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STRUCTURAL AND ELECTRICAL PROPERTIES OF UNDOPED SnO; FILMS
DEVELOPED BY A LOW COST CVD TECHNIQUE WITH TWO DIFFERENT
METHODS: COMPARATIVE STUDY
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Uniform, conductive SnO, thin films have been developed by a low — cost CVD technique
using a simple, home-made setup. Two methods with different sources of oxygen were
applied. The thin layers were deposited on glass substrates. Stannic chloride was used as the
precursor and the substrate temperature varied from 485 to 545 °C. The microstructure and
the surface morphology of the produced films were examined by X-Ray Diffraction and
scanning electron microscopy, with EDAX anaysis. The films were found to be
polycrystaline, presenting a preferred orientation aong the (110) plane. Thickness of films
varied from 150 nm to 400 nm. Extended study of the mechanism of diffusion of sodium
ions out of the glass as well &s its effects on film's quality was carried. Crystals of NaCl
formed on the matrix of films, which had been grown with air functioning as the oxidizer.
Measurements of the mean surface's roughness were conducted by a profilometer. When
pure oxygen was used, the produced films presented a smoother surface without any
pinholes or undesirable crystal formation. Electrical resistivity at room temperature and in
the range from 25 to 250 °C was aso measured. Films of high conductivity were obtained
for both methods a deposition temperatures between 515 and 545 °C. For films of high
crystallinity grain scattering and scattering from ionised impurities are the mgor factors
influencing conductivity. When air is used as the oxidizer, films develop fully at higher
deposition temperatures. In this case however, oxidation diminishes vacancies, which are
present a a high degree since the oxygen concentration in ar is low. In both methods,
annealing in air improved the film crystallinity and conductivity.
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1. Introduction

Severd kinds of materials, such as tin oxide, indium tin oxide (ITO), and zinc oxide, are
known as Transparent Conductive Oxides (TCO). From these materids, tin oxide shows unique
characteristics in chemical inertness, stahility to heat treatment and mechanical hardness [1].

Thin films of SnO, are currently being used in a wide range of applications, eg. dectrodesin
dectroluminiscent displays, protective coatings, gas and chemical sensors [2,4], touch-sensitive
switches [5] and many others [6-8], mainly dueto ther outstanding properties [6, 9]. Such films can
be prepared by various methods, such as reactive sputtering [10, 11], spray — pyrolysis, sol — gd,
vacuum evaporation and chemica vapor deposition (CVD), using either organic or inorganic
precursors [5]. It has been extensively reported that the variety of preparation methods has led to the
thin films having different structural and eectrica properties. The latter are criticaly influenced by
oxygen vacancies serving as donors in tin oxide films. In principle physica methods such as
sputtering and thermal evaporation |ead to weakly non-stoi chiometric tin oxide with co-existence of
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other insulating phases like SnO [6], resulting into relatively high resistive films. On the other hand,
chemical methods lead to strongly non-stoichiometric tin oxide, resulting into comparatively low
resistivefilms[2, 7].

CVD remains the most widdy used deposition technique in many fidds, especialy for
depositing thin films of dectronic materials. It is capable of producing highly dense films with good
adhesion to the substrate. It can be used to uniformly coat compl ex shaped components and deposit
films with excdlent conformal coverage. Such distinctive feature outweighs the PVD process [11,
12].

However, CVD-based methods generally involve complex chemistry and chemical process,
which ind ude the nature of chemical precursors, toxic or corrosive byproducts, chemical reactionsin
the gas phase and heterogeneous reactions. This is why these methods demand often a sophisticated
equipment to control adequately the CVD process parameters. In this case though, the cost is
reatively high [11].

The present research work aimed at the production of uniform, conductive undoped SnO; thin

films by a low — cost CVD technique, using SnCl;5H,0 as the precursor, through the aid of a
conventional thermal CVD system. Teflon, instead of stainless sted was used extensively. A simple
system at the end of the experimenta setup was applied, in order for the byproducts to be
neutraized. Thin films of SnO, were produced according to two different methods. In the first one,
atmospheric air produced by an air compressor functioned both as the carrier gas and as the source
of oxygen, whereas in the second method argon served as the carrier gas and oxygen of high purity
(99,9999 %) as the oxidizer. In terms of totd cost, the first method is more economical. The
variables studied were:

e Thesubstrate temperature

e The exit pressure of the air compressor, namely the pressure of the incoming precursor’s

vapors (first method)
e TheArgon flow (second method)
e Thedeposition duration

2. Experimental
Tin oxide films were deposited on amorphous glass substrates through the foll owing reaction:
SnCl, + O, — Sn0O, + 2 Cl, 1)

Common soda-lime sheet glasses of 1.1 mm thickness were used as substrates. The films were
grown in a hot wall horizonta reactor, constructed in the laboratory of Physica Metallurgy of the
National Technica University of Athens, by oxidation of SnCl, vapors. The reactor chamber was
constructed by resistance-heated quartz and had a circular section. The glass substrates (2cm x 1 Y%
cm) were placed on a graphite susceptor. A dlightly indined aluminum base, which served as a
source of extra support, was used mainly because this inclination is known to provide the best
conditions for laminar flow [11-13]. This base could withstand therma oxidation. The temperature
was controlled by a quartz-sheathed alume-chromd thermocouple embedded within the supportive
base and held within an accuracy of + 5°C. The precursor was contained in glass bubbler and the
nozzleto the substrate had a distance of 50 cm. The substrate temperature was vari ed from 485 °C to
575 °C in steps of 30 °C. Two plugs, made of Teflon, were used at the edges of the chamber, so asto
sedl off the interior space. At the exit plug a pressure gauge was adjusted. Furthermore, on each plug
two manual valves allowed the transport of the gaseous materials in and out of the chamber, viathe
corresponding carrier line. All carrier lines were also made of Teflon.

The deposition started with the introduction of the precursor’s vapors into the air stream. After
deposition, the samples were all owed to cool down to temperatures in the order of 80 — 90 °C in the
same air stream as for the deposition. This process (which further enhanced the oxidation) lasted
several minutes emphasizing the fact that the higher the deposition temperature, the longer the
coaling period.
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The by-products of the reaction (1) were led into two polypropylene tanks, which contai ned
diluted NaOH 3 M. By this arrangement the gaseous Cl, was neutralized before reaching the
system'’s exit. A mechanical pump at the end of the whol e system was i mplemented, so as to absorb
the by-products that had not been neutralized. Mechanical valves for the pumped air adjustment and
an extra carrier line were also used for safety reasons. The experimenta setup for the second method
is shown in Fig. 1. By comparing the setups of methods one and two, it is evident that the only
difference between them is the system input.
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Fig. 1. Experimental setup for the devel opment of undoped SnO; films.

The deposition parameters studied are givenin Table 1. When atmospheric air was used as the
oxidizer, the films prepared at 485, 515, 545 and 575 °C were denoted by D1, D2, D3 and D4. On
the other hand, when pure oxygen was used, the films prepared at 485, 515, and 545 °C were
denoted by P1, P2-P3, and P4-P5-P6, respectivey. In this case the oxygen flowrate was kept
constant during the process at 270 mi/min. Concerning the experiments conducted by the first
method, the pressure values refer to the pressure with which the precursors were transferred into the
reactor and not to the total pressurein itsinterior space.

The mineralogica phases and the mean grain size of the produced films were determined by
X-ray diffraction (XRD) using a Siemens D5000 diffractometer with nicke -filtered CuK o, radiation
(=1.5405 A), 40 kV and 30 mA. The surface morphol ogy was studied with the aid of a Jeol 6100
Scanning Electron Microscope (SEM). The chemical composition of the produced films was
examined by a Noran TS 5500 Electron Dispersive Spectrometer (EDS) connected to the SEM.
Measurements of the films surface roughness were taken by a Dektak 1A profilometer. Film
resistivity values were obtained by measuring the dectrical resistance (R) at room temperature and
a devating temperatures. The thickness of the films varied from 150 nm to 400 nm. It was
indirectly estimated by measuring the tiny step formation, which was produced when a second wafer
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was placed over the half of the initial wafer’s surface, on which deposition took place. This indirect
measurement was taken via the same device used for roughness measurements.

Table 1. Deposition conditions.

Sample Temperature Flowrateof  Exit Pressure Duration of
0 carrier gas ... .
Name (°C) (stdl. mi/min) (bar) deposition (min)
D1 485 1.0 15
D2 515 1.0 15
D3 545 1.0 15
D4 575 15 10
P1 485 300 20
P2 515 300 20
P3 515 400 20
P4 545 400 15
P5 545 300 20
P6 545 400 20

3. Results and discussion

3.1 Mineralogical analysis of the deposited films by x-ray diffraction

XRD analysis of the as deposited tin oxide films confirmed that these were polycrystalline
with tetragona cassiterite (rutile type) structure. Other phases like a-SnO, B-SnO, Sn,Os, SNz04, €c.
were not observed. The diffraction data was collected with 0.025 step width, over a 20 range from
20° to 80°.

In al cases the preferred crystal face orientation of the undoped SnO, thin films was (110).
Other planes corresponding to (111), (101), (200), (211), (220), (221), (301) and (321) aso appeared
with weaker intensities. In the case of sample D3 however, the (111) peak seemed to be the
dominating one (Fig. 2a). Nevertheless, it should be noted that this specific orientation had been
enhanced through the overlap, which occurred between the (111) peak and the (200) peak, whichin
turn was attributed to the presence of NaCl. In general, in CVD processes crystals of NaCl are often
formed by the combination of the diffused out of the glass sodium ions with the chlorine ions of a
metal-chloride precursor. The best way of minimizing this occurrence is the deposition of a thin
layer of SiO,, which acts as a migration barrier.

It was found that films exhibited higher crystalinity when air rather than pure oxygen was
used as the oxidizer at the same deposition temperature. However, this is probably due to the higher
deposition rate of the first method since the flowrate of air was significantly higher than the total
sum of the flowrates of argon and oxygen, which were used for the second method. The lower rate
of the precursor's flow in the second method could be the reason for the absence of peaks
corresponding to NaCl since the film's surface roughness, which in high values acceerates the
formation of NaCl crystals [14], was minimized during crystal growth.



Structural and dectrical properties of undoped SnO. films devel oped by alow cost CVD technique 2697

400
1. S0,

2.NaCl

350 1,
2, (200)

300 q

250 q

Intensity (cps)
N
8
3

1,(110) 1, (101)
150 A

100 A
1, (200)
1, (301)

501
1,(220) 1, (221) 1@

0

20 25 30 35 40 45 50 55 60 65 70 75 80

(a): Sample D3

1200

1.0,

2.NaCl (annealed)

1000
1,(211)

1, (301)
1, (111)
2, (200)

800

1, (200
¢00) 1, (220) 1, (221)

600

400
(as deposited)
200
&_.,._J\ et e
0 25 30 35 40 45 50 55 60 65 70
26

Intensity (cps)

0
20 75 80

(b): Sample D4

Fig. 2. XRD anaysis of undoped SnO, films produced by oxidation of SnCl, vapors with air
with different deposition parameters on glass substrates and effect of post heat treatment on
the crystallinity of sample D4.

It has been aso observed that for both methods the increase of the deposition temperature
favors the crystallinity of the film. By the increase of the deposition temperature, the mobility of the
carriers also increases and, as aresult, the rate of nucleation at different sites of lower free energy of
the substrate becomes higher [15]. Moreover, it was concluded that the temperature was more of an
influence on the crystallinity of films than the duration of deposition within the range investigated.

To investigate the effect of post deposition heat treatment in the crystalinity of SnO, films,
annealing of various films took place at 580 °C for 30 min, in air. The XRD andysis of samples D4
and P5 before and after the heat treatment is given in Figs. 2b and 3b, respectivey. It can be
observed that the peak intensities increased further. The above observation could be explained by the
fact that smaller crystalites generally have surfaces with sharper convexity. This provides a larger
area of contact between adjacent crystallites, facilitating a coal escence process during the heat
treatment to form larger crystallites [16]. What is more, annealing seems to play a critical rolein the
crystalinity of films when pure oxygen is used as the oxidizer. Specifically, in the case of sample P5
the crystalinity has increased by more than two orders of magnitude. The reason may be the
complex mechanism of the absorbed species’ reaction on the substrate's surface, which sometimes
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leads to a less crystaline structure when a carrier gas different from the oxidizer is used. After
annealing the film grows upon the crystalline structure of SnO, more essily.

100

150,

80 1

o
S

1, (110)

Intensity (cps)

IS
S

(a): Sample P3

1.Sn0O,

300 - 1,(110)

(annealed)

1, (101

(101)
200 1 1, (211)
1, (200)
150 4 1,(220) 1. (221)
’ . N 1. (q02) | (112)L,(301) 1, (202) 1, @21)

(as deposited)

50 1 A
0 loasal AT .u.lu ey A“Jl Mosan b 4 L Jovk

20 25 30 35 40 45 50 55 60 65 70 75 80
28

Intensity (cps)

(b): Sample P5

Fig. 3. XRD anaysis of undoped SnO, films produced by oxidation of SnCl, vapors with
pure oxygen with different deposition parameters on glass substrates and effect of post heat
trestment on the crystallinity of sample P5.

The mean grain size was determined from the full width at half maximum of the main pesk
using the classical Debye-Scherrer formula. The calculated values of crystallite size for al samples
are given in Table 3. It is clear that through the increase of deposition temperature the rate of
nucleation also rises. The end result is the subsequent increase of the mean grain size.

3.2 Examination of the deposited films microstructure by SEM

The SEM micrographs of the films derived from the first method are given in Fig. 4 ad. It
can be observed that sample D1 is characterized by alack of uniformity, especialy at the edge of the
substrate. SnO, film seems to not have fully grown mainly because of the short duration of
deposition and the lower formation temperature Sample D2 has grown with a porous
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microstructure. The analysis of a pin-hole inside the film's mass (spot analysis) is given in Table 2
(EDAX analysis). According to the results it can be concluded that these holes do not end exactly at
the substrate’ s surface. The %wt high concentrations of Sn and Na imply that an extremdy thin film
was formed previously. This ultrathin film probably exists as a mixed phase between SnO, and Na,
at the exact interface between the substrate and the main as deposited film. Furthermore, the % wt
high concentration of Si and Na proves that the | atter really diffused out of the glass substrate.
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Fig. 4. Scanning Electron Microscopy micrographs. Samples D1-D4.

Table2. EDAX Analysis.

Sample Name %wt O, %Wt Sn %Wt Na % wt Cl %Wt S
D1 56.83 34.16 0.42 1.97 6.62
D2 58.44 38.65 0.88 0.91 112

D2 (pin hale) 53.35 29.70 6.83 0.21 9.91
D3 59.40 37.01 1.45 157 0.57

D3 (crystal on matrix) 32.76 19.03 28.04 20.17 -

D4 59.98 35.47 2.26 1.85 0.44
P1 58.69 34.18 - - 7.13
P2 59.67 39.16 0.32 0.21 0.64
P3 60.22 38.74 0.40 0.38 0.26
P4 60.60 38.32 0.58 0.36 0.14
P5 60.68 36.91 0.81 0.67 0.93

P6 60.77 37.89 0.61 0.54 0.19
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For samples D1-D4 the O/Sn ratio was about 1.5 to 1.8. All samples contain CI” ion
contamination. This was due to the concentration of ClI™ ions contained in the precursor. It was aso
observed that with the increase of substrate temperature the %wt concentration of Na' ions increases
too. This indicates that the mechanism of Na" diffusion out of the glass is further activated by the
increase in temperature [17]. As a result, the produced pores multiply at an acceerated rate as the
deposition temperature increases. Particularly, in the case of sample D4, the above-mentioned
process has severe effects on the film's surface. The size of the pores produced by diffusion was
dramatically grown giving the film rel atively poor properties.

Furthermore, in both cases of samples D3 and D4 cystals of NaCl can be wdl
distinguished, with the former also having a smoother surface. These crystals have formed on the
matrix of the films by diffusion of sodium ions and exist as a mixed phase between SnO, - NaCl.
%wt concentrations of atypical NaCl crystal (sample D3) have been measured by an EDAX anaysis
(Table 2). The presence of NaCl crystals can aso affect the microstructure of the SnO, thin films. In
Fig. 5 it is shown that SnO, can develop in the dendritic form (sample D4). This occurrence was
explained by the presence of NaCl crystals, which were “trapped” in the dendrites of SnO..
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Fig. 5. Scanning Electron Microscopy micrograph of sample D4. Growth of SnO,in
the dendritic form.

For samples grown according to the second method the O/Sn ratio was about 1.5 to 1.7.
Concerning the SEM for films P1-P6 (Fig. 6) it is obvious that sample P1 has a quite smooth
surface. However, it is very thin and that is probably the reason why it exhibits a high %wt
concentration of Si. Sample P3 has grown highly uniform. Individua equiaxed crystdlites with
rounded grown features can be clearly seen. For sample P2 the temperature and the duration of
deposition was the same as for P3. The former one, however, presents a much smoother surface,
since the flowrate of the precursor was in this case lower.

At 545 °C three films with different deposition parameters were studied. All of them present a
quite dense and uniform structure. As well as having a smooth surface, sample P4 was aso grown
with excdlent step coverage. Sample P6, which was deposited with the maximum flow of the
precursor presents a rdatively high degree of surface roughness. The mean grain size in this case
seems to have significantly increased. On the matrix of film P5 a few small crystals, probably of
NaCl, have formed. As can be seen from the results of EDAX anaysis (Table 2) al films contain Na
and Cl ion contamination. However, the degree of this contamination is slightly lower for films P1-
P6. This is why XRD anaysis did not identify NaCl formation in the previous films as a definite
mineral ogical phase.
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Fig. 6. Scanning Electron Microscopy micrographs. Samples P1-P6.

3.3 Films' thicknessand mean surface roughness

The differences in films' surface roughness values can be attributed primarily to the
differences in film thickness. In general, the higher the total film thickness, the higher the surface
roughness [14]. The different RMS values together with each film's thickness are given in Table 3.
Fig. 7 shows the impact that increasi ng temperature has on film thickness, when the total precursor’s
quantity was kept constant. In the present study, the total precursor’s quantity can be wel defined
either asthe product of P (pressure with which theinitial substances were transferred into the reactor
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—first method) or as the product of F. (flowrate of the carrier gas — second method) (by t (duration
of deposition). In both cases the film thickness is dmost in linear proportion to the deposition
temperature. This is due to the fact that crystal growth and, consequently, the film's thickness
increases with the increase of temperature.
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Fig. 7. Film thickness vs deposition temperature.

Table 3. Mean grain size, thickness and mean values of surface roughness.

Mean grain size
SampleName  RMSvalues(nm)  Thickness (nm) :

(nm)
D1 26 200 24
D2 34 300 29
D3 60 350 35
D4 103 400 39
P1 11 150 17
P2 23 200 26
P3 45 250 28
P4 34 275 33
P5 29 300 34
P6 91 325 36

Among the films grown by the first method sample D4 presents the highest RMS value.
Although the duration of deposition was the shortest one, the higher flowrate of the precursor led to
adlightly rough surface.

Concerning RMS values for samples P1-P6, it can be concluded that the totd flow of the
precursor compared to the deposition temperature brings about dramatic results in the film quality
with regards to its roughness. Through the comparison of RMS values of sample P3 with P2 and of
sample P6 with samples P4 and P5, it can aso be assumed that the total flow intensively affects the
surface’ s smoothness, especially a high temperatures.

For both methods applied, the dependence of the film's surface roughness by the increase of
deposition temperature is shown in Fig. 8. As can be observed, when air is used as the oxidizer the
increase of the film's surface roughness at temperatures above 520 °C is by far steeper. This
observation strengthens the assumption that crystal growth activates mainly at higher temperatures,
if atmaospheric air is used.
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3.4. Electrical properties

Table 4 summarizes the various resistivity values, at room temperature (prr), Which were
obtained by measuring the films' eectrical resistance before and after annealing. Concerning the
different resistivity vaues and their relation to film morphology for samples D1-D4, it can be said
that the uniform surface (Fig. 4c) of sample D3 is probably responsible for its low value of pgr.
Among the rest of the films produced by the first method, sample D4 exhibits satisfying values of
conductivity, even though they are lower than those of sample P3.

Table 4. Film resistivity values.

Sample prr(£2cm) — as deposited prr (£2cm) —annealed

D1 1.1 4.0x 10?
D2 6.7 x 10 9.4 x 10
D3 7.1x10° 8.9x 10°
D4 6.2 x 10* 9.3x 10?
P1 5.5 x10? 1.1 x 10*
P2 3.5x 102 6.4 x 10°
P3 58x10° 0.7 x10°
P4 2.4 x 10? 4.6x10°
P5 1.8 x 102 3.3x10°
P6 5.9 x 10° 8.0x 10°

On the other hand, the porous microstructure of sample D2 renders high room temperature
eectrical resistivity prr. The maximum film resistivity was observed for sample D1. In this case, the
thermal energy produced at 485 °C was insufficient to force the layer to grow completely.

Films D1-D4 exhibit lower conductivity values than films P1-P6 a the same deposition
temperature. This could aso, to some extent, be attributed to the presence of NaCl crystals, which
are deposited through diffusion onto the matrix of films D1-D4. These crystals decrease the mobility
of charge carriers [16]. The basic reason must be, however, the differences in film thickness.
Samples D1-D4 are relatively thick and, as a result, the effect of grain scattering on conductivity is
further intensified.

Among films derived from the second method, sample P3 exhibits the lowest resistivity
vaue. It consists of uniform distribution of spherical grains, with rdativey high density, thereby
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minimizing the grain boundary scattering and induci ng higher conductivity. Samples P2, P4 and P5
also present good uniformity and, as a result, exhibit low values of prr. Even if it was expected to
have the lowest vaue of prr among the films deposited at 545 °C, sample P6 presents lower
conductivity than that of samples P4 and P5. This must be due to the enhancement of oxidation
phenomena On the contrary, sample P1 presents the highest prr. In this case the low deposition
temperature resulted in slower growth rate.

Through annealing in air, the eectrical parameters for al films studied changed. The
dectrical resigtivity decreased considerably. The improvement in film grain size by the heat
treatment resulted in decrement of grain boundaries aiding in the movement of charge carriers.
Highe conductivity was the general net consequence.

Deposition temperature dependence of dectrical resistivity is another aspect worth
exploring. Fig. 9 shows variation of prr before and after annealing versus deposition temperature for
al thin layers. Regarding to films D1-D4 two distinct regions with inversed slopes can be observed,
corresponding to a low temperature region (<545 °C) and to a high temperature region (>545 °C).
From 515 °C the conductivity increases with increasing deposition temperature, with 545 °C being
the maximum. By further increment of the deposition temperature the conductivity starts to
decrease.

D1-D4 (as deposited)
D1-D4  (annealed)
P1-P6 (as deposited)
PLP6  (annealed)

Electrical Resistivity (2cm)

460 480 500 520 540 560 580 600
Deposition Temper ature (°C)

Fig. 9. Electrical resistivity vs deposition temperature. The points are experimental ,
whereas the lines are theoretical .

When films exhibit high crystallinity two mechanisms compete; the ordering of the structure
and oxidation. While the ordering of the structure leads to a less resistant film, the oxidation draws
the SnOx near to its stoichiometric oxide, i.e diminishes film defects, which are responsible for the
conductivity [6, 18]. It should be noted that during the cooling process the samples were further
oxidized, thus €iminating oxygen vacancies, which act as dectron donorsin SnO; films introducing
states within the energy gap. The higher the deposition temperature, the longer the time to cool
down. As aresult, oxidation phenomena become enhanced at € evating deposition temperatures and
thisiswhy the film's resistance increases. The above are clear especially in the case of sample D4.

With regards to samples P1-P6 the maximum conductivity is observed at temperatures
around 515 °C (Fig. 9). Since pure oxygen was used as the oxidizer, the oxi dation process seemed to
have been completed more easily, i.e at relatively lower deposition temperatures. At 515 °C, grain
scattering of interstitial defects, which depends significantly upon film thickness is stabilized and
compensates the carrier’s scattering at characteristic centres, which, is in turn attributed to ionised
impurities. At deposition temperatures different to 515 °C, one of the previous mentioned
mechanisms of e ectrical resistance, dominates the cther.

As was previously mentioned, at relatively low temperatures films can not fully grow when
ar is used as the oxidizer. In this case they present some amount of amorphous structure, which
induces higher resistivity. However, they can present sufficient conductivity. The reason is that the
% wt concentration of oxygen in the air is low. As a result the SnOy produced films with air
functioning as the oxidizer are kept far from their exact stoichiometry. The assumption that the
oxidation process is of great importance can be well proved by the observation that samples P1-P6
presented dight variations in film resistivity values across the substrate's surface. This should be
attributed to tiny variations in films' oxygen concentration.
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Electrical resistivity measurements have been dso performed in the temperature range from
25 to 250 °C (Fig. 10-11). These resistivity values were obtained for dl films after annealing. It is
obvious that through the increase of temperature the e ectrical resistivity decreases at an exponential
rate. The reason is that, at high temperatures the mechanism of impurities' thermal activation
becomes the dominant one. The concentration of charge carriers increases and, as a result, film
resistivity decreases.
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Fig. 10. Electrical resistivity vstemperature (Samples D1-D4).
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However, in the case of samples D1-D4 the decrement in eectrical resistivity is dightly
faster than that of samples P1-P6, when produced at the same deposition temperature. This could be
attributed to the fact that oxidation of samples D1-D4 proceeds at a slower pace. As a result the
oxygen vacandi es, which are responsible for conductivity, multiply in films grown by the use of air
asthe oxidizer. What is more, at d evating temperatures the concentration of charge carriers seemsto
increase more easily.

4. Conclusions

As was demonstrated, the low — cost CVD technique, described in this study, can be used to
obtain uniform conductive layers of SnO,, with good repegtability. By comparing the two methods
used the following noteworthy cond usions have been reached:
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« All films were polycrystalline with cassiterite structure. Temperature influences crystalinity
more powerfully than deposition duration. Films exhibited higher crystalinity when air
rather than pure oxygen was used as the oxidizer.

« Annedling in air improves the crystallinity, inducing the films higher conductivity, since the
grain boundaries occupy a smaller part of the film volume Especidly, when pure oxygen is
used as the oxidizer anneding is of mgor importance

« Highe deposition temperature and longer process duration (or higher precursor’s flow) lead
to increment of film thickness and mean grain size, which, in turn, increase surface
roughness. When pure oxygen is used as the oxidizer films present a quite smooth surface.
On the other hand, films grown with air functioning as the oxidizer present a rdativdy
rough surface, since the % w.t. oxygen concentration in the air is low and increased
precursor’s flows are needed.

e The mean surface roughness is affected mostly by the total precursor’s flow when pure
oxygen is used. When the oxidizer is air, surface roughness is significantly affected by
deposition temperature and increases rapidly above 520 °C.

¢ Uncommon morphologies, such as dendrites, can occur at reatively high temperatures,
together with the presence of NaCl crystals.

e« When air is used as the oxidizer, deposition takes place more easily a high temperatures.
However, in this case oxidation phenomena diminish most of the defects responsible for
conductivity and film resistivity increases. When pure oxygen is used as the oxidizer, the
oxidation process seems to complete more easily, i.e. a lower deposition temperatures.
Films of high conductivity can be obtained in the first method at temperatures around 545
°C, whereasin the second method at temperatures between 515 and 545 °C.

e At rdativdy low temperatures films can not completdy grow when air is used as the
oxidizer. In this case they present lower crystdlinity, which induces higher resitivity.
However, they can present sufficient conductivity, since the % wt concentration of oxygen
intheair islow and the SnO produced films are kept far from their exact stoichiometry.
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