annealing time on the optical and 
electrical properties of tin dioxide coatings, specifically surface resistivity and 
specific conductivity. The thickness of the film, as well as its density and void 
density, were calculated from the interference peaks. The results suggest that 
as the duration of annealing increases, the density of the film decreases and 
the void volume increases. The lack of interference peaks in the transmission 
spectra of films containing additives is caused by the development of dendritic 
structures within the films. As the annealing duration is extended to 6 h, the 
surface resistivity increases, resulting in a decrease in the specific conductivity 
of all films. As the duration of annealing increases, the surface resistivity of the 
films studied increases and therefore their overall quality decreases.
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1. Introduction

Tin dioxide stands out among a wide range of ma-
terials for optoelectronics [1, 2]. It is a semiconductor 
material with a unique characteristic of high optical 
transparency in the visible range of electromagnetic 
radiation and low electrical resistance [3, 4]. Tin diox-
ide has numerous applications, serving as a gas-trap-
ping layer in various gas sensors [5, 6], an effective 
photoanode [7, 8], a protective coating against cor-
rosion [9, 10], an antibacterial coating [11, 12], an an-
ode for high-performance lithium-ion batteries [13, 
14] and for various other purposes. Tin dioxide also 
has medical applications, such as serving as a glucose 
sensor [15, 16]. The broad range of properties exhib-
ited by this semiconductor material [17, 18] enables 
it to be used in other applications too.

One promising area of energy is alternative ener-
gy sources [19‒21], including wind energy [22‒24] 
and solar energy [25‒27]. Currently, solar cells have 
been widely adopted, being used in households and 
production, amongst others. However, difficulties 
exist with their usage, specifically regarding their 

reduced ability to absorb sunlight due to high sur-
face reflection rates [28‒30]. Efforts to enhance 
solar cell efficacy are of paramount importance. To 
minimize reflection coefficients, illuminating coat-
ings come into play. For illuminating coatings for 
solar cells, thin nanostructured layers of tin dioxide 
are best suited [31]. It is noteworthy that annealing 
these coatings is essential to regulate their charac-
teristics. The scientific task of determining the dura-
tion of their operation is a challenge.

The objective of this study was to investigate how 
annealing time influences the optical and electrical 
characteristics of tin dioxide coatings that were creat-
ed from lyophilic and lyophobic film-forming systems.

2. Experimental

The synthesis of film-forming systems involved 
the following reagents: crystalline hydrate of tin tet-
rachloride pentahydrate SnCl4·5H2O (grade “pure”), 
purified ethyl alcohol C2H5OH (corresponding to 
GOST 5962-2013. “Rectified ethyl alcohol from edible 
raw material. Specifications”), concentrated aqueous 
solution of ammonia NH4OH (grade “pure”), ammo-
nium fluoride NH4F in as a dopant (qualified “pure for 
analysis”). 
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A total of 5 film-forming systems were synthe-
sized, of which:

lyophilic: 
1) SnCl4/EtOH: Tin tetrachloride crystalline hy-

drate was ground manually using a pestle and mortar 
to a powder. Then SnCl4·5H2O was dissolved in ethyl 
alcohol. The molarity of the system is 0.13 mol/L;

2) SnCl4/EtOH/NH4F: a dopant, NH4F, was added 
to the SnCl4/EtOH system. NH4F was dissolved in the 
system by stirring under parallel heating. The stirring 
time was 2 h, the rotation speed was 140 rpm, tem-
perature was 35 ºC. The ratio of Sn4+ ions to F- ions 
was 10/4;

3) SnCl4/EtOH/NH4ОН: an alcohol solution of am-
monia was introduced into the SnCl4/EtOH system. 
The ammonia concentration in the ammonia-alcohol 
mixture was 3.5 mol/L. At the same time, the pH of 
the system was 1.80, as in the SnCl4/EtOH/NH4F sys-
tem to be able to compare systems.

lyophobic:
4) SnO2 in the form of a dispersed phase: an aque-

ous solution of ammonia was introduced into the 
SnCl4/EtOH system until Sn(OH)2 was completely pre-
cipitated. Next, heating with stirring was carried out: 
temperature is 100 ºC, speed is 160 rpm to remove 
the solvent and decompose Sn(OH)2 to SnO2 and H2O. 
The result is a white tin oxide powder. The powder 
was transferred into a suspension with ethyl alcohol 
at a stirring speed of 100 rpm for 4 h. The SnO2 con-
centration in the resulting system was 0.13 mol/L.

5) SnO2 in the form of a dispersed phase with 
NH4F: the NH4F dopant was introduced into lyopho-
bic system No. 4. The ratio of Sn4+ ions to F- ions was 
10/4.

To deposit the synthesized film-forming systems, 
glass slides were used that had previously under-
gone a cleaning procedure. The systems were de-
posited by spin-coating. The rotation speed was 
3000 rpm, and the time was 3‒5 s. Next, the sam-
ples underwent a drying procedure under infrared 
radiation at a temperature of 80 ºC for 1‒2 min. 
Annealing was carried out in a muffle furnace at a 
temperature of 400 ºC for 15 min. The samples were 
cooled under air and the process was then repeat-
ed. The total number of applied layers is 15. 

Film thickness was determined using the micro-
weighing method. When calculating the film thick-
ness, the following formula was used:

strate, ρcass is the density of cassiterite taken as 7.0 
g/cm3, Ssubst is the area of the glass substrate. 

The thicknesses of the film varied depending on 
the composition of the film-forming system: 250±7 
nm for SnCl4/EtOH; 152±7 nm for SnCl4/EtOH/NH4F; 
193±7 nm for SnCl4/EtOH/NH4OH; 60±7 nm for SnO2 
in the form of a dispersed phase; 90±7 nm for SnO2 
in the form of a dispersed phase with NH4F.

Surface resistivity was measured using a four-
probe method.

The acidity of the systems was evaluated using a 
pH meter «pH-150M».

Optical characteristics (transmission and absorp-
tion spectra) of the samples were determined using 
a UNICO 2800 spectrophotometer. 

The synthesized samples underwent annealing 
for 15 min, 3 h, and 6 h at 400 ºC in a muffle furnace.

3. Results and discussion

Figure 1 shows the transmission spectra of films 
obtained from the SnCl4/EtOH film-forming system.

It is evident from Fig. 1 that extending the an-
nealing period results in a rise in the transmittance 
of the films.

The film thickness was calculated from the avail-
able interference peaks.

The density of the film was determined by using 
the disparity in the film thickness measured via mi-
cro-weighing and from the transmission spectra.
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Fig. 1. Transmission spectra of films obtained from the 
SnCl4/EtOH film-forming system: 1 – 15 min annealing; 
2 – 3 h annealing, 3 – 6 h annealing, 4 – glass substrate.

𝑑𝑑𝑑𝑑 =
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
(1)

𝜌𝜌𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =
𝑚𝑚𝑚𝑚
𝑉𝑉𝑉𝑉

=
𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∗ 𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∗ 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∗ 𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
=
𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∗ 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
(2)

where ρopt is film density calculated from transmis-
sion spectra, m is film mass, V is film volume, dweig is 
film thickness obtained by microweighing method, 
dopt is film thickness calculated from the conditions 
of interference extrema.

where d is the thickness of the film, msample is the 
mass of the sample, msub is the mass of the glass sub-
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The voids were calculated based on the dispar-
ity in density between the film and cassiterite. The 
density of cassiterite is equivalent to that of a single 
SnO2 crystal, while the film consists of SnO2 crystal-
lites and interstitial voids.

𝑉𝑉𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =
𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝜌𝜌𝜌𝜌𝑣𝑣𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
∗ 100%

where, Vvoid is void volume (%).
Extinction coefficients at extremum points were 

determined. The calculation results are presented in 
Table 1. 

Table 1 illustrates that the thickness of the film 
rises with longer annealing periods. Consequently, 
the density of the film decreases, while voids in-
crease. The increase in voids may improve sensitivity 
to gases due to the higher number of adsorption-de-

(3)

sorption centers. Additionally, the extinction coef-
ficient descends with a more prolonged annealing 
duration.

Figure 2 shows the transmission spectra of films 
obtained from film-forming systems: SnCl4/EtOH/
NH4F, SnCl4/EtOH/NH4OH, SnO2 in the form of a dis-
persed phase, and SnO2 in the form of a dispersed 
phase with NH4F, after annealing for 3 and 6 h.

Figure 2 (a) demonstrates a decrease in the 
transmittance of films from the SnCl4/EtOH/NH4F 
film-forming system in the visible region of the spec-
trum following annealing, while Fig. 2 (b) reveals 
that the transmittance of films from the SnCl4/EtOH/
NH4OH film-forming system is barely affected even 
after 6 h of annealing. Films synthesized from a SnO2 
dispersed phase system without additives, as well as 
those with the addition of NH4F after annealing at 
400 ºC for 15 min, exhibit transparency of 70‒80% for 
wavelengths ranging from 550‒2300 nm (Fig. 2 (c) 

Table 1. Calculated film parameters. 

Annealing time Thickness in nm Density, g/cm3 Vvoid, % k, λ=380 k, λ=450 k, λ=550
15 min 313 5.59 20 0.023 0.031 0.017

3 h 317 5.52 21 0.018 0.028 0.016
6 h 330 5.30 24 0.012 0.022 0.013

Fig. 2. Transmission spectra of films after annealing: (a) ‒ SnCl4/EtOH/NH4F; (b) ‒ SnCl4/EtOH/NH4ОН; 
(c) ‒ SnO2 as a dispersed phase; (d) ‒ SnO2 as a dispersed phase with NH4F. 

1 – 15 min annealing, 2 – 3 h annealing, 3 – 6 h annealing, 4 – glass substrate.

(a) (b)

(c) (d)
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and (d)). Following annealing at 400 ºC for a duration 
of 3 h, there is an up to 7% enhancement in trans-
parency within the same wavelength range. Such a 
boost in transparency may result from a reduction 
in structural defects. Further annealing for up to 6 h 
results in a reduction in film transparency obtained 
from a film-forming system containing SnO2 as a dis-
persed phase without additives, to equivalent values 
seen during annealing at 400 ºC for 15 min (Fig. 2 (c), 
curves 1 and 3). 

Annealing of films obtained from a film-forming 
system containing SnO2 in the form of a dispersed 
phase with the addition of NH4F at 400 ºC for up to 6 
h leads to a decrease in transparency for wavelengths 
of 550‒2300 nm to 66‒82% (Fig. 2(d), curve 3).

A decrease in film transparency may occur as the 
annealing duration increases by up to 6 hours. This 
decrease may be linked to the rise of heterogeneity 
in the film structure, as well as the emergence of mi-
crocracks and other defects [32]. 

Figure 3 shows SEM images of the film surface. 
The films, except for those produced from the SnCl4/
EtOH film-forming system, display various dendritic 
structures [33, 34]. The lack of interference peaks 
in the transmission spectra can be attributed to the 
scattering of electromagnetic radiation by surface 
irregularities on the films. During the annealing pro-
cess, no significant changes in the film surface were 
detected.

   

   

 

Fig. 3. SEM images of film surfaces. Composition of film-forming systems: (a) ‒ SnCl4/EtOH; (b) ‒ SnCl4/EtOH/NH4F; 
(c) ‒ SnCl4/EtOH/NH4ОН; (d) ‒ SnO2 as a dispersed phase; (e) ‒ SnO2 as a dispersed phase with NH4F.

(a) (b)

(c) (d)

(e)
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Figure 4 shows the change in the values of sur-
face resistance and conductivity of the films depend-
ing on the duration of annealing.

It is evident from Fig. 4 that prolonging the an-
nealing duration to 6 h results in an increase in sur-
face resistance, which consequently leads to a de-
cline in the conductivity of all films. This could be 
owing to reducing the charge carriers’ free path. 
However, films obtained from the SnCl4/EtOH/NH4F 
system display an increase in surface resistance by 
multiple magnitudes after 3 h of annealing. It is as-
sumed that when films formed utilizing NH4F-con-
taining film-forming systems are developed, certain 
fluorine ions can become part of the film structure 
by adhering to tin ions, while others develop sepa-
rate NH4F crystallites which decompose in two stag-
es upon being heated [35, 36].

1st stage. At 167 ºC, ammonium fluoride decom-
poses into gaseous ammonia (NH3) and ammonium 
hydrofluoride (NH4HF2) according to the reaction:

↑+ → 324
C 167>

4 NH)(HFNHF2NH
o

(4)

2nd stage. At 238 ºC, ammonium hydrofluoride de-
composes into ammonia gas (NH3) and hydrogen flu-
oride gas (HF) according to the reaction:

Since the annealing temperature of the samples 
is 400 ºC higher than the decomposition tempera-
ture of NH4F, voids are formed in place of ammoni-
um fluoride crystallites.

Increasing annealing to 6 h for these films leads to 
a decrease in surface resistance compared to 3-hour 
annealing. Presumably due to the annealing of small 
defects left after the decomposition of NH4F.

One potential application of films made from tin 
oxide is in the production of transparent conductive 
coatings. In such cases, it is crucial to take into ac-
count both transmittance and surface resistance. 
The quality factor, determined by the Haacke re-
lation [37, 38], provides a means for assessing the 
quality of the resulting films:

		  Ф = (Т/100)10/Rsh,	                  (6)

where Ф is the quality factor, T and Rsh are the trans-
mittance and surface resistance of the film, respec-
tively. When calculating the quality factor, the aver-
age transmittance for the visible wavelength range 
was taken.

Table 2 shows the values of the average trans-
mittance in the wavelength range from 400 nm to 
700 nm and the quality factor of the films. Table 
2 reveals that films produced from the SnCl4/EtOH 
film-forming system obtain the highest transmit-

Fig. 4. (a) ‒ surface resistance; (b) ‒ conductivity. Composition of film-forming systems: (1) SnCl4/EtOH; (2) SnCl4/
EtOH/NH4F; (3) SnCl4/EtOH/NH4ОН; (4) SnO2 in the form of a dispersed phase; (5) SnO2 in the form of a dispersed 
phase with NH4F.

↑+↑ → 2HFNH)(HFNH 3
C 238>

24
o

(5)
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Table 2. Average transmittance and quality factor.

Composition of the film-forming system Тav, % λ = 400‒700 nm Ф, 10‒7 Ohm‒1

15 min 3 h 6 h 15 min 3 h 6 h
SnCl4/EtOH 86.3 86.4 89.1 146.8 25.4 26.4

SnCl4/EtOH/NH4F 57.9 48.6 51.9 6.3 0.008 0.017
SnCl4/EtOH/NH4ОН 51.7 49.7 50.6 0.9 0.14 0.072

SnO2 as a dispersed phase 71.6 74.6 71.0 4.5 1.5 0.3
SnO2 as a dispersed phase with NH4F 73.0 73.6 68.3 6.2 3.24 0.2

tance of 89.1% in the visible region of the spec-
trum after a 6 h annealing process. Nevertheless, 
after the 6 h annealing process, the quality factor 
of these films reduces due to an increase in sur-
face resistance. Thus, the quality factor of all the 
studied films reduces with the duration of anneal-
ing because of the rise in surface resistance. Of the 
films studied, those produced by the SnCl4/EtOH 
film-forming method and subjected to 15 min of an-
nealing showed superior quality factors.

4. Conclusion

The experiment results demonstrate that in-
creasing the annealing duration leads to higher 
transmittance in films synthesized from the SnCl4/
EtOH film-forming method. However, the transmit-
tance of samples obtained from the SnCl4/EtOH/
NH4OH system displays minimal change during an 
increase in annealing duration. As a result, the films 
exhibit a reduced density and increased void vol-
ume. The SnCl4/EtOH/NH4OH film-forming system is 
rendered more appealing for the advancement and 
exploration of transparent coatings that are sub-
jected to enduring thermal effects. Upon annealing 
at 400 ºC for up to 6 h, the surface resistance of the 
films increases due to the reduction in the free path 
of charge carriers.
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