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ABSTRACT: Highly conductive indium oxide films, electrically more Wavelength (nm)

conductive than commercial sputtered indium tin oxide films films, were 10l - = — e Moo
deposited using a new liquid precursor Et,InN(SiMe;), and H,O by atomic L)

layer deposition (ALD) at 225—250 °C. Film resistivity can be as low as 23 X ' | @ 80
107*=5.16 X 10 Q-cm (when deposited at 225—-250 °C). Optical §10‘ L/ P
transparency of >80% at wavelengths of 400—700 nm was obtained for all = |/ 50 ¢
the deposited films. A self-limiting ALD growth mode was found 0.7 A/cycle at 2" | 1 jgj
175—250 °C. X-ray photoelectron spectroscopy depth profile analysis showed § 10°} * &
pure indium oxide thin film without carbon or any other impurity. The physical & [~o-Resistvity T 2 .
and chemical properties were systematically analyzed by transmission electron "% || —ransmittance \ﬁ___%
microscopy, electron energy loss spectroscopy, X-ray diffraction, optical ;¢ N i
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spectrometer, and hall measurement; it was found that the enhanced electrical .
Substrate temperature (C)

conductivity is attributed to the oxygen deficient InO, phases.
KEYWORDS: indium oxide, atomic layer deposition, transparent conducting oxide, resistivity

1. INTRODUCTION

Indium oxide thin films have been widely studied as transparent
conducting oxides (TCOs) ! thin-film transistors,” gas sensors,”
and catalysts.* Among these various applications, there has been
enormous interest in the next generation of see-through
transparent electronics such as transparent thin-film transistors
(TFTs) and organic light-emitting diodes (OLEDs) and
photovoltaics.>~” To be used as transparent electrodes in
these devices, TCOs require a high transmittance (>80%) in
the visible re%ion and low electrical resistivity, on the order of
>107° Q-cm.

Indium oxide thin film is a very useful transparent conducting
oxide material with a wide band gap. Indium oxide thin films
have been deposited using a variety of methods including
pulsed laser deposition,” sputtering,'"" and chemical vapor
deposition.lz’13 However, many applications require precise
control of film thickness, film composition, and low temper-
ature deposition. For these properties, atomic layer deposition
(ALD) has been used as a versatile film growth technique,
because it enables the growth of uniform and high quality thin
films with the precise control of the thickness and composition,
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as compared to other techniques.'* In addition, the ALD
process can deposit uniform and clean films on large areas at
low processing temperatures due to self-limited surface
reactions; hence, it can be applicable for transparent electrode
deposition on future large-area electronics. For this reason,
recently, the ALD deposition of TCO materials was widely
studied, especially ZnO related materials such as Al, Ga, or Sn
doped ZnO.">~'® Researchers have reported good ALD growth
characteristics; however, the resistivity is still not enough
(>107* Q-cm). In addition, from ref 15, the properties of ALD
deposited film can be different. Thus, research of the ALD
process using new precursors for different TCO materials is
necessary

Among the various TCO materials, indium oxide ALD has
been studied for the future microelectronic industry.'*~>"
Unfortunately, all of these studies used solid In precursors,
which have disadvantages of low vapor pressure and poor
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reproducibility, although some of them readily volatilize with
mild heating. Indium oxide ALD using InCl; required too high
of deposition temperature (~500 °C) and slow ALD growth
(<0.3 A/cycle) was observed.””** The indium oxide ALD using
indium acetylacetonate [In(acac),] 0 Indium-tris-guanidinates-
[In(iPr,CNR,);],>* and trimethylindium (TMIn) precur-
sors”"?* also showed slow ALD growth (<0.4 A/cycle), and
the film conductivity was poor (3 X 1072 Q-cm from In(acac),
and 2.8 X 107 Q-cm from TMIn). The cyclopentadienylin-
dium (InCp) precursor showed fast ALD growth (1.3 A/cycle)
at a proper ALD window (200—300 °C).*****” However, this
precursor must be used with a strongly oxidizing reactant gas
such as ozone (O,), or with the simultaneous injection of H,O
and O,. A high resistivity value (~1.6 X 107> Q-cm) was also
observed for an indium oxide thin film from InCp with ozone
due to the removal of an intrinsic donor.”® As an alternative, a
liquid In precursor would by very advantageous in practical
indium oxide thin-film processes, especially for deposition of
low resistance indium oxide thin film and high growth rate.

In this study, we report on the microstructure, electrical, and
optical properties of indium oxide films prepared using
diethyl[bis(trimethylsilyl)amidoJindium [Et,InN(TMS),] as a
liquid precursor for ALD. The deposited indium oxide thin
films show reasonable ALD growth and ALD process window.
Most of all, the deposited indium oxide films show electrically
superior conductivity, being more conductive than commercial
sputtered indium tin oxide (ITO) films while maintaining good
optical transparency.

2. EXPERIMENTAL SECTION

The Et,InN(TMS), precursor was prepared according to previous
literature®® and supplied by UP Chemical Co., Ltd. (Pyeongtaek,
Korea). For deposition of the indium oxide thin film, Et,InN(TMS),
was used as an indium source and water vapor was used as a reactant
gas. A homemade ALD system was employed for the deposition of
indium oxide films on SiO, (100 nm thickness)/Si substrates. N, gas
was used as purging gas as well as a carrier gases, whose inlets were
separated on the side of the chamber. The N, gas flow rate (20 sccm)
was controlled by a mass flow controller. Et,InN(TMS), was
maintained at a temperature of 40 °C during vaporization. A typical
ALD growth sequence for the indium oxide layers involved exposure
to Et,InN(TMS), for 1 s, N, purging for 1S s, exposure to H,O for 1 s,
and N, purging for 15 s.

The 40 nm thick indium oxide thin films were deposited for various
analyses, and measured by a spectral ellipsometer (SE, Woollam-
VASE). Their resistivity, carrier concentration, and Hall mobility were
investigated by means of Hall-effect measurement systems
(HKSSO0PC (Accent Optical Technology) and an HMS 3000 (Ecopia
Co.)) using a van der Pauw configuration. To reduce contact
resistance, indium metal was used as the contact material at four
rectangular sample edges. The microstructure of the films was studied
by X-ray diffraction (XRD) (Rigaku diffractometer Ultima IV) using a
Cu Ka X-ray source and transmission electron microscopy (TEM,
JEOL JEM-2100 and JEOL JEM-2100F). In addition, to resolve the
microstructure of the film more precisely, grazing incidence XRD (GI-
XRD) was performed. The incidence angle, scan step size, and time
per step during the GI-XRD measurement were 2°, 0.02° and 1 s,
respectively. Also, the films’ chemical composition and chemical
binding energy were investigated by X-ray photoelectron spectroscopy
(XPS) (ESCA Lab 200R). The transmittance and band gap width were
observed by ultraviolet—visible (UV—vis) spectroscopy (Optizen-3220
UV). Reflectivity and surface roughness were measured by optics
spectrometry (USB4000-XR1) and atomic force microscopy (AFM,
Park systems XE-70), respectively.

3. RESULTS AND DISCUSSIONS

Indium oxide thin films of 40 nm thicknesses were deposited
on a SiO,/Si substrate using an ALD technique because a less
than 50 nm thick film was already used for the ALD TCO thin
film.**” The growth condition was studied by changing the
precursor dosing time and substrate temperature. Figure 1a,b
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Figure 1. Dependence of growth rates of indium oxide deposited by
ALD as a function of (a) precursor dose and (b) substrate
temperature.

shows the ALD growth per cycle (GPC) as functions of
Et,InN(TMS), dose and growth temperatures. Determination
of dose can be obtained by using the ideal gas equation. From
the vapor pressure of the precursor, we can obtain the mole
amount of injected precursor from the canister, and obtain the
adsorbed molecule number by dividing of the chamber surface.
The detail method is described in elsewhere."> The ALD GPC
increases rapidly with increasing dose. The GPC is saturated at
~0.7 A/cycle above the precursor dose of 1 X 1077 mol/cm™
Also, the GPC is saturated 0.5 s of H,O dosing time. (Figure
S1, Supporting Information) The GPC values at temperatures
from 150 to 275 °C are shown in Figure 1b. The ALD process
window was found at 175—250 °C, and in that temperature
region, the GPC remains almost constant. The GPC is almost 2
times larger than the previously reported indium oxide ALD
using InCly, In(acac);, and TMIn. XPS depth profile indicated
that small carbon impurities only existed on the surface, as
shown in Figure 2a. After initial sputtering, the carbon impurity
level was below the XPS detection limit, which is lower than
1%. Also, the Si content from the precursor Et,InN(TMS), was
also below the XPS detection limit up to sputtering of the
substrate before S min. This means that the Si from the
precursor was fully eliminated during ALD. Figure 2b shows C
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Figure 2. (a) Atomic concentration of In, O, C, N, Si of 250 °C
deposited indium oxide thin film and (b) C 1s XPS spectra with
deposition temperature.

Is signals after surface sputtering are observed for the films
deposited at different substrate temperatures. The C 1s signals
are observed for the films deposited at 150 and 175 °C, but are
absent for the films deposited at higher temperatures. This
indicates that temperatures of 150 and 175 °C are too low for a
complete ALD reaction without impurities.

Figure 3ab shows the resistivity, carrier concentration, and
Hall mobility of indium oxide films deposited at different
temperatures. The resistivity of the film deposited at 200 °C
showed a high resistance of 2 X 107> Q-cm. However, the films’
resistivity reduces continuously with increasing deposition
temperature. As a result, the resistivity of the indium oxide
film deposited at 250 °C is as low as 5.3 X 107> Q-cm. In
addition, the resistivity of a 100 nm thick film (7.2 X 107 Q-
cm) was very similar to that of a 40 nm thick film at 250 °C.
This value is 1 or 3 orders of magnitude lower than the
resistivity for a previously reported ALD indium oxide using
other precursors,'*~** or for indium oxide thin films formed by
other deposition methods, such as sol—gel,29 sputtering,lo’30
and chemical vapor deposition (CVD).>"** In addition, this
film is more electrically conducting than commercial TCO
materials such as ITO,” 1Z0O,** Al:ZnO,® and even single-
crystalline TCO materials.® Also, the film resistivity was
saturated under the optimal deposition condition, which was
sufficient doses of water (over 1 s) and indium precursor, as
shown in Figure S2 (Supporting Information).

The carrier concentrations of the film deposited at 250 °C
were measured to be as high as 9.3 X 10* ecm ™3, whereas those
of indium oxide films deposited at lower temperatures were
smaller, as low as 2 X 10%° cm™ at 175 °C. The mobility was
also as high as 13 cm?/(V s) at the higher temperature of 250
°C and as low as 0.5 cm?/(V s) at the lower temperature of 175
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Figure 3. (a) Resistivity and (b) carrier concentration and Hall
mobility data of ALD deposited indium oxide thin films as a function
of growth temperature.

°C. This mobility is comparable to previously reported indium
oxide thin films using ALD or other deposition methods, while
carrier concentrations are almost 1—2 orders of magnitude
higher, 1013212635

The evolution of crystallinity of the film deposited at 100—
275 °C can be also observed in the XRD data shown in Figure
4. Under the 175 °C deposition temperature, the XRD result
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Figure 4. XRD data of indium oxide films deposited on silicon
substrates, with different deposition temperatures.

shows an amorphous phase, whereas indium oxide peaks start
to appear at 200 °C; this parallels the TEM results. In addition,
as the deposition temperature increases, the indium oxide
(222) peak intensity is slightly increased and the additional
peak is observed. Thus, better crystallinity at higher deposition
temperature can explain the increase of electrical mobility.***”
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Figure S. TEM images and SADP of indium oxide films deposited at (a) 150 °C (b and d) 200 °C, and (c and e) 250 °C. The red arrows in panel d

indicate the amorphous phases.

The series of crystallinity behaviors mentioned above can be
directly confirmed by TEM, as shown in Figure Sa—c, which
shows the indium oxide films deposited at 150, 200, and 250
°C, respectively. The inset high resolution TEM image and
selected area diffraction pattern (SADP) of Figure Sa indicate
that the 150 °C deposited film is a fully amorphous phase. On
the other hand, Figure Sb,c clarifies that the several nanometer
crystalline phases appear in both the 200 and 250 °C deposited
films, and the average crystalline size increases from ~30 to
~60 nm with the increase in deposition temperature. The
(222) peak, supposedly the strongest one in SADP, is not
present in the 150 °C deposited film, but appears in the film
deposited at 200 °C and becomes even stronger in the 250 °C
deposited one. The (440) SADP peak from the 250 °C
deposited film is more continuous and stronger compared to
the one from the 200 °C deposited film, which implies that the
crystallinity was intensified by thermal activity. This explanation
is again confirmed by Figure Sd,e, showing that the residual
amorphous phases, indicated by the red arrows in the 200 °C
deposited films, disappear altogether with the crystalline growth
in the 250 °C deposited films. Therefore, the electron

microscopic observations in this study confirm that, for the
given conditions, an increase of deposition temperature
effectively enhances the crystalline growth as well as the
crystallinity of indium oxide film.

This increase of film crystallinity parallels with the increase of
mobility observed for the films deposited at the same
temperature range, as shown in Figure 3. To verify the
crystallinity and the effect of oxygen vacancies, electron energy
loss spectroscopy (EELS) was adopted, on the basis of its
sensitivity to the electronic structural change, which is affected
by vacancies, bonding state, and so on. The EELS system was
equipped with probe-corrected JEM-2100F and analysis was
performed under the scanning transmission electron micros-
copy (STEM) mode with a 3 mm collection aperture and 1.2
nm probe size, to improve EELS intensity. In Figure 6a,b, the
oxygen K edges from the 150 and 200 °C deposited films
appear similar to each other, which implies that the 200 °C
deposited film is less crystallized, even though a crystalline
structure is actually observed, as shown in Figure 5b,d.

However, Figure 6¢, obtained from the 250 °C deposited
film, shows a strong first peak in the oxygen K edge, which is

dx.doi.org/10.1021/am502085c | ACS Appl. Mater. Interfaces 2014, 6, 17481—17488
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Figure 6. Oxygen K edge structures via EELS analysis obtained from
indium oxide films deposited at (a) 150 °C, (b) 200 °C, and (c and d)
250 °C. The variation of the intensity ratio (I/Isecona) i attributed to
the existence of oxygen vacancies.

attributed to the stable oxygen and indium bonding state®®
Interestingly, 20 EELS data obtained from the 250 °C
deposited film showed a significant variation in the first peak
intensity whereas the EELS data from the 150 and 200 °C
deposited films are all similar. Half of the EELS data from 250
°C exhibited the weak intensity ratio (Ig/Lecona) Of the first
and second peaks; one of the representative data is shown in
Figure 6d.

To understand the meaning of such variations in the oxygen
K edge, the electronic structure of the oxygen K edge was
calculated using the core—hole method and GGA PBE
potential in CASTEP code (Figure S2, Supporting Informa-
tion). It is quite challenging to achieve calculated results from
core electronic structure calculations that are comparable to
experimental data because limitations, such as the single
electron model and nonrelativistic consideration in CASTEP
code, have not been fully overcome yet.>” However, the change
in peak profiles can help determine which factor gives rise to
the variation observed in the experimental EELS data. Figure S3
(Supporting Information), illustrating the calculated oxygen K
edge of perfect indium oxide (black line) and defective indium
oxide with oxygen vacancies (red line), indicates that the
intensity ratio (I/Iiecona) Of the first and second peaks is
drastically decreased with the existence of oxygen vacancies.
Therefore, the decreased I /I conq in half of total EELS data
obtained from the 250 °C deposited film (Figure 6d) seems to
be mainly caused by the oxygen vacancies.

Figure 7 shows the In 3d XPS data of four samples, used to
investigate the indium chemical binding structure after surface
sputtering to remove surface contaminant. The film deposited
at 150 °C shows a symmetric single peak at 444.8 eV,
corresponding to the In the 3d;s;, binding energy of indium
oxide™ Tt indicates that all indium atoms are chemically
bonded to oxygen, and thus exist as indium oxide in the film
deposited at 150 °C. However, the XPS peaks appear at lower
energies for films deposited at 200 and 250 °C. The In 3d peak
was slightly shifted to a lower energy with the increase of

150c 4448eV | | 4436V
175°C -0 \{ ./ In
—200°C :

Intensity (a.u.)

455 450 445 440
Binding Energy (eV)

Figure 7. XPS results (In 3d peaks) of indium oxide films depending
on deposition temperature.

growth temperature. In the 250 °C deposited films, the center
energy of In 3d;,, peaks are located at about 444 eV, which is
almost 0.8 eV lower than the 150 °C deposited one. These
results indicate that some of the indium atoms formed an
oxygen deficient In oxide phase, because the XPS peak shifted
slightly to the In metal bonding, whose binding energy peak
appeared at 443.2 eV."”

Also, in Figure S4a—e (Supporting Information), the O 1s
peak can be deconvoluted by In—O, oxygen deficient, and C—
O or O—H bonding. As shown in Figure S4 (Supporting
Information), the oxygen deficient bonding (O,) is significantly
increased. It is quite reasonable to compare this with the
behavior of the In 3d XPS peak. From these XPS and EELS
data, the excellent conductivity of the crystalline indium oxide
films deposited at higher temperatures may be attributed to the
presence of oxygen deficient InO, bonding because these
bonding states can generate electrons as a dopant.

This oxygen deficient InO, might be induced by non-
sufficient reaction between the precursor and reactant due to
the low reactivity of H,O. H,O’s relatively lower reactivity,
compared to that of ozone or O, plasma of H,O, was already
reported in the study of ALD for gate oxide or capacitor
oxide.*! In other studies, the ozone or H,0+0, was used as
oxygen reactants for the ALD processing of In,Oj tin film using
InCp, due to the low reactivity of H,0.>*® However, the low
reactivity of H,O can enhance the conductivity by producing
oxygen deficient InO,. In the In(acac), precursor case, the
conductivity of In,O; film from H,0 was much higher than
when ozone was used.' This is the same result as reported in
this paper. Using the ozone, we found that the resistivity of
InO, from Et,InN(TMS), was 2—3 times higher than that of
H,O. This indicates that ozone, comparing with H,O, may
suppress to generate oxygen deficient InO,.

Figure 8 shows the transmittance of the samples, deposited at
100—250 °C. All films show over 80% transmittance in the
range of 400—700 nm wavelengths. Especially, the trans-
mittance of these InO, films at the wavelength of 550 nm is as
high as 89—91%, which is suitable for a transparent electrode.
This is a comparable value with previous sol—gel and ALD
deposited ITO thin films.””** The inset of Figure 8 shows
indium oxide thin films deposited on a flexible plastic substrate.
The clean image of the alphabet indicates that this indium oxide
thin film can be applicable for TCOs.

The films deposited at 175 °C and lower temperatures show
a higher transmittance, over 90% in the range of 400—700 nm,
whereas the films deposited at 200 °C and higher temperatures

dx.doi.org/10.1021/am502085¢ | ACS Appl. Mater. Interfaces 2014, 6, 17481—17488
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Figure 8. Transmittance data of six samples deposited at 150—250 °C
after correction of transmittance of the glass substrate. The inset figure
is a backside image of indium oxide thin films on a transparent plastic
substrate.

show lower transmittance. The lower transmittance at higher
growth temperatures may be related to crystallization. From the
XRD data, the polycrystalline film is formed at 200 °C, which is
the same temperature that coincides with the abrupt decrease
of transmittance. From the refractive index (1) data, the n value
was increased from 1.6 to 1.9 at 200 °C deposition
temperature. (Figure SS, Supporting Information) The
refractive index is related to film density and it is speculated
that the dense films were formed by crystal formations. This
refractive index change would be induced the reduction of
transmittance. Another possible cause of the abrupt trans-
mittance change is a change in surface roughness. However, the
AFM data (Figure S6, Supporting Information) indicates the
root-mean-square (RMS) surface roughness increased contin-
uously from 0.4 to 2.9 nm. Thus, it cannot explain that the
almost constant transmittance value over the 200 °C deposition
temperature.

One more possibility is the presence of defects in the band
gap of the films or changes of absorption spectra of In,O; films
deposited at 175 and 200 °C. To clarify sub-band edge states
induced by defects such as carbon impurities incorporated at
low deposition temperatures, SE analysis was carried out. As
shown in Figure 9, there is an apparent difference in the
absorption coefficient spectra for In,O; films deposited
between below 175 °C and over 200 °C. This difference
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o 3x10%+
>
2 —150°C
NE 2x10” F 175°C
——200°C
1x1072 | ——225°C
——250°C
o ——275°C
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Photon Energy (eV)

Figure 9. Tauc plot of the optical absorption coeflicient against
photon energy of In,O; films deposited at 150—275 °C, measured by
spectroscopic ellipsometry.

might be originated from carbon impurities incorporated at
below 175 °C, and it influenced the poorly defined band edge.
After carbon impurities are removed at over 200 °C, the relative
area of absorption spectra increased drastically, and then
gradually increased with increasing growth temperature. The
larger relative absorption area is caused by the larger excitation
of the carrier from the valence band to conduction band, which
could lead to the easier charge transport within the conduction
band due to the increase of unoccupied states.”> This result
correlates with the XPS (Figure 2b) and Hall measurement
(Figure 3). The optical band gap under 175 °C deposited films
cannot be determined by SE due to the poorly defined band
edge, probably induced by defect related with carbon impurities
incorporated at low deposition temperatures. On the other
hand, the optical band gap of the films deposited at up to 200
°C are found 3.84—4.06 eV, which is comparable to previously
reported ones.** The band gap remains the same for films
deposited up to 250 °C and increases slightly further for the
film deposited at 275 °C. The increase of band gap of the 275
°C sample, in spite of low resistivity and high carrier
concentrations, can be explained by Burstein—Moss shift,
which increases due to the filling up of low lying energy levels
in the conduction band, leading to the shift of adsorption edge
toward higher energy according to increasing carrier density."
However, this increment of band gap does not have any effect
to transmittance. We can speculate from these results that the
dominant transmittance degradation mechanism would be
scattering by the film recrystallization rather than band gap
change or other possibilities.

The origin of the superior conductive characteristics of this
InO, thin film should be understood more clearly, and on the
basis of the above arguments, we propose a structural and
transport model for the indium oxide thin films, as shown in
Figure 10. The polycrystalline indium oxide films deposited
using ALD with Et,InN(TMS), and water deposited over 200
°C show increased oxygen deficient bonding. A large amount of
oxygen deficient bonding that acts like donors would be related
to superior conductivity by generating carriers. The oxygen
deficient InO, may reside at grain boundaries because it is
thermodynamically favorable.

Actually, this grain boundary segregation of oxygen vacancies
has been observed for many other oxide materials such as
SrTiO;, HfO,, and InSnO.** Generally, InO, has a lot of
oxygen deficient bonding, in Figure 7. The segregated oxygen
deficient InO,, phase could increase the light scattering and help
the conduction of electrons. The oxygen deficient InO,
enhanced the carrier concentration by up to 2 orders of
magnitude because oxygen vacancy can act as carrier donation
sites. Figure 10a shows these features: that the oxygen deficient
InO, donated carriers and, thermodynamically, the oxygen
deficient InO, are segregated near the grain boundary. In
addition, this indium oxide thin film shows excellent
conductivity, which would be induced by the oxygen deficient
InO,, which acts as a low scattering path between indium oxide
grain boundaries. As a result, the carrier conduction is enhanced
by reduction of grain boundary scattering. These mechanisms
are shown at Figure 10b as a schematic diagram, and these two
processes can be the possible model for the excellent
conductivity of this InO, thin film.

4. CONCLUSIONS

In summary, transparent indium oxide films with superior
conductivity were prepared by ALD using Et,InN(TMS), as a
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Figure 10. Schematic diagram of (a) grain boundary segregation of
oxygen deficient InO, and carrier generation, (b) electron transport
without grain boundary scattering by oxygen deficient InO, and with
grain boundary scattering.

liquid precursor and H,O. ALD growth per cycle was found to
be 0.7 A/cycle at deposition temperatures in the range 175—
250 °C. The film resistivity is as low as 5.16 X 107> Q-cm when
deposited at 250 °C. Carrier concentration of the deposited
films was found to be 1 or 2 orders of magnitude higher than
indium oxide films of previous studies. In addition, over 80%
transmittance in the range of 400—700 nm wavelengths was
observed from all deposited films. These superior characteristics
could be related to the grain boundary segregation of oxygen
deficient InO, atom, which can produce a high electron
concentration, and the reduction of grain boundary scattering,
with high transmittance. These superior TCO film properties
and the equipment-friendly nature of the liquid Et,InN(TMS),
precursor may be useful for applications in large area, high
resolution and high speed displays in the near future.
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