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a b s t r a c t
Indium oxide (In2 O3 ) thin ﬁlms were deposited by atomic layer deposition using dimethyl(N-ethoxy2,2-dimethylcarboxylicpropanamide)indium (Me2 In(EDPA)) and H2 O as the In-precursor and reactant,
respectively. The In2 O3 ﬁlms exhibited a saturated growth rate of 0.083 nm/cycle at a deposition temperature of 300 ◦ C. Porous and amorphous ﬁlms were grown at 150 ◦ C, whereas dense polycrystalline
ﬁlms were deposited at higher deposition temperatures of 200–300 ◦ C. XPS analysis revealed negligible
carbon and nitrogen impurities incorporation within the ﬁlms. The estimated bandgap of the In2 O3 ﬁlms
by spectroscopic ellipsometry and UV–vis spectroscopy was about 3.7 eV and the increase in refractive index with deposition temperature from 150 to 300 ◦ C indicated that dense ﬁlms were grown at
higher temperatures. The high transmittance (>94% in visible light) and good electrical properties (resistivity ∼1.2–7 m cm, Hall mobility ∼28–66 cm2 /V s) of the In2 O3 ﬁlms make them a viable option for
optoelectronic applications.
© 2017 Published by Elsevier B.V.

1. Introduction
Indium oxide (In2 O3 ) is a III–VI binary oxide semiconductor
material with a cubic crystal structure and a wide optical band gap
of 3–4 eV [1]. It shows high transparency to visible light and possesses excellent electrical properties, which makes it an essential
material in microelectronics [2], optoelectronics [3], photovoltaics
[1,2,4], and gas sensors [3,5,6]. In the doped form as tin-doped
In2 O3 , it has been employed as transparent pixel electrode in
display applications such as liquid crystal displays and organic
light-emitting diodes [6].
Owing to the vast applications and hence high demand of
In2 O3 , many attempts have been made to grow it in different morphologies/shapes including nanorods [5], nanowires [7], and thin
ﬁlms [8,9], using various deposition techniques such as sputtering
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[10], pulsed laser deposition [11], metal-organic chemical vapor
deposition [5], and atomic layer deposition (ALD) [4,8,9,12]. The
properties of oxide semiconductor thin ﬁlms strongly depend on
the thickness and morphology; hence the latter is a much preferred route to deposit smooth In2 O3 thin ﬁlms as it allows excellent
control over ﬁlm thickness due to its unique layer by layer deposition manner resulting in uniform conformal coatings on complex
structured substrates.
ALD however is a relatively slow deposition process particularly when the surface reactions between the chemisorbed
precursor and the reactant gas are not facile, thus resulting in
low growth rates. ALD growth of In2 O3 thin ﬁlms has been
explored with various combinations of In-precursors and reactants but limited successes have been reported. For instance, In2 O3
ALD studies using In(tmhd)3 (tmhd = 2,2,6,6-tetramethylheptane3,5-dionate), In(hfac)3 (hfac = hexaﬂuoroacetylacetonate), and
In(acac)3 (acac = acetylactonate) with H2 O as reactant recorded
almost no ﬁlm growth owing to relatively low reactivity of the
␤-diketonate ligand containing In-precursors [8]. Studies with
trimethylindium and H2 O have also been quite inconsistent,
either resulting in no ﬁlm growth [12,13] or non-self-limiting
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growth [8] and very few occasions of proper ALD growth
[14]. On the other hand, In2 O3 ALD processes using tris(N,N -diisopropyl-2-dimethylamido-guanidinato)indium/H2 O and
diethyl[bis(trimethylsilyl)amido]indium/H2 O resulted in growth
rates of 0.04 and 0.07 nm/cycle at deposition temperatures of 240
and 200 ◦ C, respectively [6,16]. This leads to the fact that the development of highly reactive In-precursors with sufﬁcient volatility is
essential to achieve reasonable growth rates.
Again, in attempts to increase the growth rate of In2 O3 by
ALD, stronger oxidising reactants such as O3 and O2 plasma
can be used, but this does not always assure higher growth
rates. Cyclopentadienyl-based In-precursor with O3 yielded a high
growth rate of 0.13–0.2 nm/cycle and good ﬁlm conformality over
a nanoporous anodic aluminum oxide membrane, while it resulted
in almost no ﬁlm growth when reacted with H2 O [8]. In contrast,
Ramachandran et al. reported the successful growth of In2 O3 ﬁlms
with excellent properties using In(tmhd)3 , but a low growth rate of
0.014 nm/cycle was achieved over a wide deposition temperatures
of 100–400 ◦ C even with the use of O2 plasma as reactant [9]. Moreover, the use of such strong oxidizing reactants could result in the
reduction of intrinsic electron donors such as oxygen vacancies,
consequently producing rather resistive In2 O3 ﬁlms as observed
by some groups [4,8]. Another important requirement in developing In-precursor is a low melting temperature to achieve liquid
precursors at room temperature. Generally, for industrial applications, liquid precursors are preferred because solid compounds can
cause numerous problems including powder contamination in the
ALD chamber and difﬁculty in a reproducible supply of the precursor vapor. To this end, reports have been made on the synthesis
of liquid In-precursor and their application in In2 O3 ALD processes [15]. Maeng et al. demonstrated In2 O3 ALD processes using
liquid In-precursors [3-(dimethylamino)propyl]dimethylindium
(DADI) and diethyl[bis(trimethylsilyl)amido]indium. These processes led to high growth rates of 0.06–0.07 nm/cycle, high
carrier concentration of ∼1020 –1021 cm−3 , and low resistivity of
2 × 10−4 − 5 × 10−5  cm [4,16].
In this paper, we demonstrate In2 O3 ALD process
using
liquid
In-precursor,
dimethyl(N-ethoxy-2,2(Me2 In(EDPA)),
in
dimethylcarboxylicpropanamide)indium
combination with H2 O as reactant. Recently authors reported
the synthesis of novel Me2 In(EDPA), and demonstrated the In2 O3
PEALD process using Me2 In(EDPA) with O2 plasma as oxidant [17].
However, the application of the deposited In2 O3 ﬁlm was limited to
semiconducting channel layer for thin ﬁlm transistor as it showed
moderate electron concentration levels of 1017 –1018 cm−3 , which
is considerably lower than those from other In2 O3 ALD ﬁlms
[4,14,16]. Here we successfully achieved In2 O3 ALD growth using
Me2 In(EDPA)/H2 O chemistry, and investigated the growth behavior at stage temperatures of 150–300 ◦ C. In addition, the chemical,
physical, optical, and electrical properties of the deposited In2 O3
ﬁlms were evaluated.

2. Experimental
The In2 O3 ﬁlms were grown by ALD in a traveling wave type 4inch chamber (Atomic-Class, CN-1) using liquid Me2 In(EDPA) and
deionized H2 O. Various substrates including p-type bare silicon
and quartz substrates were used to evaluate the growth behavior and ﬁlm characteristics. The base and process pressures were
3 × 10−3 and 3 × 10−1 torr, respectively. The deposition temperature of In2 O3 ﬁlm was varied from 150 to 300 ◦ C. The In-precursor
was kept in a stainless steel bubbler type canister at a temperature of 70 ◦ C and the gas delivery line was heated to 80 ◦ C to
prevent condensation of the source material. Introduction of the
In-precursor into the chamber was aided by Ar carrier gas at a ﬂow
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rate of 100 sccm. The deionized H2 O was kept at ∼10 ◦ C and delivered by its own vapor pressure without carrier gas. The ALD of In2 O3
was conducted by repeating alternative pulse of Me2 In(EDPA) and
H2 O gases onto the substrate. In one complete ALD cycle, the
In-precursor and H2 O vapor were pulsed for 10 and 5 s, respectively, separated by 15-s Ar purge; thus 10 s–15 s–5 s–15 s. The
thickness and refractive index of In2 O3 ﬁlms were estimated
by spectroscopic ellipsometry (SE, Horiba Jobin Yvon UVISEL) at
an angle of 70◦ using new amorphous model which is derived
from the Forouhi-Bloomer dispersion formula. X-ray ﬂuorescence
measurement (XRF, ARLQUANT’X, Thermo Fisher Scientiﬁc) was
conducted to determine the In areal density and verify surface
saturated growth conditions. Electrical properties of the In2 O3
ﬁlms were investigated with a Hall effect measurement instrument (HMS-5000, Ecopia). Crystallinity of the deposited In2 O3 ﬁlms
and their preferred orientation were determined by high resolution X-ray diffraction analysis (DMax–2200 V, Rigaku) using the
glancing angle X-ray diffraction (GAXRD) mode. X-ray photoelectron spectrometer (XPS, K-Alpha, Thermo Scientiﬁc) equipped with
a monochromatic Al K␣ X-ray source was used to examine the
chemical composition, atomic distribution, and possible impurities of the ﬁlms. As the transparency of the In2 O3 ﬁlm is vital
to its practical application, the optical properties including transmittance, absorbance and bandgap were also ascertained using a
UV–vis spectrometer (UV-2550, Shimadzu). Finally, morphology of
the deposited ﬁlms was investigated using a ﬁeld emission scanning electron microscope (FESEM, Sigma HD, Carl Zeiss).

3. Results and discussion
Prior to the complete ALD cycles, half cycle experiments consisted of In-precursor pulse followed by Ar purge were carried
out to conﬁrm no thermal decomposition of the precursor at the
stage temperatures of 150–300 ◦ C. No ﬁlms were deposited at all
temperatures according to ellipsometry and XRF measurements,
indicating that the In-precursor remained stable up to high temperatures of 300 ◦ C. Full ALD cycles were then conducted by varying the
Me2 In(EDPA) pulse time from 1 to 15 s at a ﬁxed H2 O pulse time of
5 s at 300 ◦ C. Each In-precursor and H2 O pulse step was separated by
15-s Ar purge to prevent gas mixture or CVD-like growth. Fig. 1(a)
depicts the changes in the ﬁlm thickness and In areal density for
100 ALD cycles with increasing Me2 In(EDPA) pulse time. A selflimiting growth was observed after 10-s Me2 In(EDPA) pulse with
a thickness of ∼8 nm and an In areal density of 3.3 g/cm2 . After
obtaining saturated growth condition for the In-precursor pulse,
the H2 O pulse time was varied while keeping the In-precursor pulse
time at 10 s. The variations of In areal density in Fig. 1(b) clearly
shows that saturated growth is obtained at H2 O pulse length of
4 s, and no further increase in ﬁlm thickness was observed above
4 s. The In-precursor and H2 O were pulsed for 10 s and 5 s, respectively, in a complete ALD cycle, thus ALD pulse condition of 10 s–15
s–5 s–15 s was determined. Using this optimized pulse condition,
In2 O3 thin ﬁlms were grown with different cycle numbers from
100 to 400 cycles as depicted in Fig. 1(c), and a very linear growth
was observed, indicating layer-by-layer growth behavior with a
growth rate of 0.083 nm/cycle. To determine the effect of deposition
temperature on the ﬁlm growth, In2 O3 ﬁlms were deposited at various temperatures from 150 to 300 ◦ C. Notably from Fig. 1(d), the
growth rate was very dependent on the deposition temperature,
increasing with temperature with no obvious temperature window
within which a constant growth rate is observed. The growth rate of
In2 O3 increased slowly up to 250 ◦ C, after which an abrupt increase
in growth rate was found at 300 ◦ C. The increase in the growth
rate with temperature is mostly likely due to the increased ther-
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Fig. 1. The variations of the thickness and In areal density of In2 O3 ﬁlms as a function of (a) Me2 In(EDPA) and (b) H2 O pulse length. (c) The variation of In2 O3 ﬁlm thickness
with the number of ALD cycles. (d) The growth rates of In2 O3 ALD at various deposition temperatures.

mal energy needed for the chemical reaction, rather than thermal
decomposition of the In-precursor.
XPS was used to investigate the chemical binding state as well
as the compositional distribution across the thickness of the In2 O3
ﬁlms deposited on bare silicon substrates at 150, 200, 250 and
300 ◦ C, as shown in Fig. 2. Ar+ ion with beam energy 2000 eV
was used to sputter the samples during depth proﬁling and the
C C peak with binding energy of 284.5 eV detected at ﬁlm surface prior to sputtering was used to calibrate all other XP spectra.
Fig. 2(a)–(d) depicts the In 3d spectra of the ﬁlms deposited at different temperatures. At 150 ◦ C, the In 3d spectrum consisted of a
main peak and a clear shoulder peak appearing at a lower binding
energy. The spectrum was deconvoluted into two sub-peaks, InO centered at 444.5 eV and In In centered at 443.6 eV, which are
in good agreement with reported values. [9,13,16]. The signiﬁcant
presence of In In bond at 150 ◦ C might indicate reduced surface
reaction between chemisorbed precursor and H2 O reactant due
to the relatively low deposition temperature. Above 150 ◦ C, more
symmetric and narrower In 3d peaks were observed at all temperatures. However, the peaks were gradually shifted towards lower
binding energies from 444.1 to 443.9 eV as the deposition temperature increased from 200 to 300 ◦ C, respectively. This shift towards
lower binding energies can be attributed to the presence of oxygen
vacancy [16] and is responsible for the conductivity of the ﬁlms. It is
worth noting that although the ﬁlm deposited at 150 ◦ C was highly
oxygen deﬁcient, it exhibited a high resistivity because of its porous
and amorphous nature. The O 1 s peak was deconvoluted into three
sub-peaks as presented in Fig. 2(e)–(h); thus In O at ∼530 eV, O
vacancy at ∼531.3 eV and O H/C O bonds at ∼531.9 eV. At 150 ◦ C,
the shoulder peak at ∼531.9 eV is suspected to be composed of O H

and/or C O since C was detected at all etch levels, whereas above
150 ◦ C, the shoulder peak at ∼531.9 eV is expected to be mainly
contributed by O H since no C was detected in these ﬁlms. The
intensity of sub-peak corresponding to O H/C O decreased with
increasing growth temperature which implies that the formation
of In(OH)x in In2 O3 was retarded at the elevated temperatures.
The sub-peak intensity for O vacancy at 150 ◦ C was slightly higher
than those from 200 to 300 ◦ C, which is consistent with observation
from In 3d spectra. Depth proﬁle plots in Fig. 2(i) and (j) conﬁrm
the oxygen deﬁcient nature of the deposited In2 O3 ﬁlms, particularly the ﬁlm deposited at 150 ◦ C; O/In atomic ratios at 150 ◦ C and
300 ◦ C were 0.53 and 0.96, respectively. It also shows that the ﬁlm
deposited at 300 ◦ C (as well as ﬁlms deposited at 200 ◦ C and 250 ◦ C)
had no C or N impurities while some C impurity was detected in
the ﬁlm deposited 150 ◦ C during etching.
The crystallinity of the ﬁlms was examined with varying growth
temperature from 150 to 300 ◦ C by GAXRD. The diffraction patterns in Fig. 3 show that the In2 O3 ﬁlms deposited at 200–300 ◦ C
were polycrystalline in nature. At these temperatures, the diffraction peaks indicated the growth of polycrystalline In2 O3 ﬁlms with
cubic structure thus; [(211) at 21.7◦ , (222) at 30.7◦ , (400) at 35.7◦ ,
(332) at 42.0◦ , (431) at 45.8◦ , (440) at 51.3◦ , and (622) at 60.7◦ ]. The
peak intensities for In2 O3 ﬁlms remained the same above 200 ◦ C
with the (222) plane being the preferred growth orientation, which
has also been identiﬁed by other reports [9,15,17]. In contrast, the
ﬁlm deposited at 150 ◦ C was amorphous showing no characteristic
In2 O3 peaks.
The band gap of 15-nm thick ﬁlms grown at the various temperatures was estimated by SE using Tauc plots thus; (␣h)2 vs
(h), where ␣ is the absorption coefﬁcient and h is the energy
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Fig. 2. (a)–(d) In 3d and (e)–(h) O 1 s XP spectra of In2 O3 ﬁlms grown at the different temperatures of 150, 200, 250, and 300 ◦ C. XPS depth proﬁles of In2 O3 ﬁlms deposited
at (i) 150 and (j) 300 ◦ C.

Table 1
Carrier concentration, Hall mobility, and resistivity of In2 O3 ﬁlms deposited at various temperatures of 150, 200, 250, and 300 ◦ C.
Hall mobility (cm2 /V s)

Resistivity (m cm)

150

15 ± 0.1
∼120
15 ± 0.4
16 ± 0.1
16 ± 0.2
30 ± 0.8

N.A.
2.9 × 1018
1.2 × 1019
3.6 × 1019
4.8 × 1019
7.8 × 1019

N.A.
1.1
28
41
32
66

N.A.
2060
7.0
4.3
4.1
1.2
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Fig. 3. GAXRD patterns of ALD In2 O3 ﬁlms deposited at 150–300 ◦ C.

of the incident light as shown in Fig. 4(a). An extrapolation of Tauc
plots revealed that ﬁlms grown at 200–300 ◦ C showed similar band
gap of 3.7 eV independent of the deposition temperature, which is
comparable with reported band gap of In2 O3 ﬁlms by other deposition techniques such as sputtering [18] and sol-gel method [19].
The band gap of the ﬁlm deposited at 150 ◦ C could not be estimated
as the Tauc values from SE was not reliable due to the rough morphology. Fig. 4(b) shows the transmittance and absorbance spectra
of the In2 O3 ﬁlms deposited on quartz substrates at 150–300 ◦ C
by UV–vis spectrometer. From the absorption edges, the estimated
band gap was around 3.5–3.6 eV with the exception of the ﬁlm
deposited at 150 ◦ C which exhibited the widest band gap of 3.9 eV.
The porous and less dense nature of the ﬁlm could have contributed
to its seemingly wider band gap. The band gap values obtained from
UV–vis measurements were very comparable to those estimated
from SE measurements. Additionally, all ﬁlms are highly transparent in the visible wavelength range with transmittance over 94%.

Interestingly, the ﬁlm deposited at 150 ◦ C with the widest band gap
showed a lower transmittance similar to the 200 ◦ C sample. We
suspect that the rough morphology of the ﬁlms deposited at 150 ◦ C
increased the diffused reﬂectance at the ﬁlm surface and lowered
the total transmittance of the ﬁlm. In the inset of Fig. 4(b), the
refractive index of the ﬁlms measured at  = 550 nm increased with
deposition temperature from 1.7 at 150 ◦ C to a relatively constant
value of 1.9 above 200 ◦ C, which is slightly lower than that of bulk
In2 O3 about 2.1 [20]. As the refractive index gives a crude insight
into the density of ﬁlms, the low refractive index of ﬁlms deposited
at 150 ◦ C suggests the ﬁlms are less dense which is obvious considering the porous morphology of the ﬁlms as discussed in the next
paragraph. At higher temperatures over 200 ◦ C, the densiﬁcation of
ﬁlms resulted in an increase in the refractive index.
The SEM images in Fig. 5 depict the morphology of the ﬁlms
deposited at various temperatures. Here, 15 nm-thick ﬁlms were
examined by SEM at a high magniﬁcation (x100,000) except for
150 ◦ C-grown sample of which thickness is about 120 nm. Films
deposited at 150 ◦ C showed a peculiar morphology different from
the morphology observed at higher temperatures. Its ﬂake-like
grains were randomly arranged with some voids as shown in
Fig. 5(a). As the deposition temperature increased, the grains
became ﬂattened and densely arranged with no visible pinholes,
giving smooth ﬁlms as displayed in Fig. 5(b)–(d). However, the ﬁlm
deposited at 300 ◦ C showed rather roughened surface morphology
with triangular shape grains compared to those at 200 and 250 ◦ C.
Electrical properties of In2 O3 ﬁlms deposited at different temperatures were ascertained from Hall measurements as shown in
Table 1. At 150 ◦ C, it was impossible to obtain any reliable Hall
measurement result due to the severe voids in the 15-nm thick
ﬁlm. However, with a thicker ﬁlm, reliable electrical property data
were obtained even though the resistivity was three orders of
magnitude higher than the ﬁlms deposited at higher temperatures
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Fig. 5. The SEM plan-view images for the ﬁlms deposited at (a) 150, (b) 200, (c) 250, and (d) 300 ◦ C.

suggesting that the ﬁlm was still not completely continuous. Films
deposited above 150 ◦ C showed n-type conductivity with carrier
concentrations in the order of 1019 , which is comparable to values
for ALD In2 O3 ﬁlms deposited with TMI/H2 O and InCl3 /H2 O [14,21].
The carrier concentration of In2 O3 ﬁlms increased from 1.2 × 1019
to 4.8 × 1019 cm−3 as the deposition temperature increased from
200 to 300 ◦ C. This might be as a result of the creation of more
oxygen vacancies and/or indium interstitials at higher temperatures, accompanied with decreased resistivity with temperature
[16,22,23]. The Hall mobility of In2 O3 ﬁlms increased from 28 to
41 cm2 /V s as the deposition temperature increased to 250 ◦ C and
then declined to 32 cm2 /V s at 300 ◦ C. This might be attributed to
more rough surface morphology of 300 ◦ C-grown In2 O3 ﬁlm compared to that of 250 ◦ C-grown In2 O3 ﬁlm, which can deteriorate
the electron transport property by surface scattering. The electrical parameters were much dependent on ﬁlm thickness. The Hall
mobility and resistivity were improved over two folds when the

thickness of ﬁlms deposited at 300 ◦ C was doubled as presented in
Table 1.

4. Conclusions
In conclusion, In2 O3 thin ﬁlms were grown using
a
liquid
indium
precursor;
dimethyl(N-ethoxy-2,2dimethylcarboxylicpropanamide)indium
(Me2 In(EDPA))
and
H2 O as reactant in an ALD process. Growth was demonstrated over
a wide temperature of 150–300 ◦ C and the growth rate increased
with the deposition temperature. A high saturated growth rate of
0.083 nm/cycle was attained at 300 ◦ C. XPS analysis revealed that
ﬁlms deposited at 150 ◦ C contained signiﬁcant amount of In-In
bond, while ﬁlms deposited at 200–300 ◦ C were more oxygen
rich and contained negligible levels of impurities. All ﬁlms were
crystalline in nature except for ﬁlms deposited at 150 ◦ C which
were amorphous. The chemical composition, crystallinity and
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morphology of the ﬁlms reﬂected in their electrical and optical
properties. Films deposited at 150 ◦ C were very resistive whereas
above 150 ◦ C the ﬁlms exhibited low resistivity of 1.2–7 m cm
and electron mobility of 28–66 cm2 /V s. The high transmittance
and good electrical properties of the ﬁlms deposited at high
temperatures make them viable candidates for photovoltaic TCOs
and for other optoelectronic applications.
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