Research Article

APPL|ED&MATERIALS

INTERFACES

www.acsami.org

(211)-Orientation Preference of Transparent Conducting In,0;:5n
Films and Its Formation Mechanism

Dongyun Wan,' Ping Chen," Jun Liang,*’Jr Shaotang Li," and Fuqiang Huang

*;T/i

"State Key Laboratory of High Performance Ceramics and Superfine Microstructure and CAS Key Laboratory of Materials for Energy
Conversion, Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, China,

iCollege of Chemistry & College of Engineering, Peking University, Beijing 100871, China

© Supporting Information

ABSTRACT: Dominantly (211)-oriented In,O5:Sn (ITO) trans-
parent conducting oxide (TCO) films were first fabricated at high
sputtering power in the weak reducing ambient with superior
electrical and optical properties. The dependence of ITO film
orientation on growth condition was systematically investigated,
and the formation mechanism was studied by surface energy
calculation and band structure simulation. The unique properties
of the (211)-oriented films should be ascribed to the richest In-
terminated surface of the (211) plane, which is tightly correlated
with the comparably highest surface energy and highest conduction
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band surface comparing with the other two typical planes of (222) and (400). The as-prepared (211)-oriented ITO films with
the In-rich ending atoms on the surface are of great significance for the transparent electrode applications.
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1. INTRODUCTION

As a front electrode in thin film solar cells, transparent
conductive oxide (TCO) films play a major role in determining
the maximum attainable conversion efficiency." In,0;:Sn
(ITO) with unique electrical and optical properties®> is one
of the most popular TCO films. Their surface modification is
important for energy conversion devices to improve electron
transfer and further enhance device performance,’™® because
different exposed facets in these polycrystalline films possess
different arrangements of atoms to result in different chemistry
and working function.

TCO films as a transparent electrode of devices, the ending
atoms on the surface of films rule the interface of
heterojunctions. For the thin film solar cells, the p-type solar
absorber materials are nonoxides (Si, GaAs, CulnSe,, CdTe,
etc.), and so do the n-type materials (Si, GaN, ZnS, CdS). For
the sake of charge transfer, the ending atoms of In atoms in
ITO films are highly appreciated due to the highly dispersed In
Ss conduction band, which causes the Moss-Burstein effect to
result in the good conducting property of ITO. The ITO with a
more In-ended surface has a better ability to transfer carriers,
but the highly localized O>~ 2p® states does not. Therefore, It is
meaningful and significant to prepare the ITO film with a rich
In-terminated surface to achieve a low interface electronic
resistance.

In this paper, the dependence of ITO film orientation on
growth condition was systematically investigated. The
orientations of (222), (400), and (211) for ITO films were
prepared by magnetron sputtering deposition method. Strongly
(211)-oriented thin films were, for the first time, fabricated here
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at high sputtering power in the weak reducing atmosphere.
Simulation shows that the surface dangling-bonds of In atoms
for the (211) plane is much higher than that of (400) and
(222) planes. The as-prepared (211) oriented film shows
excellent wide-spectrum transparency (89.4% in 400—1100
nm) and electrical conductivity (R, = 2.11 Q/sq, p = 1.03x107*
Q cm). The superior properties of the (211) —oriented films
should be attributed to the comparably highest surface energy
and highest conduction band surface comparing with the other
two planes of (222) and (400), which was verified by surface
energy calculation and band structure simulation.

2. EXPERIMENTAL SECTION

The ITO films were deposited on glass slides in a JPG450 magnetron
sputtering system equipped with a 3 in. magnetron gun (US'GUN).
The RF power (13.56 MHz) was supplied by a generator (Advanced
Energy) matched to the target through a tuning network. A ceramic
In,05:5n0, (90:10 wt %, 99.99% purity) was used as the target. An
unthrottled base pressure of 2.0x10* Pa was reached using a
combined vacuum system of mechanical pump and turbomolecular
pump. All the experiments were conducted at nominally room
temperature (the maximum temperature monitored being 55 °C) and
under a flow of high-purity Ar gas (99.99%) or Ar/O, or Ar/H,
mixture.

Ar/O, mixture (1-3% O, content), pure Argon (99.99%) and Ar/
H, mixture (0.25-1.0% H, content) were utilized as working
atmosphere at the certain sputtering power of 140 W to examine
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the effect of the atmosphere ambient on the change of the preferential
orientation of the prepared ITO films. To examine the effect of
different energy of impinging particles during the sputtering process
on the change of the preferential orientation, two more experimental
series were conducted under a flow of weak reduction ambient of Ar/
H, mixture (0.5% H, content). The first one is the deposition of ITO
layers with different working pressure (0.3-1.0 Pa) at a certain
sputtering power of 140W, followed by a second series of the
deposition of ITO layers with different sputtering power (100—160
W) at a certain working pressure of 0.3 Pa, the corresponding power
densities varied from 2.19 to 3.51 W/cm? are in the range of the
reported high values (1.27 — 6.29 W/cm?*).”~"* Furthermore, unlike
the reported high deposition temperature of 200—500 °C,'*™'¢ the
sputtering in this study is conducted at room temperature without any
external heating.

X-ray diffraction (XRD) measurements were carried out on a
Bruker AXS D8 Advance Diffractometer using CuKa radiation to
characterize the crystallization and phase structure of the films and
target. Surface and cross-section morphologies of the ITO films were
investigated by scanning electron microscopy (SEM, JOEL 6510), field
emission scanning electron microscopy (FE-SEM, LEO-1530VP), and
transmission electron microscopy (TEM, JEM2100F). A profilometer
(Dektak 150) were used to evaluate the thickness of the ITO films.
The van der Pauw method was used with an Accent HLS500 to
measure the electrical transport properties including the resistivity,
carrier concentration and Hall mobility. UV-visible-infrared trans-
mission spectra of the films were recorded by a spectrophotometer
(Hitachi UV-3010PC) between 300 and 2200 nm. The absorption
spectra reported were obtained after subtracting the signal of the glass
substrate.

3. RESULTS AND DISCUSSION

3.1. Preparation of Various Orientation Films. X-ray
diffraction patterns of the ITO films are shown in Figurel.
These films were deposited with Ar/O, mixture (1-3% O,
content), pure Argon (99.99%) and Ar/H, mixture (0.25—1.0%
H,) working atmosphere at the certain sputtering power of 140
W and working pressure of 0.3 Pa. All the films have a single-
phase diffraction pattern, which can be readily indexed to the
cubic structure of In,0; (JCPDS card no. 06-0416). The ITO
films grown at an oxygen-contained atmosphere revealed a
preferential crystallization along (222), and the 3% O,/Ar film
is more obviously preferential than the 1% O,/Ar one.
Contrarily, for the samples deposited in pure Argon, the
(400) plane intensifies while the (222) diffraction peak
disappears. At sufficient oxygen, stoichiometric In,O; maintains
and the crystal growth is preferentially with (222) plane. The
(400) and (440) orientations appear if the film is sputtered
with a high power in an oxygen deficient atmosphere. These
results are consistent with the previously reported data.%'”~>*

Different from any reported (222) or (400) oriented films,
extremely strong (211) diffraction peaks were surprisingly
observed in the weak reducing ambient containing 0.25-0.5%
H,, as shown in Figure 1. More significant orientation is for the
0.5% H, film than the 0.25% one. When further increasing the
hydrogen content to 1.0% H,, the preferential growth of (211)
peak becomes weaker and the (400) diffraction peak increases
again just like the film grown in pure Ar.

It seems that the weak reducing ambient favored or might
play a critical role in forming the preferred orientation of the
ITO grains along the (211) direction. To further test this
hypothesis, we systematically studied the ITO films at different
pressures and with different powers under a certain flow of
weak reduction gas, as shown in Figure Sla & S1b (see the
Supporting Information). It was demonstrated that the weak
reducing ambient (0.25—0.5% H,), high sputtering power (>
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Figure 1. X-ray diffraction patterns of the ITO films deposited with
different working atmosphere at the certain sputtering power of 140 W
and working pressure of 0.3 Pa.

120 W), and low working pressure (< 0.5 Pa) are the required
conditions to achieve the (211)-oriented films. The high
working pressure (1.0 Pa) favors for the (222) preferential
growth, and the (211) peak increases with the decrease of the
working pressure. The low sputtering power favors for the
(400) and (222) preferential growth, and the orientation
switches to the (211) direction with increasing the sputtering
power.

To further verify the special behavior of the observed (211)-
orientation, we examined the ITO films (140 W, 0.3 Pa, 0.5%
H,) by the HRTEM characterization. The grains in Figure 2a

100nm

Figure 2. (a) ADF image of ITO films grown at the sputtering power
of 140 W and working pressure of 0.3 Pa with Ar/H, mixture (0.5%
H,) ambient, (b) related SAED pattern.

are 150-200 nm in size and closely-packed. Figure 2b shows a
small area electron diffraction (SAED) pattern. Solid green
rings (strong diffractions) and red dotted rings (weak)
observed from the as-deposited film match the ideal diffraction
pattern of the (211)-oriented In,O; single crystal, as shown in
Figure S2 (see the Supporting Information), which further
demonstrates the polycrystalline film with the (211)-oriented
preference.

3.2, Structural, Electrical, and Optical Properties.
Surface and cross-sectional SEM images of three oriented films
((222), (400), (211)), are shown in Figure 3. The surface of
the (400)-oriented film consists of 60 nm triangular grains.
From the (211)-oriented surface in Figure 3e, the film
crystallinity was improved and the grain sizes were enlarged
(150-200 nm). The (222)-oriented film is poorer crystallized
(Figure 3a), and the grain size is about 10 nm. The films
deposited under pure argon and Ar + H, tend to form larger

dx.doi.org/10.1021/am2012432 | ACS Appl. Mater. Interfaces 2011, 3, 4751—4755
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Figure 3. Surface and cross-sectional SEM images of the as-deposited ITO thin films with three typical preferential orientations: (a, b) (222)-
oriented, (c, d) (400)-oriented, and (e, f) (211)-oriented, respectively.

grains and a better crystallinity, consistent with the reported
result.”® In an oxygen-deficient especially reduction atmos-
phere, the growth rate of our films, much faster than that in an
O, atmosphere results in a stronger orientation preference and
larger grain size, which favors transparent conducting proper-
ties.

The cross-sectional image of the (211)-oriented film (Figure
3f) reveals larger and more uniform rod-like crystals than the
other two (Figure 3b, d). The thickness of the (211) film (490
nm) is significantly larger than the other two, 390 nm for (222)
and 430 nm for (400). The respective deposition rates are 13,
14.33, and 16.33 nm/min. It can be noted that the deposition
rate of ITO film is the highest in case of weak reducing ambient
sputtering. The sufficient energy supply might accelerate
crystallization and the crystallization of the sample will be
more pronounced by the high deposition rate.

The optical properties of the ITO films ((222), (400), (211)-
oriented) are illustrated in Figure 4 and Table 1, and the as-
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Figure 4. Transmission spectra of ITO films with three typical
preferential orientations of (222)-oriented, (400)-oriented, and (211)-
oriented, the corresponding thicknesses are 390, 430, and 490 nm,
respectively.

sputtered films all exhibit both high visible-light and near-
infrared transmittances (>85%). The average transparency of
the (211)-oriented film is 89.42% in the range of 400—1100
nm, and the optical band gap (Eg) is 3.80 eV; In comparison,
the (222) and (400) films have a lower transmittance (87.24%
for (222), 88.25% for (400)) and narrower band gap (3.64 eV
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for (222), 3.72 eV for (400)), as summarized in Table 1. The
maximum band gap of the (211)-oriented film was further
evaluated by the band structure simulation below, suggesting
the highest conduction band surface. Although the thickness of
the (211)-oriented film is larger than the others, its average
transmittance is still the highest. The higher transparency of the
(211) film below ~400 nm is due to its larger optical band gap,
and the higher visible and near-infrared range can be explained
by the stronger-aligned orientation and larger grains evidenced
by the characterizations of XRD and SEM, which can effectively
avoid random light scattering.

The electrical properties of the three films are also studied
and compared, as shown in Table 1. Notably, the (211)-
oriented film among them exhibits the best conductivity of
1.03x107* Q cm and the highest carrier mobility of 30.8 cm?/
(V s). The corresponding square resistance reaches as low as
2.11 ©/sq. The much higher conductivity of the (211)-oriented
film than that of (400) and (222) planes must be generated by
the richest surface dangling-bonds of In atoms of the plane,
which was verified by the surface energy calculation below as
the more In-ended surface has a better ability to transfer
carriers. The carrier concentrations of the (211) and (400)
films (1.95X10*' cm™3, 1.89%10*' cm ™) are higher than that of
the (222) film (0.93x10*" cm™), as listed in Table 1. The
(211)-oriented film also exhibits much higher carrier mobility
(30.8 cm?/(V s)) than the (400) (16.2 cm?/(V s)) and (222)
(18.3 cm?/(V s)) films. The electron mobility is influenced by
various factors including the density of scattering centers and
crystallographic structure (grain size, grain boundaries, etc.).
The higher carrier mobility of the (211) film is related to its
microstructure. The film shows a better crystallinity and larger
grain size. According to the grain boundary barrier model, the
potential barrier existing at the grain boundaries could suppress
carrier motion. So the increased Hall mobility might be
attributed to the decreasing area of grain boundaries for the
increased grain size, which screens the influence of the
increased carrier concentration.

3.3. Formation Mechanisms. From the above character-
izations and analyses, it can be seen that the different
orientations of (222), (400), and (211) ITO films can be
prepared by adjusting the sputtering power, working pressure
and the atmosphere ambient. In particular, the (211)-oriented
films can be precisely formed, and they exhibit much smoother
surface and higher conductivity with good transparency.
Presumably, the preferential growth control is the most
prerequisite for this strict formation.

dx.doi.org/10.1021/am2012432 | ACS Appl. Mater. Interfaces 2011, 3, 4751—4755
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Table 1. Electrical and Optical Properties of ITO Thin Films with Three Typical Preferential Orientations

preferential sputtering thickness RH(Q/ p (Q cm)

orientation ambient (nm) sq) (x107)
(222) Ar + 3%0, 390 9.44 3.68
(400) Ar 430 471 2.02
(211) Ar + 0.5%H, 490 211 1.03

u T, (400— N (em™3) (x optical E, theoretical E,
(em?/(V's)) 1100) 10?") (ev) (eV)
18.3 87.24 0.93 3.64 3.08
16.2 88.25 1.89 3.72 2.87
30.8 89.42 1.95 3.80 3.73

Figure 5. Surface-broken In—O bonds of the cut cell for the (222), (400), and (211) planes by material studio simulation.

The (222), (400), or (211) preferential orientation growth is
related to the competition of the corresponding surface energy
in the different atmosphere, and this competition has an impact
on the modification of the preferential orientation growth from
(222) and (400) to (211) in the weak reduction ambient while
inversely preferred growth in rich oxidation ambient. Generally,
the oxidation of the growing film is in competition with the O,
removal phenomenon controlled by the RF power density. The
low growth rate (high working pressure, low sputtering power,
oxygen-rich ambient) allows a more stoichiometric oxide film
with the preferential crystallization along (222). The high
deposition rate, by increasing RF power or decreasing working
pressure especially in the reduction ambient, forms more
oxygen-deficient sites to support the (211)-oriented growth.

To explain the special behavior of our samples, the
relationship between the preferential orientation and the
surface energy of the given crystal plane was investigated.
Figure S shows the surface state of the cut cell for the (222),
(400), and (211) planes, and the surface energy is closely
related to the broken bonds on the specific planes. Bond energy
is used to estimate the surface energy, as is to say that the
surface energy approximately equals to the energy of the bonds
broken per unit area

Z (niEi)

E = &
Y (1)
Where S is the area of the selected surface, n; and E; the number
and bond energy of a certain bond in the selected surface.
As for In,O; this formula is simplified as:

nEy,_o
28 ()

Where E,—¢ is 346 kJ/mol. Thus these surfaces were drawn in
Figure S and the surface energy is estimated by this formula as
shown in Table 2.

The calculated surface energy of (222), (400), and (211)
planes is 3.890, 6.738, and 9.628 J/m?, respectively, as shown in
Table 2. It can be seen that the (211) orientation not only gives
the highest surface energy but has the highest broken bonds per
unit cell of 34.3 (13.9 for (222) plane, and 24 for (400) plane),
indicating the richest surface dangling-bonds of In atoms for
(211) plane. Presumably, magnetron sputtering on the
substrate is a thermodynamic unstable process, and the high

Esurf =

4754

Table 2. Surface-Broken Bonds of the Cut Cell for the (222),
(400), and (211) Planes and the Calculated Surface Energies
by Material Studio Simulation

cell surface
preferential broken dimensions broken bonds ener
orientation bonds (nm?) per unit cell J/m*)
(222) 24 312 139 3.89
(400) 24 1 24 6.74
(211) 21 6'2/4 34.3 9.63

sputtering energy favors forming the comparably higher surface
energy plane. The above process can be further assisted by
weak reducing ambient because the hydrogen in the
atmosphere is inclined to combine with indium and prevent
the oxygen from combining. Conclusively, high sputtering
power, low working pressure and the weak reducing ambient
synergistically result in the formation of the (211)-oriented
films.

The band structure of the bixbyite In,O; was calculated by
the density function theory. Here, the cutoff energy of plane
wave is chosen at 500 eV. For the Brillouin zone (BZ)
integration, we use 3 X 3 X 3 Monkhorst—Pack grids. The
generalized gradient approximation plus an intra-atomic
Coulomb interaction (GGA + U) method was used to open
the band gap that is consistent with the experimental value. The
Coulombic interaction U and exchange energy J were set to be
8 and 1 eV, respectively.”* As depicted in Figure 6, the (211)
plane has the highest conduction band minimum (CBM)
compared with (400) and (222). The calculated theoretical
band gap values, as listed in Table 1, indicate that the energy
gap of the (211) plane is 3.73 eV, lager than 2.87 eV for (400)
and 3.08 eV for (222). The trend fits well with the experimental
energy gaps, and the (211) film possesses the widest gap of 3.8
eV (Table 1). The CBM states are mainly composed of In Ss
orbitals, and the rich-Indium atom generated highly dispersed
In Ss conduction band is favorable to form the highest energy
gap at (211) and generate the largest electron mobility (as
verified in Table 1).

For (400) and (222) planes, from the point of band gap, the
above theoretical prediction is deviated from the experimental
results. From Figure 6 it could be seen that the (222) plane has
higher CBM than that of (400) plane, whereas the experimental
results in Table 1 indicate that the (400) films have wider gap

dx.doi.org/10.1021/am2012432 | ACS Appl. Mater. Interfaces 2011, 3, 4751—4755
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Figure 6. Band structures of (a) (222), (b) (400), and (c) (211)
planes in the bixbyite structure of ITO calculated by the density
function theory.

of 3.72 eV than that of the (222) films (3.64 eV). The reason
might be that the film prepared in pure Argon contains more
oxygen vacancies to enhance the carrier concentration (see
Table 1) and make the Burstein—Moss effect more notable
with larger optical band gap. Here the BM effect contribution
for each sample was calculated as a function of the respective
carrier concentration basing on the BM equation,*>*® and the
derived band-gap widening caused by the BM shifts are 0.82 eV,
0.80 eV, and 0.50 eV for (211), (400), and (222) films,
respectively. The BM effect contributions for (211) and (400)
films are much higher than the (222) film and the (211) film is
the highest among three, which well-accord to our above
results.

4. CONCLUSIONS

In summary, we propose strongly (211)-oriented ITO films to
be a very promising transparent electrode, due to the formed
high energy gap and generated high conductivity by the rich
surface dangling-bonds of In atoms of the plane. The (211)-
oriented films can be grown at high sputtering power and low
working pressure in the weak reducing ambient. The formation
mechanism was studied and the results indicated that the weak
reducing ambient favors forming the preferential plane of (211)
for the high In-terminated surface state. The superior properties
of the (211)-oriented films should be attributed to the
comparably highest surface energy and highest conduction
band surface comparing with the other two planes of (222) and
(400), which was verified by surface energy calculation and
band structure simulation. This study not only sheds light on
routes to the fabrication of the special (211)-oriented ITO thin
films but also discloses insights into the design of the different
preferential oriented films in terms of surface modification.
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A detailed discussion on the effects of the sputtering power and
pressure and comparison between our (211)-oriented film and
the ideal diffraction pattern of the (211)-oriented In,O; single
crystal. This material is available free of charge via the Internet
at http://pubs.acs.org/.
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