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Significant effect of oxygen atmosphere
on the structure, optical and electrical properties
of Ti-doped 1n,05 transparent conductive thin films

C.J. DONGY 23 W.X. YUL, M. XUS3, C. CHEN?, Z.Y. SONG?, L. LI%, Y.D. WANG?
IDepartment of Materials Science, Jilin University, Changchun 130012, P.R. China

2State Key Laboratory on Integrated Optoelectronics, College of Electronic Science and Engineering,
Jilin University, Changchun 130012, P.R. China

3Lab for Low-dimensional Structure Physics, Institute of Solid State Physics,
Sichuan Normal University, Chengdu 610068, P.R. China

" Corresponding author: wangyiding47@yahoo.com.cn

Titanium-doped indium oxide (In,0O5) transparent conductive thin films were deposited on glass
and sapphire (0001) substrates with/without oxygen atmosphere by DC magnetron sputtering at
300 °C. The content of titanium is estimated to be about 1.8 at.% using energy dispersive
spectroscopy. The smooth surfaces were covered with more uniform octahedral grains. X-ray
diffraction measurements indicated that the preferential growth orientation along the (400) plane
for the sampl e grown without oxygen atmosphere shiftsto (222) for the samplegrowninthe oxygen
atmosphere. Theaverageoptical transmittance of the sample grown with theintroduction of oxygen
varies from 70% to 90% in the visible region, which corresponds well to the variation of carrier
and mobility. Hence, both intermediate dopant and oxygen atmosphere will provide the optimum
balance between carrier concentration and mobility leading to the best transport properties of
Ti-doped In,O; films.
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1. Introduction

Transparent conductive oxide (TCO) material is an interesting semiconductor owing
to its unique properties of both high electrical conductivity and high optical transpar-
ency [1, 2]. As amatrix for the generation of transparent conducting oxides, indium
oxide (In,O3) has been the subject of numerous studies for liquid crystal displays[3],
solar cell [4], sensors [5], nanowire technology [6], light emitting diodes, and other
optoel ectronic devices. Recently, it has been reported that the origin of the native donor
inundoped In,O5 isinterstitial indium, but al so that the existence of an oxygen vacancy
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is absolutely essential for carrier generation [7]. Due to the presence of intrinsic
oxygen vacancies in the lattice [8], In,O5 is of transparent wide bandgap [9] and
n-type conductivity. In order to increase the transparency without compromising
the conductivity, the carrier concentration needs to be decreased while the mobility is
increased. A promising approach to overcome this limit is the growth of high quality
In,O5 with extrinsic n-type dopants, such as Sn [10, 11], Ti [12, 13], Mo [1, 14],
W [15] and so on, which has been widely investigated by means of experiments and
calculation based on the density functional theory (DFT) [8, 16].

Indium tin oxide (ITO) in commercia grade fabricated on glass has o =
=5000 Scm™, 1= 47 cm?V st and n = 6.6x10%° cm™ [10], however, in research
grade ITO films grown on yttria-stabilized zirconia (Y SZ) by pulsed laser deposition
it possesses o = 13000 Scm™, x =42 cm?Vis? and n=1.9x10?' cm™ (optical
transmission exceeding 85% at wavelengths from 340 to 780 nm) [11]. Currently, it
is shown that using molybdenum instead of tin produces an IMO material with very
high carrier mobility. Mo-doped indium oxide (IMO) thin films deposited on glass
substrates by a spray pyrolysis experimental technique has o = 1886 Scm™ with
1 =122.4 cm?V-1slandn = 9.5x10%° cm3 (averagetransparency of 83%inthewave-
lengths ranging from 400 to 2500 nm) [1] and IMO films with o = 5900 Scm™,
1> 100 cm?V~1s™ and n = 3x10%° cm2 (transparency greater than 80%) have also
been reported [14]. The highest mobility was observed at a W-dopant concentration
of 0.03with ¢ = 3100 Scm, 1z = 66 cm?V st and n = 2.90x10%° cm~3 (highvisible
transmittance of 80%) [15]. Titanium is another important dopant for indium oxide
with good conductivity and high mobility material. Ti-doped indium oxide with
o =6260 Scm™, 1=83.3cm?V st and n=8.0x10%° cm™ (transparency greater
than 85% at wavelengths from 400 to 1750 nm) [12] and highest mobility
1 =159 cm?V1s? with ¢ = 10858 Scm™ and n = 4.3x102° cm=3 (transparency of
83%) [13] has been reported. However, all of the Ti-doped indium oxide sampleswere
grown under either pure argon [12] or oxygen ambient [13]. Since the In,O5 cubic
bixbyite structure with a lattice parameter of 10.117 A has proven to be related with
the ordered oxygen vacancy [17], the vacancy oxygen is believed to play important
roles in achieving the transparent and conducting properties of 1n,05. As is known,
indium oxide films grown in pure argon ambient have a dark appearance and poor
optical properties due to the lack of oxygen [18]. However, the co-sputtered titanium
doped indium oxide films in Ar-only ambient do have good optical properties and
do not show this darkening [1]. The effect of oxygen pressure during growth on
the optical transparency of Mo-doped In,O5 films has been studied [14, 19], but it is
still unclear how the growth conditions with or without oxygen atmosphere affect
the crystalline structure, electrical, optical properties and surface morphology of
Ti-doped In,O4 films. This scarcity calls for in-depth experimental analysis.

In this paper, we successfully synthesized polycrystalline Ti-doped In,O3 filmson
glass and sapphire (0001) substrates with or without oxygen atmosphere. The effect
of oxygen atmosphere on the properties such as crystalline structure, surface
morphology and optical and electrical properties of Ti-doped In,05 films was
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discussed. Our results are very helpful in optimizing the growth of Ti-doped 1n,04
TCO films.

2. Experiment

Ti-doped 1n,0O5 films were fabricated on glass and sapphire (0001) substrates by DC
magnetron sputtering with a power of 50 W using an oxide ceramic In,O5-TiO, target
(98 wt% In,0O5 and 2 wt% TiO,) at temperature of 300 °C. A series of preliminary
experiments have been done to optimize the growth conditions. Before being loaded
into the sputtering chamber, the substrates were ultrasonically cleaned with acetone,
rinsed with both ethanol and deionized water, and subsequently blow-dried with
nitrogen gas. The vacuum chamber was initially evacuated to a base pressure of
5x107° Pa by a turbomolecular pumping system. Thereafter, Ti-doped In,O3 films
were grown under pure 100% Ar flow of 10 sccm (sccm denotes cubic centimeter per
minute at standard temperature and pressure (STP)) and mixture of argon-oxygen
atmosphere with oxygen of 2 sccm at afixed pressure of 1 Pa on glass and sapphire.
These samples deposited on glass without and with oxygen atmosphere have been
correspondingly marked as S; and S,, respectively. S; and S, represent the samples
deposited on sapphire in the conditions without and with oxygen atmosphere. To
alleviate contamination, the target was cleaned by pre-sputtering for 20 min prior to
the film growth and high purity Ar (99.999%) and O, (99.999%) were introduced
through separate mass flow controllers.

The deposited Ti-doped In,05 films were characterized and analyzed by scanning
electron microscopy (SEM) (JEOL JEM-6700F at 3.0 kV), X-ray diffraction (XRD)
(Rigaku D/max-2500 X -ray diffractometer system with Cu Ko, radiation of 1.5418 A),
optical transmission measurements (UV-1700, SHIMADZU), and energy dispersive
spectroscopy (EDS). To characterize the electrical properties, the Hall effect
measurements were also carried out in the Van der Pauw configuration with indium
ohmic electrodes by Bio-Rad Microscience HL5500 Hall System at room temperature.

3. Results and discussion

Figure 1 shows the SEM images of Ti-doped 1n,05 thin films deposited without and
with oxygen flow on glass and sapphire substrates. It is seen that the surfaceis smooth
and well covered with uniformly distributed grains and is free from any pinholes or
islands. Viewed from the top angle, the shape of grainsis of octahedron. In general,
the grain sizes are approximately estimated by the distance between the visible grain
boundaries. One can see that the films prepared without oxygen flow on glass and
sapphire exhibit an inhomogeneous size distribution from a few nanometers to about
~100 nm, i.e., some areas include larger grains whereas some have smaller grains.
The grain sizes become bigger and more uniform for the sample on sapphire under
the growth conditions with oxygen atmosphere. For the samples on glass, the aver-
age grain size even exhibits opposite tendency after the participation of oxygen.
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Fig. 1. SEM micrograph of Ti-doped In,O5 thin films prepared without and with oxygen atmosphere
on glass and sapphire, denoted as S; (a), S, (b), S; (c), and S, (d).

Significantly, grain size for films deposited on glass is smaller than that on sapphire
regardless of the oxygen atmosphere. On the other hand, the difference in morphol ogy
corresponds well to the different growth orientation, as is evidenced by the XRD
measurements in the following.

Figure 2 displays the cross-section SEM view of Ti-doped In,O5 thin films grown
without and with oxygen atmosphere on sapphire substrates (sample S; and S,). It can
be seen that the Ti-doped 1n,05 films are continuous to stand on the sapphire substrate
and consist of compacted pillar crystals with an average uniform height of ~500 nm.

b

Sapphire

Fig. 2. SEM images showing a cross-section of sample S; (a), and S, (b).
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Fig. 3. Typical EDS results for sample S, (prepared with oxygen atmosphere on sapphire).

No apparent distinctive shape is observed between Ti-doped 1n,05 thin films grown
without or with oxygen atmosphere.

To determine the actual composition of the constituents, the films were further
analyzed by using energy dispersion spectroscopy (EDS). A typical EDS spectrum
(sample S,), as shown in Fig. 3, indicates that the Ti-doped In,O3 films deposited on
sapphire substrate with oxygen flow are composed of In, O, Ti and Al. Apparently,
the aluminium peak comes from the sapphire substrate. The constituent of titaniumis
estimated to be ~1.8 at.%, corresponding to the Ti concentrations of 1.5-2.5 at.% for
the Ti-doped In,0O3 with the mobility maximum [12].

The XRD patterns of the Ti-doped In,O3 films deposited on the glass and sapphire
substrate are given in Fig. 4b. For the purpose of comparison, a pure 1n,0O5 bulk
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Fig. 4. XRD patterns of the typical pure In,O5 film deposited on the sapphire (a) and Ti-doped 1n,05
films deposited on the glass and sapphire substrates without and with oxygen atmosphere denoted as S;,

S,, S3, and Sy, respectively (b).
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X-ray experiment has been performed and shown in Fig. 4a. The diffraction peaks are
identified and indexed according to the data of cubic In,O5 (JCPDS: 06-0416) [20]
with lattice parameter of a = 10.1178 A, which isin good agreement with the standard
value of a=10.12 A. All of the diffraction peaks of the Ti-doped In,O; are identified
as the cubic In,O5 by matching with the pure bulk In,O5 film and standard data.
No peaks corresponding to Ti or TiO, are observed although Ti amount is confirmed
by EDSanalysis. However, it isperceptible from Fig. 4b that the (222) and (400) peaks
are different under different oxygen atmosphere. Clearly, the (222) diffraction
intensity of the sample without the participation of oxygen is slightly stronger than
that of the (400) diffraction peak as displayed as sample S; and S;. With oxygen flow,
the (222) diffractionintensity of the ssmpleisapparently stronger than that of the (400)
diffraction peak shown by S, and S,. The data subtracted from the XRD data are
listed in Tab. 1 for comparison purposes. Thereisno obvious XRD peak position shift
for our Ti-doped samples compared with pure bulk In,O3 film. The value of full width
at half maximum (FWHM) obtained from the (222) and (400) diffraction peaks of
Ti-doped 1n,0O5 varied from 0.080° to 0.350° with different oxygen atmosphere
and substrates. The average particle size D of the thin films was evaluated using
the Scherrer equation [21]:

kA

b pcoso @)
where D is the crystal size in nm, and k is a constant with a value about 0.9 for Cu
target, A (1.5418 A), B, and 6 are the source wavelength, peak FWHM and peak
position, respectively. It is evident that the grain size increased with introduction of
oxygen flow. However, the grain sizes estimated from the XRD data are smaller than
the values gained from SEM microstructure. Similar results have also been observed
for Mo doped 1n,05 [22], where the grain size obtained from the scanning electron

Tabl e 1. Dataextracted from the XRD analysis.

Angle 26 Lattice FWHM Crystallite
Substrate  Sample | deg] hk consnta[A] 221140 [geq] Siz{)[nm]
S 30.176 (222)  10.1228 0.80 0.240 27.6
Glass 1 35.027 (400)  10.1242 0.160 67.0
s, 30.287 (222) 101221 43.48 0.313 37.8
35.006 (400) 10.1124 0.080 100.0
s, 30.179 (222)  10.1201 0.82 0.350 24.6
Sapphire 35.120 (400)  10.1024 0.194 50.1
(Al,05) s 30.300 (222)  10.1210 1235 0.319 27.2
4 35.240 (400)  10.1078 ' 0.191 51.2
30.110 (222)  10.1178 0.321 25.6
Pure In,O4 234

35.217 (400)  10.1056 0.219 50.4
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microscopy (SEM) microstructures was larger since smaller crystallites were
agglomerated together to form larger grains.

The intensity ratio 155,/1400 given in Tab. 1 is used to evaluate the texture of
the Ti-doped In,O; films. The ratio value of about 0.8 is obtained for the Ti-doped
In,O5 films deposited without oxygen flow, which is much smaller than 2.34 for
pure films, while far larger values than the value of pure In,O3 films for the films
prepared with oxygen flow are investigated. This indicates a strong crystallographic
texture along the [100] direction for Ti-doped In,O5 films deposited without oxygen
flow, however, the strong crystallographic texture changes along the [111] direction
with participation of oxygen in the growth atmosphere. It is worthwhile to note that
the | attice constants determined from X RD patternsranged from 10.1024 t0 10.1242 A
(Tab. 1), which are rather close to the data of pure In,05 (10.1178 A). This can be
attributed to the fact that titanium ions are lightly smaller than indium ions [23] and
the lower titanium amount was confirmed by EDS analysis. Similar phenomena were
observed in the reports of Mo doped 1n,0O5 [24] and other results of titanium doped
In,O5 [12]. Due to the existence of titanium in our samples, this is further evidence
that doped titanium atoms in the In,O5 do not significantly affect the lattice constant.

In,O3isinthe ordered vacancy structure[17] with 8 formulaunits, here 4 In atoms
out of 16 occupy the centers of the trigonally distorted octahedral denoted as
In(1) position (Wycoff 8b positions), while the rest are located at the centers of
the tetragonally distorted octahedral figured as In(2) (Wycoff 24d positions). Thus,
two substitutional disorders in In sublattices may appear when Ti substitutes in
the In(1) and In(2) sublattices, respectively. Similar behavior has been investigated
upon doping with Sn [24] and Mo [25] using first principles. On the other hand,
theinterstitial oxygen has significant impact on the properties of mobility and the free
carrier concentration, which further makes complexesfor Ti-doped In,O films. Apart
from four kinds of intrinsic point defects (O vacancy, Ininterstitial, O interstitial, and
Invacancy) [26], using Kroger—Vink notation, the following complicated defects were
presumedly considered: Tif, ), Tify o), [Tifyq +2In,,0/'T, and [Ti}, O T, where
the subscript standsfor | attice sitethat the species occupiesand superscript corresponds
to the electronic charge of the species relative to the site that it occupies. Clearly,
a good agreement with the other reported can be found, with one carrier per one Ti
atom due to Ti*" substituting for one In®* [12]. In the oxygen atmosphere, facilitating
the formation of [Tiy, ;) + 2In,,O'T, and [Ti}, O;] complexes, markedly reduces
the number of free carriers but the mobility isimproved owing to compensation effect
of oxygen and the longer relaxation times, as is proved by the following Hall effect
measurements. Unlike the Sn-doped case (with spherically symmetric s states) [27],
as a transition metal, Ti d states are more sensitive to the surrounding oxygen.
Therefore, theoretic analysiswill bevery helpful tolook further into the Ti-doped case.

Figure5 displays the transmittance of Ti-doped In,O5 films on the glass and
sapphire substrates without and with oxygen atmosphere, respectively. Obviously,
the average optical transmittance in the visible region fluctuates with the oxygen
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Fig. 5. Optical transmittance spectra of Ti-doped In,0O; films deposited on the glass and sapphire
substrates without and with oxygen atmosphere, in visible range.

atmosphere and substrates. The higher transmittance in excess of 90% is obtained by
Ti-doped In,O4 films deposited on the glass with oxygen atmosphere (denoted as S,)
corresponding to 70% for the sample grown without oxygen (denoted as S,). However,
the average optical transmittance of 85% is achieved regardless of oxygen atmosphere
(denoted as S; and S,) for Ti-doped 1n,04 films deposited on the sapphire substrate.
Usually, films grown under oxygen atmaosphere are more transparent compared with
the films grown under only argon or vacuum keeping other grown parameters.

The change of optical transmittance is mainly due to the influence of carrier and
mobility shown in Tab. 2 by Hall effect measurements. After introduction of oxygen
flow, the carrier concentrations of the films decrease, whereas the electron mobility is
improved. The highest electron concentration can be obtained in samples grown in
pure 100% Ar environment, however, the unintentional presence of oxygen impurities
isalmost unavoidablefor samplesdeposition. From Table 2, one can seethat the carrier
concentration exhibits a steep decrease from 2.48x10%° cm™ to 8.82x10'® cm™ as
oxygen is introduced in the growth of the films on glass, which is attributed to
compensation by oxygen atoms. The film deposited on sapphire shows a decrease of
carrier concentration from 8.83x10%° cm™ to 2.17x10*° cm™ with the introduction of
oxygen. The carrier concentration for sample S, is even lower than an undoped
In,O5 single crystal with carrier concentration of approximately 1x10%° cm=, as
reported by Kanai [28]. Thus, by varying the dopants and amount of oxygen, one can
concurrently control both the mobility and the carrier concentration. The amplified

Table 2. Electrica properties of Ti-doped In,O5 films.

Samples S S S; S,
Electron mobility [cm?V s 359 275 4.56 6.97
Carrier concentrations [cm™] 2.48x10%° 8.82x10'8 8.83x10'° 2.17x10"°
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scope change of electron mobility and carrier concentrations could be the reason for
variation of transmittance between S; and S,. This can be understood as follows:
increasing the carrier concentration is the preferred route to optimizing the electrical
conductivity, thereby resulting in transparency losses from carrier absorption. Thus,
both intermediate dopant and oxygen atmosphere will provide the optimum balance
between carrier concentration and mobility leading to the best transport properties of
Ti-doped In,O3 films. In the case of titanium doping, one carrier per one Ti atom due
to Ti** substituting for one In3* [12] and for W doping as many as three carriers
per W due to W®* substitution on In3* have been reported [15]. For Mo doping, one
carrier per four Mo atoms [10] and for Sn doping at best one carrier per two Sn atoms
have been investigated [29]. A sharp UV-off is observed to shift to the shorter
wavelength with the increase of carrier concentration because the occupation of
the dispersive conduction band with electrons induces a shift and widening of
the energy gap, a process widely referred to as the Burstein—-Moss (BM) shift [24]. It
is believed that the high concentration of the extra carriers introduced by the dopant
provides a pronounced BM shift, which was discussed in the case of tin-doped 1n,0,

system [27].

4. Conclusions

In summary, Ti-doped In,05 films were grown with or without oxygen flow on glass
and sapphire substrates by DC magnetron sputtering at 300 °C. The lower titanium
concentration of 1.8 at.% in film has been evaluated. The XRD measurementsindicate
that the Ti-doped 1n,O4 films are polycrystalline films with a cubic bixbyite structure,
but there is a change of preferred growth orientation after participation of oxygen
atmosphere, as evidenced in the change of shape of surface morphology. The grains
are of octahedral shape and grow larger as the oxygen flow is used. An increase of
electron mobility but adecreasein carrier concentrations after participation of oxygen
atmosphereisobserved. The effect of oxygen atmosphere on the average transmittance
for films deposited on glass is more significant than for the films grown on sapphire.
Our results are highly relevant to the optimization growth of transparent conductive
thin films.
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