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’ INTRODUCTION

Indium�tin oxide (ITO) is one of the most widely used
transparent conducting oxides (TCOs) and consists of indium
oxide (In2O3) doped with approximately 10 atomic % tin oxide.
Owing to its excellent combination of high optical transmission,
high electrical conductivity, and good chemical stability, ITO
thin films are widely used in applications such as flat panel
displays, touch screens, solar glass, and energy efficient window
coatings.1,2 Commercial applications of ITO coatings utilize
sputtering3,4 or chemical vapor deposition (CVD)5�7 to prepare
the ITO thin films. However, these deposition techniques suffer
from limitations. For instance, it is challenging to achieve precise,
uniform coatings using sputtering, and relatively high deposition
temperatures are required for CVD. These high temperatures
prohibit coating thermally sensitive substrates such as polymers.
Furthermore, emerging applications for TCOs based on nano-
structured materials demand highly conformal films on porous,
high aspect ratio substrates, and this requirement cannot be met
by sputtering or CVD. In contrast, atomic layer deposition
(ALD) can produce very uniform films with exceptional con-
formality even on very high aspect ratio substrates. Furthermore,
ALD typically allows lower growth temperatures than CVD.

ALD uses alternating exposures to precursor vapors which
chemisorb to the substrate surface in a self-limiting manner to
deposit films in an atomic layer-by-layer fashion.8,9 The first
demonstrations of In2O3 ALD utilized InCl3 as the indium
source and either H2O

10 or hydrogen peroxide11 as the oxygen
source. Although this method produced films with good materi-
als properties,12�14 relatively high growth temperatures of

400�450 �C were required. Furthermore, the InCl3 precursor
was found to etch the deposited In2O3 films10 which prohibits
the large precursor exposures necessary to coat porous materials
or large area substrates. To circumvent this problem, we devel-
oped an alternative method for In2O3 ALD utilizing cyclopenta-
dienyl indium (InCp) and ozone (O3).

15 This method enabled
In2O3 ALD at temperatures as low as 200 �C without any
apparent etching and facilitated the functionalization of nano-
porous substrates with ITO to fabricate thin film solar cells.16,17

In our previous study we also evaluated H2O, H2O2, O2, and
N2O as potential oxygen sources but found practically no In2O3

growth when these precursors were used individually. We
hypothesized that only O3 was a powerful enough oxidant to
both strip the ligands from the surface and also oxidize the
indium from the þ1 to the þ3 oxidation state. In2O3 ALD has
recently been reported using indium(III) acetylacetonate and
either H2O or O3, but the growth rates were very low and the
surface reactions did not appear to be self-limiting.18

Although we succeeded in coating high aspect ratio nanopor-
ous substrates using InCp and O3, we found that thermal
decomposition of the O3 catalyzed by the In2O3 reduced the
conformality of the In2O3 films in high aspect ratio pores and also
caused thickness nonuniformities in our ALD reactor producing
thinner films downstream of the O3 injection point.15 Another
limitation of our method was that the minimum growth tem-
perature of 200 �C which appeared to be the threshold
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temperature for activating the O3 prevented us from coating
most polymers. Recently we attempted to scale our O3-based
In2O3 process from the ∼1 in. � 1 in. substrates used in the
initial study to a larger substrate size of 12 in. � 18 in. using a
cross-flow reactor and found the ozone decomposition problem
to be much more severe for these larger substrates. While it may
be possible to improve the thickness uniformity using a shower-
head to introduce the O3 more uniformly on the substrate, we
were motivated to find a new In2O3 ALD process that did not
require O3.Wewere surprised to discover that whenH2O andO2

were used in combination, either as a simultaneous exposure
(SE) or in the sequence H2O�O2 (WO) or O2�H2O (OW),
very uniform In2O3 films were produced on the 12 in. � 18 in.
substrates at temperatures as low as 100 �C.

In this manuscript, we describe a detailed examination of
In2O3 ALD using cyclopentadienyl indium and combinations of
water and oxygen as co-reactants in the SE, WO, and OWmodes
over the temperature range 100�250 �C. Spectroscopic ellipso-
metry was performed to measure the film thickness, and the
structure of the In2O3 films was determined by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Hall probe
measurements were used to evaluate the electrical transport
properties and ultraviolet�visible absorption spectroscopy
(UV�vis) was employed to determine the optical transmission.
In situ quartz crystal microbalance (QCM) and quadrupole mass
spectrometry (QMS) measurements were performed to eluci-
date the reactionmechanism for the In2O3 ALD. To demonstrate
some of the advantages of this new process, we prepared uniform
ALD In2O3 coatings over 12 in. � 18 in. substrates.

’EXPERIMENTAL SECTION

Indium oxide films were deposited using a custom ALD viscous flow
reactor described previously.19 The deposition chamber consisted of a
stainless steel tube with an inside diameter of 5 cm and a length of 60 cm.
Ultrahigh purity nitrogen carrier gas (Airgas 99.998%) continuously
flowed through the reactor at 360 sccm and a pressure of 1.1 Torr. Four
heated zones maintained a uniform and constant temperature ((3 �C)
in the deposition chamber. Cyclopentadienyl indium (InCp, Strem,
99.999%þ electronic grade) was held in a stainless steel bubbler heated
to 40�45 �C, and 90 sccm of the N2 carrier gas was diverted through the
bubbler during the InCp exposures. Ultrahigh purity oxygen (Airgas
99.995%) flowing at 200 sccm and water vapor from the head space of a
deionized water reservoir were used as oxygen sources for the In2O3

ALD. The large area coating experiments utilized a custom cross-flow
reactor installed in place of the 5 cm ID flow tube. The large area reactor
could accommodate planar substrates with dimensions up to 12 in. �
18 in.
A quartz crystal microbalance (QCM) was used for in situ measure-

ments during the In2O3 ALD. The QCM utilized an AT-cut quartz
sensor crystal with polished front face (Colorado Crystal Corp. No.
CCAT1BK-1007-000) mounted in a Maxtek BSH-150 bakeable sensor
head that was modified to prevent deposition on the back of the
sensor.19 The QCM data reported in this paper assumed a bulk density
for the In2O3 of 7.19 g/cm

3. In situ measurements were also performed
using a quadrupole mass spectrometer (QMS, Stanford Research
Systems RGA300). The QMS was mounted in a differentially pumped
chamber maintained at ∼1 � 10�6 Torr by a 50 L/s turbomolecular
drag pump and connected to the ALD chamber by a 35 μm orifice.
Conventional metal oxide ALD consists of alternating exposures to a

metal precursor, A, and a single oxygen source, B, so that one ALD cycle
can be written: A/B. In this study In2O3 ALD was performed using
combinations of two oxygen sources: oxygen (B1) and water (B2). The

In2O3 ALD cycles were performed in three ways: simultaneous exposure
(SE), A/(B1þB2); oxygen followed by water (OW), A/B1/B2; and
water followed by oxygen (WO), A/B2/B1. For comparison, some films
were prepared using just water or oxygen. The InCp exposure times were
3 s, and the water and oxygen exposure times were 4 s. Purge times of 5 s
were used between each exposure. These exposure times were deter-
mined to be saturating, and the purge times were found to be adequate
based on in situ QCM measurements.

In2O3 films were deposited on Si(100) and fused silica substrates
using 300 ALD cycles yielding films of 30�48 nm in thickness. The
fused silica substrates were elevated in the deposition chamber to
achieve uniform growth on both sides of the substrate which simplified
interpretation of the optical transmission measurements. To facilitate
prompt and consistent nucleation of the ALD In2O3 films, the substrates
were first coated with ∼2 nm ALD Al2O3 using 20 cycles of trimethyl
aluminum (Aldrich, 97%) and deionized water with 2 s exposures and 5 s
purge periods.

The In2O3 film thicknesses were determined from samples prepared
on Si(100) substrates using a J.A.Woolam Co. Alpha-SE ellipsometer.
We measured the axial uniformity of the In2O3 film thickness using
multiple Si(100) coupons placed along the 40 cm deposition zone of our
ALD reactor and aligned along the direction of precursor flow. Using
saturating precursor exposures, we measured a film thickness variation
over the 40 cm deposition zone of less than 3%. All of the growth rate
values reported in this manuscript were taken from the samples
positioned in the middle of the deposition zone. Ultraviolet�visible
(UV�vis) optical absorption measurements were performed on the
In2O3 films prepared on fused silica substrates using a Cary-5000
spectrophotometer.

X-ray diffraction (XRD) measurements were made on a Rigaku
Miniflex Plus diffractometer using Cu KR X-rays. XRD scans were
performed on In2O3 films prepared on fused silica substrates over the 2θ
range 29�39� which encompasses the two strongest diffraction peaks
([400] and [222]) of the cubic In2O3 phase. Scanning electron micro-
scopy (SEM) was performed using an Hitachi S4700 with a field
emission gun electron beam source. The resistivity, carrier mobility,
and carrier concentration were measured using the films prepared on
fused silica substrates with an Ecopia HMS-3000 Hall effect measuring
system. Before performing the Hall probe measurements, the edges of
the fused silica substrates were polished using fine sandpaper to remove
the In2O3 film and prevent current flow on the opposite side of the
substrate which influenced the measurements. The resistivity, mobility,
and carrier concentration values reported in this paper are averages of
measurements performed on the front and back faces of the fused silica
substrates which were always within 5% of each other.

’RESULTS AND DISCUSSION

A. Synergistic In2O3 Growth UsingWater and Oxygen.We
first attempted to deposit In2O3 on Si(100) substrates using 300
In2O3 ALD cycles with only water and oxygen individually as the
co-reactants at deposition temperatures of 125, 175, and 225 �C.
The purple triangles at the bottom of Figure 1a marked “O” and
“W” show the growth rates determined from these samples using
spectroscopic ellipsometry. The very low growth rates of
0�0.15 Å/cycle demonstrate that In2O3 ALD is negligible
under these conditions as expected based on our previous
study.15 Next, a series of In2O3 films was prepared on silicon
and fused silica substrates over the temperature range
100�250 �C using the three modes for combining the water
and oxygen co-reactants: SE, WO, and OW. Remarkably, using
water and oxygen together in any of the three modes enabled
In2O3 deposition at high growth rates of up to 1.6 Å/cycle.
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The growth rates for the films deposited on Si(100) are
indicated by the purple triangles in Figure 1a�c for the SE,
WO, and OW modes, respectively. The highest In2O3 growth
rates were obtained over the entire temperature range using the
SE mode. The growth obtained using the WO mode shown in
Figure 1b is very similar to that of the SE mode with a maximum
at a growth rate of 1.4 Å/cycle at 150 �C. In contrast, the In2O3

growth rate for the OWmode is nearly independent of tempera-
ture at ∼1.0 Å/cycle. All of the films for Figure 1 were prepared
using 3 s InCp exposures with the exception of the lower growth
rate curve in Figure 1a which used 2 s InCp exposure times. The
In2O3 growth rates using 2 s InCp exposures are ∼10% lower
than the growth rates obtained using the saturating, 3 s
exposures.
B. Transport Properties. Figure 1a�c shows the resistivity

(blue diamonds), mobility (red circles), and carrier concentra-
tion (black squares) for the SE, OW, and WO modes, respec-
tively, determined from Hall probe measurements of the In2O3

films deposited on fused silica. In Figure 1a, the transport
properties encompass films prepared using both 2 and 3 s InCp
exposures demonstrating that there is no measurable depen-
dence of the transport properties on the exposure time. Although
the growth rates changed relatively little with deposition tem-
perature, the transport properties were very sensitive to both the
deposition temperature and the deposition mode. Both the SE
and the WO modes exhibited a dramatic change in the transport
properties near 140 �C. As will be shown below, 140 �C
corresponds to the threshold temperature for crystallization of
the ALD In2O3 films. Most notable for the OWmode is the very
low mobility over the entire temperature range. At the lowest
deposition temperature of 100 �C, both the SE and the WO
modes yielded nearly the same resistivity (F = 3.4�3.6 � 10�4

Ω 3 cm), mobility (μ = 38�41 cm/(V 3 s)), and carrier concen-
tration (ne = 4.5 � 1020 cm�3) while the OW mode gave a
slightly higher resistivity and lower mobility and carrier concen-
tration. As the growth temperature increased through the

crystallization temperature of 140 �C, the SE mode showed a
large jump inmobility from 38 to 111 cm/(V 3 s) while the carrier
concentration dropped to a minimum of 0.8� 1020 cm�3. As the
growth temperature was further increased to 250 �C, themobility
in the SE mode steadily declined while for the WO mode this
decline reversed and started to increase at the highest tempera-
ture. Above 140 �C, both the SE and the WO modes showed a
similar carrier density of ∼1 � 1020 cm�3. The resistivity in the
SE mode showed two essentially constant values, below and
above the crystallization temperature, whereas the resistivity of
the WO mode increased steadily above the crystallization
temperature. The transport properties of films prepared using
the OW mode showed a very low mobility over the entire
temperature range in contrast with the SE and WO modes.
The carrier concentration stayed relatively high and the resistiv-
ity showed a similar trend to the WO mode. Possible explana-
tions for these changes in transport properties with growth
temperature and growth mode will be discussed in Section D
below after we consider the In2O3 crystallinity.
The In2O3 films prepared using both O2 and H2O as co-

reactants in the SE mode were analyzed by UV�vis spectro-
photometry. For these measurements, In2O3 films were depos-
ited on both sides of the quartz substrates yielding effective
thicknesses of 600�950 Å. In the visible and near-infrared
spectral region between 400 and 1100 nm, the average transmit-
tance of these samples was in the range of T = 80�87%. These
values are slightly lower than the values of T = 90% and T = 95%
measured previously for ALD In2O3 films prepared using InCp/
O3 and InCl4/H2O, respectively.

10,16 The lower transmittance
values in the present investigation might result from a higher
concentration of oxygen vacancies since our films are also more
conducting than those in the former studies.
C. In2O3 Crystallinity. Figure 2a�c shows the results of XRD

measurements for the In2O3 films prepared on Si(100) sub-
strates and reveals a distinct crystallization behavior that is
common to each of the three modes. All of the films were

Figure 1. Growth rate determined from spectroscopic ellipsometry (closed triangles), resistivity measured by 4-point probe (closed diamonds),
mobility (closed circles) and carrier concentration (closed squares) determined by Hall probe for ALD In2O3 films grown using InCp, H2O, and O2

using three different growth modes: (a) simultaneous exposure to H2O and O2 (SE), (b) H2O exposure followed by O2 exposure (WO), and (c) O2

exposure followed byH2O exposure (OW). The growth rates given by the solid triangles at the bottom of part (a) result from ALD In2O3 films prepared
using only O2 (O) and only H2O (W) as co-reactants.
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amorphous at deposition temperatures < 130 �C, and crystal-
lization started at 135 �C. The OW and WO modes gave films
that were highly textured along the [222] direction while the SE
mode films exhibited a relatively strong [400] texture near the
crystallization temperature of ∼135 �C which then changed to
the [222] texture at higher deposition temperatures. The lowest
degree of crystallization occurred in the OW films where the
[222] diffraction peak first occurred at a deposition temperature
of 250 �C. This contrasts the WO mode where crystallization
began at ∼150 �C. At 250 �C, the magnitude of the [222]
diffraction peak for the WO mode is 12 000 compared to 2600
for the SE mode and only 750 for the OW mode. Scanning
electron microscope (SEM) images of the SE mode film pre-
pared at 175 �C (Figure 3) showed surface features consistent
with crystalline domains of several hundred nanometers. In
contrast, SEM images of the SE mode film prepared at 100 �C
(not shown) were completely featureless suggesting an amor-
phous film. Our results are in general agreement with previous
reports that thin In2O3 films deposited at low temperatures
(30�160 �C) exhibit an amorphous to crystalline transition at
∼150 �C.20,21 However, in some cases even amorphous, low
temperature In2O3 films exhibit low resistivity indicating that
crystallinity is not a prerequisite for high conductivity.22,23

D. Structure Property Relationships. It is well-known that
the larger crystal domains characteristic ofmore highly crystalline
materials can provide a higher mobility as a result of reduced
carrier scattering at grain boundaries. But at the same time, larger
domains can lower conductivity by decreasing the number of
intrinsic charge carriers provided by defects at the grain bound-
aries. To compensate for this effect, In2O3 films are typically
doped extrinsically with tin to form ITO and generate carrier sites
which persist when the films are annealed to increase the crystal
size and improve the mobility.
In the present study, the lowest resistivities were found for the

amorphous films in which the relatively large carrier concentra-
tion dominated the low mobility imparted by the amorphous
state. With increasing deposition temperature in both the SE and
WO series films, the carrier concentration plummeted and the
mobility rose rapidly leaving the resistivity nearly constant. This
compensating behavior is explained by increased crystallization
(Figure 2) that enhances the mobility at the expense of charge
carriers which are probably oxygen vacancies. Beyond the crystal-
lization temperature of∼140 �C, the mobility generally declined
with increasing temperature. While this seems to contradict the
notion that higher temperatures yield more crystalline films with
higher mobilities, it is likely in our case that the higher

Figure 2. X-ray diffraction measurements for ALD In2O3 films prepared on Si(100) substrates versus deposition temperature using the growth modes
SE (a), WO (b), and OW (c).



2154 dx.doi.org/10.1021/cm103637t |Chem. Mater. 2011, 23, 2150–2158

Chemistry of Materials ARTICLE

temperatures generated an increased number of individual
crystallites. This notion is consistent with the faster nucleation
seen by QCM at higher growth temperatures (Figure 6 and
Section F below) and also with the relatively steady carrier
concentration observed in the range 150�250 �C. The exception
to this trend is the 250 �C WO sample where a high mobility of
80 cm/(V 3 s) was observed which is the largest mobility measured
for films prepared at this temperature. The 250 �C WO sample
also exhibited the strongest [222] peak in XRD. In the SE series
however, we saw a steady decline in mobility from 140 �C onward
and themobility for theOWseries was distinctly lower than for the
other modes. These findings suggest that the presence of water
during the final step in the ALD cycle may influence the In2O3

crystallinity and electrical transport properties.
E. In Situ QMS and QCM Studies. To explore the mechanism

for the In2O3ALDaswell as the nucleation of In2O3 films onAl2O3

surfaces, simultaneous QMS and QCM measurements15,16,24,25

were performed during the In2O3 ALD at 125 and 175 �C for
each of the three deposition modes. These temperatures were
selected to be below and above the amorphous-to-crystalline
transition temperature of 150 �C to detect any possible changes
in growth mechanism from the crystallization. In addition to the
combined QCM/QMS data sets acquired at 125 and 175 �C,
QMS data were gathered during In2O3 ALD at a range of
temperatures up to 250 �C.Without exception, the predominant
reaction product observed by QMS was cyclopentadiene at
mass-to-charge ratio m/e = 66. Previous in situ QMS measure-
ments of In2O3 ALD using InCp andO3 identified CO2 atm/e =
44 as the major gas phase reaction product during the O3

exposures.15 However, we did not observe anym/e = 44 product
signals in the present study using O2 and H2O as the co-
reactants.
The in situ QCM-QMS measurements were performed by

first depositing ALD Al2O3 onto the QCM crystal using alter-
nating exposures to TMA and H2O until the Al2O3 growth rate
settled to a constant value of 1.0 Å/cycle for at least 20 cycles.
This procedure ensured that the surface of the QCM crystal was
sufficiently flat to avoid artifacts due to surface area enhancement
from surface roughness. Furthermore, the ALDAl2O3 provided a
chemically uniform starting surface so that the nucleation of the
In2O3 ALD could be monitored.

QCM-QMS data sets of 60�70 ALD cycles were recorded
for each growth mode and temperature. These data sets were
then processed to generate averaged profiles of the QCM and
QMS data during steady-state growth and transient growth rate
data from the start of the growth experiment to examine the
nucleation behavior. To generate the average steady-state cycle
profiles, the final 10 cycles of the 60�70 cycle data sets were
averaged. Figure 4a,b shows the growth profiles measured at 125
and 175 �C, respectively, for all three growth modes. The m/e =
66 QMS peaks for the averaged profiles were quantitatively
analyzed by first subtracting the background signals and then
integrating to determine the peak areas. The background QMS
signals were obtained by interrupting the steady state growth and
performing multiple exposures to either InCp alone or to the co-
reactants (H2O and/or O2) alone. The background signals
originated from sources such as cracking of the InCp precursor
in the QMS and residual cyclopentadiene in the InCp reservoir.
Referring to Figure 4a,b, the following characteristics are

common to all of the deposition modes and temperatures: (1)
Cyclopentadiene is released from the InCp-terminated surface
only during the water exposures. (2) During the water exposures,
the mass gains and the m/e = 66 peak heights are inversely
related. In fact, there is a slight decrease in mass during the water
exposure for the OW mode at 175 �C which also shows the
largest m/e = 66 peak. (3) The oxygen exposures always yield
approximately the same mass increase regardless of the deposi-
tion mode or temperature. (4) No gas phase product is released
during the oxygen exposures.
We postulate that the In2O3 ALD occurs according to the

following overall reaction:

InCpþ 1
2
H2Oþ 1

2
O2 f InO1:5 þHCp ð1Þ

Equation 1 can be divided into the following three steps:

(A)

InCpþ ðOHÞ�x f ðOÞxInðCpÞ�1 � x þ xHCp ð2Þ

(B)

ðOÞxInðCpÞ�1 � x þ 1
2
H2O f ðOÞ0:5InðOHÞ�x þ ð1� xÞHCp

ð3Þ

(C)

ðOÞ0:5InðOHÞ�x þ
1
2
O2 f ðOÞ1:5InðOHÞ�x ð4Þ

In eqs 1�4, HCp represents cyclopentadiene, the asterisks
denote surface species, and all other species are in the gas phase.
In step (A), InCp reacts with x surface hydroxyl groups (where x
may be temperature- and/or mode-dependent) to liberate x Cp
ligands leaving (1 � x) Cp ligands on the surface. In step (B),
H2O reacts with the resulting surface to release the remaining
(1 � x) Cp ligands and regenerate the initial hydroxyl coverage.
Note that after the completion of step (B) the indium remains in
a low oxidation state (e.g.,þ1 as in the InCp compound). In step
(C), the indium is oxidized by O2 to theþ3 oxidation state, and

Figure 3. Scanning electron micrograph of ALD In2O3 film prepared
on fused silica substrate at 175 �C using the SE growth mode.
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the expected InO1.5 stoichiometry is achieved. In this mechan-
ism, the H2O and O2 each perform separate but necessary
functions: the H2O liberates the Cp ligands and rehydroxylates
the surface while theO2 oxidizes the indium. Consequently, steps
(B) and (C) can occur in either order (OW, WO) or they can
occur together during a simultaneous exposure (SE) but both
steps are required for growth. Although themechanism proposed
is speculative, in the following discussion we will demonstrate
that all of the in situ measurements are consistent with the
mechanism described by eqs 1�4.
To analyze the data in Figure 4a,b more quantitatively, we can

define some additional parameters as illustrated in Figure 5. The
net mass gain for a complete ALD cycle is G, while ΔMA and
ΔMB are the mass changes resulting from the first and second
precursor exposure steps, respectively. The ratios RA =
G/(ΔMA) and RB = G/(ΔMA þ ΔMB) are dimensionless
parameters to characterize the relative mass gains after comple-
tion of the A and B steps, respectively. The quantity RA can be
used to evaluate the fraction of Cp ligands, x, released upon
adsorption of InCp on the surface:

RA ¼ mðInO1:5Þ=½mðInCpÞ � xmðHCpÞ� ð5Þ

where the m values refer to the molecular weights of the
corresponding species. As the fraction of ligands released varies
from x = 0 (no ligand release) to x = 1 (complete ligand release),
RA will vary from 0.77 to 1.21.
Table 1 lists the quantities calculated from the in situ QCM

and QMS measurements in Figure 4a,b. In this table, A66 is the
total integrated m/e = 66 QMS signal for one complete ALD
cycle while A66,InCp and A66,H2O are the fractions of the m/e = 66
signal observed during the InCp and H2O exposures, respec-
tively. GQCM is the In2O3 ALD growth rate determined from the
QCM measurements while Gfilm is the corresponding growth

rate determined from the ex situ spectroscopic ellipsometry
measurements performed on Si(100) substrates. GQCM/A66 is
the ratio of these two quantities normalized to the average value,
RA and RB are the QCM step ratios defined in Figure 5, and x is
calculated from eq 5. The numbers shown in parentheses in
Table 1 are the predicted values for RB.
Table 1 shows that the RA values are in the range 1.04�1.16.

No systematic trends are seen in the RA values with either the
deposition mode or the temperature, and in fact the values are all
nearly identical with the exception of the WO value at 175 �C
which appears to be an outlier. This consistency suggests that a
similar In2O3 ALD mechanism applies under all of these condi-
tions. The fraction of ligands released during the InCp adsorp-
tion deduced from the QCM measurements, x, is in the range
0.70�0.92. These values can be compared to the fraction of
m/e = 66 signals observed in theQMS during the InCp exposures,

Figure 4. In situ QCM and QMSmeasurements recorded during In2O3 ALD at 125 �C (a) and 175 �C (b). Each data trace is an average over 10 cycles
and represents the transient signal observed during individual In2O3 ALD cycles using the OW (top panel), WO (middle panel), and SE (bottom panel)
growth modes. The solid blue lines show the QMS signals at m/e = 66 for the InCp species in arbitrary units and the solid black lines show the QCM
thickness measurements in Å/cycle. The black traces below each panel designate the exposures to InCp (solid), O2 (dashed), and H2O (dot-dashed).

Figure 5. Schematic diagram illustrating structure of QCM traces
resulting from exposures to the three precursors A, B, and C and
defining the quantitiesG,ΔMA,ΔMB, and the ratios RA =G/(ΔMA) and
RB = G/(ΔMA þ ΔMB).
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A66InCp, which are in the range 0.72�0.88. The close similarity
between the QCM and QMS values lends confidence to both
measurements and supports the assertion that cyclopentadiene is
the only significant gas phase product during the In2O3 ALD.
The RB values in Table 1 allow us to evaluate the hypothesis

that the oxygen exposures serve the function of oxidizing the
indium. During the O2 exposures in the WO growth mode, no
Cp ligands remain on the surface and one oxygen atom is
adsorbed so we expect that

RB ¼ mðInO1:5Þ=mðInO0:5Þ ¼ 1:13 ð6Þ
Table 1 shows that the RB values for the WO mode are 1.11 and
1.08 at 125 and 175 �C, respectively, in very good agreement with
the predicted value of 1.13. During the O2 exposures of the OW
growth mode, some Cp ligands remain on the surface so that

RB ¼ mðInO1:5Þ=½mðInCpÞ � xmðHCpÞ þmðOÞ� ð7Þ
The RB values for the OW growth mode in Table 1 are 1.08 and
1.05 at 125 and 175 �C, respectively. The value calculated from
eq 7 for both growth temperatures using the appropriate values
for x is RB = 1.08 in very good agreement with the experimental
values. Consequently, the QCM measurements confirm the
mechanism presented in eqs 1�4, and in particular these
measurements support the notion that O2 serves the function
of fully oxidizing the indium.
The GQCM values in Table 1 were deduced from the in situ

QCM measurements assuming a bulk In2O3 density of 7.19 g/
cm3. Table 1 shows fairly good agreement between the GQCM

values and theGfilm growth rates determined using ex situ spectro-
scopic ellipsometry lending confidence to both sets of measure-
ments.With the exception of the OWmeasurement at 125 �C, the
GQCM values are consistently lower than the Gfilm values by
8�17% suggesting that the In2O3 density may be lower than
the bulk value. This finding is not surprising given that XRD shows
the films to be amorphous or weakly crystalline in this temperature
range. The GQCM/A66 values in Table 1 list the ratio of these
quantities normalized to their average value. These values are all
close to unity and range from 0.85 and 1.15 indicating that the A66

quantities determined from the in situ QMS measurements are
also a reliable indicator of the In2O3 growth. In addition, the
agreement between the QCM andQMS values further argues that
Cp is the only major gas phase product from the In2O3 ALD.
Although ourmodel for the In2O3 growth usingH2O andO2 is

consistent with all of the measurements, the true growth
mechanism is likely to be more complex. For instance, the
observation that not all of the Cp ligands were released during
the InCp exposures suggests additional sites for InCp adsorption
besides surface hydroxyls. These sites are likely to be labile
surface oxygen. In addition, we recorded subtle changes in
growth rate and more pronounced changes in crystallinity and
electrical transport properties depending on the order in which
the H2O and O2 were introduced, and these changes are not
captured by our model. Additional in situ techniques such as
infrared spectroscopy to identify the surface species and X-ray
absorption spectroscopy to determine the indium oxidation state
may help to refine the model and explain these behaviors.
F. Nucleation of In2O3 on Al2O3. The results described thus

far pertain to In2O3 growth in the steady-state. However, the
QCM measurements in this study were all initiated on an ALD
Al2O3 surface, and this affords the opportunity to examine the
nucleation phase of the In2O3 ALD. Figure 6 plots the In2O3

growth rate vs cycles measured by QCM. For both the 125 and
the 175 �C cases, an induction period was observed in the In2O3

growth. The initial growth rate was very low but climbed steadily
with increasing In2O3 ALD cycles and passed through a max-
imum before decreasing and leveling off to a steady-state value.
This phenomenon is usually attributed to the formation and
coalescence of islands where the growth initiates only at discrete
surface sites.26 As the In2O3 islands expand in three dimensions,
the surface area grows and pushes the In2O3 growth rate above
the steady-state value. As the islands coalesce to form a contin-
uous film, the surface area returns to normal causing the growth
rate to decrease and approach the steady-state value. It is very
interesting that at both temperatures the nucleation behavior is
nearly identical for each of the three growth modes in the initial
stages. Only in the later stages do the growth rates diverge
for the different growth modes and approach their respective

Table 1. Quantities Derived from the in Situ QCM and QMS Measurements during In2O3 ALD Performed at 125 and 175�C
Using the SE, WO, and OW Modesa

125 �C 175 �C

SE WO OW SE WO OW

A66 2.58 � 10�9 2.14 � 10�9 1.57 � 10�9 2.18 � 10�9 1.81 � 10�9 1.46 � 10�9

A66,InCP 0.83 0.73 0.84 0.85 0.72 0.88

A66,H2O 0.17 0.27 0.16 0.15 0.28 0.12

Gfilm 1.46 1.19 0.87 1.4 1.25 0.84

GQCM 1.21 1.13 0.89 1.25 1.14 0.77

GQCM/A66 0.85 0.96 1.03 1.05 1.15 0.96

RA 1.16 1.16 1.15 1.14 1.04 1.15

RB n/a 1.11 (1.13) 1.08 (1.08) n/a 1.08 (1.13) 1.05 (1.08)

x 0.91 0.91 0.89 0.88 0.70 0.89
a A66 is the total integrated QMS signal at m/e = 66 for one complete ALD cycle while A66,InCp and A66,H2O are the fractions of the m/e = 66 signals
observed during the InCp andH2O exposures, respectively.GQCM is the In2O3 ALD growth rate determined from theQCMmeasurements whileGfilm is
the corresponding growth rate determined from the ex situ spectroscopic ellipsometry measurements performed on Si(100) substrates.GQCM/A66 is the
ratio of these two quantities normalized to their average value while RA and RB are the QCM step ratios described in the text and shown in Figure 5. The
quantities shown in parentheses are the predicted values for RB as described in the text. The quantity x is the fraction of Cp ligands released during the
InCp adsorption.
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steady-state values. The growth rate for the very first In2O3 ALD
cycle is higher than for the subsequent cycles, and this reflects the
density of nucleation sites on the Al2O3 surface. This value is
smaller at the lower growth temperature, and consequently 20
cycles are required to reach the maximum growth rate at 125 �C
while only 10 cycles are needed at 175 �C. It is likely that the
longer incubation times at lower growth temperatures will
produce rougher In2O3 films in analogy with previous QCM
measurements during tungsten ALD.27

G. ALD In2O3 over Large Area Substrates. To evaluate the
potential for scaling up our In2O3 ALD processes to bigger
substrates, we developed a large area, hot-walled chamber able to
accommodate planar substrates with dimensions of up to 12 in.�
18 in. This large area chamber substitutes in place of the tubular
deposition chamber on our existing ALD reactor. We first used
the InCp/ozone process15 to deposit In2O3 films with a thickness
of ∼20 nm on 8 in. � 8 in. glass plates and obtained thickness
variations of up to (100% with the thickness tapering off in the
axial dimension downstream of the precursor injection point and
laterally toward the edges of the substrate. We attributed these
thickness variations to ozone thermal decomposition catalyzed
by the In2O3.

15 Next, we used 158 cycles of InCp/H2O/O2 in the

WOmode to coat Si(100) substrates spanning the 12 in.� 18 in.
dimensions of the large area reactor and obtained the thickness
profile shown in Figure 7. These films are very uniform and
exhibited a thickness standard deviation of only 2.5%. The
resistivity for films prepared under similar conditions on 8 in.
� 8 in. glass plates was also very uniform at 2.74 mΩ 3 cm with a
standard deviation of 6.0%. These results are very encouraging
for the future scale up of In2O3-containing films by ALD using
the InCp/H2O/O2 process.

’CONCLUSIONS

This study explored In2O3 ALD using InCp and combinations
of both O2 and H2O as the co-reactants. No In2O3 growth
occurred when O2 or H2O were used alone. However, when O2

and H2O were used together or in sequence, In2O3 films were
deposited at growth rates of 1.0�1.6 Å/cycle over the full range
of deposition temperatures from 100 to 250 �C. The In2O3

deposited in an amorphous state at temperatures below∼125 �C
but becamemore crystalline for higher growth temperatures. The
preferred In2O3 orientation and the electrical properties de-
pended on both the temperature and the co-reactant sequence.
Furthermore, changes in the In2O3 mobility and carrier concen-
tration could be correlated with the changes in crystallinity
observed by XRD. In situ QCM and QMS measurements
revealed an In2O3 growth mechanism in which H2O serves the
function of releasing ligands from the surface while O2 performs
the role of oxidizing the indium. Since both processes are
necessary for sustained growth, both O2 and H2O are required
for the In2O3 ALD. Furthermore, QCM measurements showed
that the In2O3 nucleation on Al2O3 surfaces proceeds by island
coalescence. Finally, we successfully deposited In2O3 films using
the InCp/H2O/O2 process over large area substrates with very
high uniformity in the thickness and resistivity.
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Figure 6. In2O3 growth rates versus number of ALD cycles when
starting on an Al2O3 surface at 125 �C (bottom panel) and 175 �C (top
panel) for the SE (circles), WO (squares), and OW (diamonds) growth
modes as determined from QCM measurements.

Figure 7. In2O3 film thickness resulting from 158 In2O3 ALD cycles in
the OW mode measured using spectroscopic ellipsometry for silicon
substrates covering an area of 18 in. � 12 in. in the large area chamber.
Axial distance is along the gas flow direction and lateral distance is
perpendicular to the flow.
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