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ABSTRACT

Tellurium doped tin oxide (Te:SnO,) thin films were prepared by pulsed-laser deposition (PLD) on glass
substrates at different oxygen pressures, and the effects of oxygen pressure on the physical properties
of as-grown and post-annealed Te:SnO; films were investigated. The as-grown films deposited between
1.0 and 50 mTorr showed some evidence of diffraction peaks, with electrical resistivity of ~8 x 10! Q cm,
but increasing the oxygen pressure up to 100 mTorr, three diffraction peaks (110), (101) and (211)
were observed containing the SnO, tetragonal structure, at 100 mTorr the electrical resistivity decreased
abruptly at minimum value of 4 x 102 Q cm, and increased reaching values of ~4 x 10~!  cm. The opti-
cal transmittance of the films increased with increasing oxygen pressure and high transmittance (~87%)
in VIS region by the films prepared at 100 mTorr and higher. The band gap of as-grown films was ~3.5 eV
corresponding at of the SnO,. After of post-annealed at 500°C at atmospheric pressure for 30 min all
films showed crystallization, and notable electrical resistivity changes were observed. The carrier den-
sity increased monotonically in the range of oxygen pressure between 1.0 and 100 mTorr, reaching values
of ~2 x 10'8 cm~3, then, it decreased abruptly in films grown at 125 mTorr. While the mobility of the free-
carrier decreased in the range of oxygen pressure between 1.0 and 100 mTorr, reaching minimum values
of ~5.8cm? V-' s~1. The optical transmittance showed similar characteristic like the as-grown films. The
figure of merit at 100 mTorr of as-grown films had value ~1.2 x 10~ -1, and for post-annealed films at
100 mTorr the figure of merit was similar ~1.7 x 10-% -1, indicating they were the better films.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

low electrical resistance with high optical transparency (>80%)
in the visible range (VIS) of the electromagnetic spectrum. SnO,

Transparent conducting oxides (TCOs) are widely used for a vari-
ety of applications, including transparent electrodes for flat panel
displays and for photovoltaic cell, low emissivity windows, win-
dows defrosters, transparent thin films transistor, light emitting
diodes, and semiconductor lasers [1-7]. Undoped tin oxide (SnO;),
which is a wide band gap (Eg) n-type semiconductor (3.6eV) [8],
belongs to the important family of oxide materials that combine
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films have some practical advantages over transparent conducting
oxides (TCOs) films that contain indium or cadmium, as they are
less expensive and non-toxic.

There are many different techniques used for deposition SnO;
films: spray pyrolysis [9], reactive electron beam evaporation
[10], rf-sputtering [11,12], dc-magnetron sputtering [13], chemical
vapor deposition [14], reactive ion assisted deposition [15], filtered
vacuum arc deposition [16] and pulsed-laser deposition (PLD) [17].
However, all methods require high substrate temperature or post-
annealed in order to fabricate good-quality polycrystalline films.
PLD has emerged as one of the simplest and most versatile meth-
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ods for the deposition thin films of a wide variety of materials [18].
A major advantage of PLD is that the stoichiometry of the target
can be retained in the deposited films. In particular PLD in oxidiz-
ing gases is one of the promising methods of preparing complex
oxide films, and has been applied to the deposition of TCOs films as
various high-quality SnO, thin films with low resistivity [19-21].In
all the techniques used for the fabrication of SnO, films, the struc-
tural, optical and electrical properties of the films have been found
to depend critically on the oxygen partial pressures (PO,) and the
substrate temperature (Ts) [22,23].

As we know, TCOs have conductivity (¢) in the range 102-106
Scm~!. The conductivity is due to doping either by oxygen
vacancies (Vp) or by extrinsic dopant. In the absence of dop-
ing, these oxides become very good insulators, with resistivity
(p)>101% Q cm. The electrical conductivity of n-type TCOs thin film
depends on the carrier density in the conduction band and on their
mobility: o = une, where u the electron mobility, n is the carrier
density and e is the electron charge. Due to Eg >3.0eV separating
the valence band from the conducting band, the conduction band
cannot be thermally populated at room temperature (kT ~ 0.03 eV,
where k is Boltzmann’s constant), hence, stoichiometric crystalline
TCOs are good insulators [7]. In the case of intrinsic materials, the
density of conducting electrons has often been attributed to the
presence of unintentionally introduced donor centers, usually iden-
tified as metallic interstitials (M;) or oxygen vacancies (Vg) that
produce shallow donor or impurity states located close to the con-
duction band. The excess of donor electrons is thermally ionized
at room temperature, and move into the host conduction band.
However, experiments have been inconclusive as to which of the
possible dopants is the predominant donor [24]. Extrinsic dopant
has an important role in populating the conduction band, and some
of them have been unintentionally introduced.

On the other hand, a great variety of dopants have been stud-
ied in order to improve the electrical properties of SnO, for certain
applications. The common extrinsic n-type dopants [11,12] are Sb,
F, As, Nb and Ta. However, the electrical conductivity control of this
material is not developed yet because there are problems that nor-
mally grown SnO, films seriously suffer from donor-type defects
such a tin interstitial (Sn;), Vo and these dopants impurities, which
could deteriorates the mobility of the electron as consequence of
a structural distortion due at the excess from a critical value of
these donor-type defects. Tellurium is a semi metallic element
with valence states of —2, +4 and +6 and is often used alloyed to
Sn as SnTe, the multiple valences of the tellurium and its affinity
with Sn can be used to tellurium doped SnO, as donor-type defect
such a tellurium interstitial into SnO, structure and as consequence
improve the electrical properties of the SnO,.

Recently, it has been reported that the post-annealed pro-
cess is also effective to reduce the residual donor-type defects
on grown SnO, films in addition to the growth parameters such
as surface treatment, substrate temperature, and Sn/O ratio [16].
In dependence of the technique of growth, usually the electron
concentration varies with the annealing temperature and reaches
minimum or maximum values in dependence of its temperature.
This suggest that the increase and decrease of electron concentra-
tion is caused by to generation and reduction of Vi, also it suspected
that this behavior is due to the reduction of Sn; as has been observed
in SnO;, films grown by pulsed-laser deposition that electron con-
centration continuously decreases with the increase of annealing
temperature [8,25]. These reports commonly refer that the anneal-
ing process under certain conditions is helpful for improve the
structural properties of the films.

In this paper, we report on the investigation of the heat treat-
ment on the physical properties of the Te-doped SnO, thin films
grown by pulsed-laser deposition and the behavior of structural,
electrical and optical properties.

2. Experimental procedure

Te-doped SnO-, thin films were deposited on 25 mm x 25 mm glass substrates
(Corning 2947) using a Nd:YAG laser (1064 nm, 10 ns full width at half-maximum)
at a repetition rate of 5 Hz on a target with rotation of 30 rpm in order to avoid pit-
ting of target at any given spot and to obtain uniform thin films. The substrate is
attached with a stainless steel mask to the substrate holder which was heated by a
tungsten lamp. The laser was focused through a 50 cm focal length lens onto a rotat-
ing target at a 45° angle of incidence. The energy density of the laser beam on the
target surface was maintained at ~2.0]J/cm?2. The target-to-substrate distance was
60 mm. Before laser irradiation the deposition chamber is evacuated down to a base
pressure of 10~ Torr using a diffusion pump and a rotary pump. The target was pre-
pared from 1.0 wt.% Te powder (6 N) mixture with SnO, powder (5N) and sintered
(thickness of 0.5 mm and diameter of 15 mm). During deposition, high purity oxy-
gen (99.997%) was introduced into the chamber at different pressures (ranging from
1.0 to 150 mTorr). Substrate temperature for all growths was maintained at 500°C.
The ablations shots for all films were 103. The substrates were carefully cleaned in
an ultrasonic bath for 10 min with acetone and methanol, rinsed in deionized water,
and subsequently dried in air before deposition.

After deposition, the substrate was maintained at 500 °C for 30 min with same
PO, was grown and was cooled to room temperature in the base pressure. The
film was divided into two equal parts, one was annealed at 500°C for 30 min at
atmospheric pressure in a muffle in order to compare their physical properties as-
grown and after of post-annealed.

The thickness (d) of the films was measured by a surface profilometer Dektak-
8, Veeco. The electrical properties were determined at room temperature by
Van der Pauw-Hall method. For a uniform thickness, the electrical resistivity (()
can be determined using the relation (=Rgped, Where Rgpeer is the sheet resis-
tance. All sheet resistance and resistivity values were determined as the average
of three measurements of three different films deposited at same conditions.
The optical transmittance measurements were performed using VIS-near-IR spec-
trophotometer. The value of the direct band gap was calculated using transmittance
measurements and the Tauc formalism for direct transitions and parabolic bands
[26].

T 2
{hvln {T” = (Ad)? (hv - Eg) (1)

where T is the film transmittance, T is the substrate transmittance, A is a constant
that depends on the material, d is the film thickness, hv the photon energy and Eg
the band-gap energy. In {hv ln[T/T’]}Z, hv coordinates expression (1) is a straight
line. The line intercept corresponds to the band-gap energy. The structural prop-
erties were determined by measurements in the grazing incidence geometry with
an inclination of 1° in the X-ray diffraction beam (XRD) using CuKa wavelength
monochromatic radiation (A =1.5405 A), at 40 kV with 35 mA and with an aperture
diaphragm of 0.2 mm, using a D5000 Siemens X-ray diffractometer. XPS analyses
were performed in a Perkin-Elmer PHI 560/ESCA-SAM system, with a base pres-
sure of 2 x 10~° Torr. Argon ion sputtering was performed with 4keV energy ions
and 0.36 p.A/cm? current beam, yielding to about 3 nm/min sputtering rate. All XPS
spectra were obtained without erosion and after 10 min of Ar* sputtering. The spec-
trometer was calibrated using the Cu 2psj; (932.4eV) and Cu 3p;p; (74.9eV) lines.
Binding energy calibration was based on C 1s at 284.6eV.

3. Results and discussion

Fig. 1 shows the XRD patterns of as-grown films at 500°C
in different PO,. The films deposited between 1.0 and 50 mTorr
show evidence of three diffraction peaks around 26 at 26.6° (11 0),
33.8°(101) and 51.7° (21 1), but when increasing the PO, up to
100 mTorr these orientations becomes more evident. All the films
up to 100 mTorr are polycrystalline and contain the SnO, tetrago-
nal structure [27]. It is observed the effect of PO, on the crystallinity
of the Te:SnO, films, the intensity of (110) and (101) diffrac-
tion peak increases with increasing PO,, but the (11 0) diffraction
peak decreases for PO, =125 mTorr, increasing the (101) diffrac-
tion peak. A strong peak signal of the (110) was observed for the
100 mTorr film, while the less intense was for the film prepared at
125 mTorr.

Fig. 2 shows the XRD patterns as a function of PO,, of the post-
annealed films. As it can be observed in the figure, all films have
better crystallization than those without treatment, so the heat
treatment improves the crystalline properties. At particular, the
grown film at 10 mTorr has high orientation in the plane (1 10), but
at higher pressures than 50 mTorr the peaks (110) decrease and
the plane (101) increases evidently, indicating the crystal reori-



344 E. Chan y Diaz et al. / Journal of Alloys and Compounds 508 (2010) 342-347

(110)

g%

(101)

150 mTorr

125 mTorr

M,me
o ot
M\w
WMMWM
W

1 L 1 L 1 " 1 1 L 1

20 30 40 50 60 70
20 (deg)

Fig. 1. XRD patterns of as-grown Te:SnO, films.

Intensity (a. u.)

entation effect. This means that the heat treatment reduces the
isolated point defects and the conglomerated extended defects,
which improve the crystallinity of the films.

Additional information is given from the XRD measurements by
calculating the crystal size of SnO, film using Scherreris formula
[28]

091
~ Bcosh

where A is the X-ray wavelength (1.5402 A), 8 is the (110) peak
width (inradians), D is the crystal size, and 6 is the Bragg diffraction
angle. Table 1 shows that the crystal size increases from 18.08 nm
at 1mTorr to 24.19 nm at 50 mTorr, and then decreases gradually
for films prepared up to 50 mTorr. This suggests that the crystalline
quality of the films is degraded with the increase in PO,. The excess
oxygen might induced defects in the films, which have influence on
the nucleation and the growth of the films and as resulted in the
degradation of the crystalline quality. These results also confirm
that a pressure of 50 mTorr it will give better epitaxy, better texture
and a larger crystal size of 24.19 nm in the films. On the other hand,
the crystal sizes have similar values (see Table 1) for the treated
films. The as-grown and post-annealed films shown minor volume
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Fig. 2. XRD patterns of post-annealed Te:SnO, films.
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Fig. 3. XPS spectra of the typical Te:SnO, thin films deposited at 50 mTorr, (a) and
(b) as-grown, (c) and (d) post-annealed. The insets show the O 1S and Sn3d in high
resolution.

of the unit cell than the SnO, powder (71.55A3), by indicating a
compression of the unit cell due at the V formation. It is clear that
the volume of the unit cell is not significantly affected by Te-doped.
Since the ionic radius of Te*4 and Te*® (~2.21 A) is more large that
of Sn** (0.71A), so the Te atoms can not to be incorporate in Sn
vacancies, but can incorporate in interstitial sites and produce a
tensile stress. We conclude that the incorporation of Te atoms into
the SnO, structure is very poor, this is due to that only 1.0 wt.% of
Te was mixture in the SnO, target.

In order to confirm oxidation on the surface and bulk of the
films, XPS analysis was performed. In Fig. 3, XPS survey spectra of
films grown at 50 mTorr without (0 min) and after 10 min of Ar*
sputtering are presented. Fig. 3(a) and (b) corresponds at the as-
grown films, (c and d) corresponds at the post-annealed films. In
this figure, the 0 1s(531eV),Sn3d3; (495 eV)and Sn 3ds), (487 eV)
core level principal peaks can be observed. Also, the Sn 4d (26eV)
secondary peak is detected. As can observed, the peak O 1s corre-
sponding at the surface of the films is more intense that the signal
of the peaks after 10 min of erosion, indicating that there are more
oxidation in the surface that in the bulk of the films. Similar results
can be observed in the other samples.

Relative atomic surface concentrations were determined using
the integrated area under O 1s and Sn 4ds;; and the common
formula for the relative atomic concentrations [29]. Results of
the calculations of relative atomic concentration are presented in
Table 2. The effect of reorientation from plane (110)toplane(101)
observed in Fig. 2 can be explained by the variation oxygen con-
centration as can observed in Table 2. Significant oxygen variations
induce significant Vg variations that can induce a structural stress,
causing a reorientation planes of the crystalline lattice. The bind-
ing energy of Sn 3ds;, peak was Eg=487 eV that corresponds to a
fully oxidized Sn*4 state [30]. Also, the binding energy of O 1s peak
was Eg=531eV that corresponds to O~2 state (see inset in Fig. 3).
Therefore the SnO, compound is formed.

Thickness variation of the films is shown in Fig. 4. The rate
deposition is affected by the scattering of the ablated species, the
as-grown films show a thickness variation between 41 and 258 nm.
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Table 1

Structural properties of Te:SnO, films on glass substrates at 500 °C as a function of PO,.

As-grown

Post-annealed

PO, (mTorr) Crystal size (nm) a=b(A) c(A)

V(A3) Crystal size (nm)

a=b(A) c(A) V(A3)

4.7382
47115
4.7305
4.7315
4.7333
4.7479
4.7262
4.7285

3.1871
3.1900
3.1779
3.1915
3.1834
3.1670
3.1731
3.1677

SnO; -
1 18.08
5 20.51
10 20.74
50 24.19
100 11.62
125 10.76
150 11.23

71.55 -

70.81 15.75
71.12 11.95
71.45 13.13
71.32 11.20
71.39 12.16
70.88 8.93
70.82 11.78

4.7382
4.7248
4.7214
4.7270
4.7246
4.7283
4.7141
4.7207

3.1871 71.55
3.2047 71.54
3.1969 71.26
3.2018 71.54
3.2025 71.49
3.1718 70.91
3.1655 70.34
3.1762 70.78

300
250} #
200-
wl b}
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T
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Fig. 4. Thickness for the Te:SnO films as a function of the oxygen pressure.

The thickness of the films reduces significantly when increase the
PO,. The reduction in the rate deposition is attributed primarily to
collisions of the ablated tin, tellurium and oxygen particles with
the ionized gas plasma during deposition [31].

The electrical resistivity of the as-grown and post-annealed
films is shown in Fig. 5. For as-grown films deposited between
1.0 and 50 mTorr, the resistivity was ~8 x 10! Q-cm. Increasing
PO, at 100 mTorr the resistivity decreases abruptly at minimum
value of 4 x 10~2 Q cm, and increasing again PO, the value of the
resistivity increases reaching values of ~4 x 10~! Q cm. For post-
annealed films deposited between 1.0 and 10 mTorr the resistivity

1025- --°-- as-grown
S E --+-- post-annealed

i
T 10'F P
Q F » ;"’
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Fig. 5. Electrical resistivity as a function of PO, for as-grown and post-annealed
Te:SnO,, films, respectively.

was ~6 x 10-1 Qcm and for PO, at 50 mTorr, the resistivity was
~10-1Qcm. A significant diminution in resistivity is observed
between as-grown and post-annealed films in the range of 1.0 and
50 mTorr. However, the resistivity of post-annealed films grown
at PO, between 100 and 150 mTorr, increased. The change in the
resistivity induced by the post-annealed treatment is related to the
annihilation and formation of intrinsic donor-type defects, dispro-
portion of residual impurities in the films or by the incorporation of
extrinsic impurities as Te. These defects are dominant between 1.0
and 50 mTorr. However, these effects are contrary between 100 and
150 mTorr where the resistivity increase in the post-annealed films
in comparison with the as-grown films. In SnO,, the important role
of Sn; in populating the conduction band, in addition to the Vg has
been conclusively supported by first-principle calculation of Kili¢
and Zunger[32]. They showed that Sn; and V, which dominated the
defect structure of SnO, due to the multi-valence of Sn, explained
the natural non-stoichiometry of this material and produce shallow
donor levels, turning the material into an intrinsic n-type semicon-
ductor. For films post-annealed in the range of 1.0 and 50 mTorr,
we think that the Sn; and Vg increased but in the region of 100
and 150 mTorr, these defects decreased. This suggested that the
behavior of resistivity is ascribed to the generation and reduction
of Sn; and V. This observation is supported by the crystallization
of the films in the region of 1.0 and 50 mTorr as shown in Fig. 2, by
confirming that the treatment is effective to increase donor-type
defects of the films grown by PLD at low PO,. In the films, we think
that the resistivity is not affected by the tellurium dopants due to
the poor 1.0 wt.% tellurium-mixture in the SnO, target. On the other
hand, Dolbec et al. [33] found that the electrical conduction of the
PLD SnO, films is most likely influenced by free-carrier scattering at
grain boundaries. The slight p variations observed by Dolbec over
the substrate temperature range between 300 and 600°C can be
related to their corresponding film microstructures. Moreover, not
only the grain size but also the film nanoporosity is highly influ-
enced by the presence of a background gas pressure during the
deposition of SnO, films.

Fig. 6 shows the carrier density and Hall mobility for post-
annealed films as function of PO,. The carrier density increases
monotonically in the range PO, between 1.0 and 100 mTorr,
exception of the film grown at 5.0 mTorr, reaching values of
~2x 108 cm~3, up to 125mTorr, the carrier density decreases
abruptly. While the mobility of the free-carrier decreases in the
range of PO, between 1.0 and 100 mTorr, exception of the grown
film at 5.0 mTorr, reaching minimum values of ~5.8cm2V-1s-1,

Table 2
Atomic concentrations of Te:SnO; thin films.

Erosion time (min) As-grown Post-annealed
0 (%) Sn (%) 0 (%) Sn (%)
0 71.8 28.2 76.2 23.8
10 54.6 45.4 60.4 39.6
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Fig. 6. Carrier density (n) and Hall mobility () as a function of PO, for treated films.

After, the mobility increases for grown films at 125 mTorr. The
conductivity is intrinsically limited for two reasons: first, n and u
cannot be independently increased for TCOs with relatively high
carrier concentration. At high conducting electron density, carrier
transportis limited primarily by ionized impurity scattering. Higher
doping concentration reduces carrier mobility to a degree that the
conductivity is not increase. These observations are shown in com-
bination of Figs. 5 and 6.

The optical transmittance in the VIS region of spectrum solar
of the as-grown films is shown in Fig. 7. The optical transmittance
of the films increases with increasing PO, and high transmittance
(~87%) in VIS region was exhibited by the films prepared under
PO, of 100 mTorr and higher. The optical band gaps of these films
were ~3.5eV corresponding at band gap of the SnO,. At lower
PO, resulted in translucent films with yellow color (~2.8 eV). Fig. 8
shows the optical transmittance of the treated films under differ-
ent PO,, as we can see at lower PO, (from 1.0 to 50 mTorr) there
is strong shift of optical band gap to lower wavelengths. The opti-
cal band gap of the as-grown and post-annealed films is shown in
Fig. 9. The band gap showed similar values for the prepared films
at PO, of 100 mTorr and higher.

A figure of merit for a TCO may be defined by the ratio of the
electrical conductivity to the optical absorption coefficient of the
film. Common to all TCOs applications figure of merit is the need for
optimizing the electrical and optical coating parameters. Depend-
ing on the type of device requiring a transparent electrode, the
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Fig. 7. Optical transmittance spectra of as-grown films at different PO,.
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optical transmission and the electrical conduction of the electrodes
should exceed certain minimum values. Ideally both parameters
should be as large as possible but their inter-relationship usually
excludes the simultaneous achievement of both these criteria [34].
In order to compare the performance of various TCOs it was used,
the most widely used figure of merit of Haacke, defined as T1°/Rgpzer
where the optical transmission (T) is take average around of 500 nm
(near the solar spectrum maximum) [35,36]. Fig. 10 shows the fig-
ure of merit of the as-grown and post-annealing films deposited
in different PO,. For as-grown films deposited between 1.0 and
50 mTorr, the figure of merit was ~4.6 x 10-2 Q~1. Increasing PO,
up to 100 mTorr the figure of merit increasing at maximum value of
~1.2 x 10~> Q1. For all post-annealed films deposited the figure of
meritwas ~1.7 x 106 Q~1, Anotable increase is observed between
as-grown and post-annealed films in the range of 1.0 and 50 mTorr.
However, the figure of merit of post-annealed films grown with PO,
between 100 and 150 mTorr, decreased. The best films were for as-
grown and post-annealed films corresponding at 100 mTorr, with
the major figure of merit.

4. Conclusion

Tellurium doped tin oxide thin films have been deposited by PLD
on glass substrates. The physical properties of these films as-grown
and with post-annealed treatment were investigated as a function
of the oxygen pressure. The XRD results indicate that a post-
annealed improves the crystallinity of the films. Especially, it should
be noted that the preferential orientation of the films is changed
from the (11 0) plane for low oxygen pressure to the (10 1) plane for
higher pressure. The oxygen pressure between 50 and 100 mTorr
reduce lattice structural disorders and hence increase the con-
ductivity in as-grown films. However, oxygen pressure above that
100 mTorr result in less oxygen vacancies and decrease the conduc-
tivity of the films. After of post-annealed, a resistivity diminution
is observed in the range of 1.0 and 50 mTorr, but the resistivities of
films deposited between 100 and 150 mTorr, increased. The optical
transmittance in visible region of films increased with an increase
of oxygen pressure, and it was exhibited high values (~87%) by the
as-grown and post-annealed films prepared under oxygen pres-
sure of 100 mTorr and higher. A shift of absorption band near-UV
is observed for all films after of post-annealed, consequently, the
band gap of these films was ~3.5 eV corresponding at band gap of
the Sn0O,. In conclusion, we confirm that the annealing process is
effective to increase donor-type defects of the films grown by PLD.
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