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ABSTRACT: We have investigated the nucleation and growth of InGaZnO
thin films by spatial atmospheric atomic layer deposition. Diethyl zinc (DEZ),
trimethyl indium (TMIn), triethyl gallium (TEGa), and water were used as Zn,
In, Ga and oxygen precursors, respectively. The vaporized metal precursors have
been coinjected in the reactor. The metal composition of InGaZnO has been
controlled by varying the TMIn or TEGa flow to the reactor, for a given DEZ
flow and exposure time. The morphology of the films changes from
polycrystalline, for ZnO and In-doped ZnO, to amorphous for In-rich IZO
and InGaZnO. The use of these films as the active channel in TFTs has been
demonstrated and the influence of In and Ga cations on the electrical
characteristics of the TFTs has been studied.
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■ INTRODUCTION

Amorphous oxide semiconductors (AOS) are emerging as a
novel class of materials for thin-film-transistor (TFT) displays
because of their superior electrical properties compared to a-
Si:H and better uniformity over large areas than poly-Si based
TFTs.1−4 AOS are based on ternary and quaternary zinc
compounds (e.g., InGaZnO, ZnSnO), and their electrical
properties can be fine-tuned by varying the composition ratio of
metal ions. Amorphous indium gallium zinc oxide (a-
InGaZnO) is the most widely utilized AOS for the active
channel in TFTs due to its reasonably large mobility (μ > 10
cm2/(V s)), low off-currents due to good controllability of the
carrier concentration over a wide range (1015−1019 cm−3), and
long-term stability.5,6

The growth of a-IGZO was initially studied using pulsed
layer deposition (PLD).5 PLD allows facile screening of
different stoichiometry of the film composition but suffers
from poor control of film thickness and composition over a
large area. Hence, sputtering is currently most widely used,1

even though sputtering suffers from a low deposition rate (∼0.1
nm/s) and the presence of high-energy species (e.g., ions) can
induce defects at the dielectric/semiconductor interface.
Solution processing methods have been proposed to decrease
the production costs of a-InGaZnO, but TFTs with nonoptimal
electrical properties have been achieved so far.7 In this work, we
propose the use of spatial atmospheric atomic layer deposition
(S-ALD). S-ALD has emerged as a potentially disruptive
manufacturing method for the display industry, combining high

deposition rates (up to nm/s) with excellent control of film
composition and superior uniformity over a large area and even
nonflat substrates.8 Selective S-ALD of metal oxides on
patterned surfaces has been recently demonstrated.9 In this
Article, we investigate the nucleation and growth of a-InGaZnO
by S-ALD and its application as an active channel of TFTs.
Conventionally, the ALD technique is characterized by a

time-sequenced introduction of the precursors in the
deposition zone, where selective and self-limiting half-reactions
occur on the substrate, thus allowing a digital control of the film
thickness. S-ALD of metal oxides is performed by sequentially
exposing the substrate to an oxygen and a metal precursor
which are spatially separated in the ALD injector. Time-
consuming purge steps are no longer needed and deposition
rates up to a hundred times faster than conventional ALD can
be achieved.10,11 By coinjecting the evaporated metal precursors
in the same deposition region, multimetal oxides with uniform
distribution of the metal elements along the growth direction
have been grown by S-ALD.12,13

■ EXPERIMENTAL SECTION
A schematic and a description of the S-ALD deposition equipment
used in this work can be found in ref 10. Diethyl zinc [Zn(C2H5)2,
(DEZ)], trimethyl indium [In(CH3)3, (TMIn)], triethyl gallium
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[Ga(C2H5)3, TEGa], and water (H2O) vapor have been selected as
zinc, indium, gallium, and oxygen precursors, respectively. DEZ,
TMIn, and TEGa are used because of their high vapor pressures and
commercial availability. Metal precursors and deionized water were
evaporated from bubblers, using argon as carrier gas and transported
to the reactor injection head through heated lines, to prevent
condensation. The DEZ, TMIn, and TEGa bubblers were kept at
room temperature, while the H2O bubbler is heated to 50 °C. The
flows from the DEZ, TMIn, and TEGa bubblers were mixed and
injected in the deposition zone through the same inlet, after being
diluted by argon. The films have been deposited at a temperature of
200 °C. The exposure time to both the metal precursors and water has
been varied in the range from 20 to 120 ms by decreasing the rotation
frequency of the substrate from 150 to 25 rotations per minute,
respectively.
A Philips X-pert SR5068 powder diffractometer equipped with a Cu

Kα source was used to determine the crystallographic structure of the
films. The film thickness was measured by ex situ spectroscopic
ellipsometry measurements, using a J.A. Woollam M2000 rotating
compensator ellipsometer in the 300−1000 nm range. The
composition of the films was measured in a FEI Quanta 600 FEG
SEM system equipped with an energy-dispersive X-ray (EDX)
diagnostic, in a Quantera system from ULVAC-PHI (Q2) equipped
with X-ray photoelectron spectroscopy (XPS), and by low energy ion
scattering spectrometry in an ION-TOF GmbH Qtac100 system (3
keV He+ and 5 keV Ne+ ions are used to quantify the O, Si, C and Zn,
In, Ga content, respectively).
Bottom-gate, top-contact InGaZnO TFTs were fabricated on

heavily doped p-type Si wafers coated by a 300 nm thick thermally
grown SiO2, acting as gate dielectric. The source and drain electrodes
consisted of Ti (5 nm)/Au (50 nm) layers deposited by electron-beam
evaporation. The source-drain electrodes formed a channel measuring
approximately 1 mm in width and 50 μm in length (W/L = 20). The
TFTs were electrically characterized in air at room temperature in
ambient light.

■ RESULTS AND DISCUSSION

Figure 1 shows the film thickness versus number of cycles for
various mixtures of metal precursors. No film formation was
observed when using TMIn/H2O (Figure 1a) or TEGa/H2O
(Figure1b), respectively. In the case of DEZ/H2O, the film
thickness increases linearly with the number of cycles (Figure
1a). From the slope of this line, a growth per cycle (GPC) of
∼0.18 nm/cycle can be calculated which is in agreement with
previous results reported in literature for ALD of ZnO.10 For
the deposition conditions used in this paper, ZnO films grow in
an ALD mode, where the GPC remains constant with
increasing either exposure time or precursors flows, as reported
in refs 11−13.
When TMIn and TEGa are coinjected with DEZ, film

growth is observed. GPC is typically lower than for the case of
DEZ/H2O. When increasing the TMIn partial pressure from 0
to 0.25 mbar at a constant value of DEZ partial pressure of 1.96
mbar, the final thickness is decreased from 250 to 60 nm after
1400 cycles and the GPC does not increase linearly with the
number of cycles. The In-content in these films was measured
by EDX to increase up to 23% for the highest TMIn/DEZ
ratio. When TEGa is added to this mixture (0.25 mbar TMIn,
1.96 mbar DEZ partial pressure), Ga is incorporated into the
film. For the highest partial pressure of TEGa of 0.37 mbar, the
Ga-content measured by EDX is ca. 30%. These results show
that it is possible to grow InGaZnO films by coinjecting the
vaporized metal precursors.
Compared to ZnO films, which show a constant film growth,

the increase in film thickness with number of cycles reflects a
more complex behavior in case of coinjected metal precursors.

A nucleation period of about 200 ALD cycles is observed in In-
rich InZnO and in InGaZnO, before the onset of film growth
(see Figure 1d,e). As shown in Figure 1c, the GPC of InZnO
and InGaZnO decreases with increasing In- and Ga-content.
These results suggest that the In- and Ga-atoms on the film
surface are not available sites for subsequent film growth.
The nucleation of InZnO has been investigated by the low

energy ion scattering (LEIS) technique.14,15 This technique is
used to measure the atomic composition of the outer atomic
layer, thus precisely of the atoms which control adsorption and
growth. InZnO has been deposited on p-type Si substrates
coated by thermally grown SiO2. The results are plotted in
Figure 2a,b. With an increasing number of ALD cycles from 12
to 150, the surface coverage of InOx and ZnOx rises up to the
level corresponding to the concentration of the metal elements
on the surface of a 40 nm thick InZnO film (i.e., 2000 ALD
cycles). The surface coverage of InOx and ZnOx after 6 ALD
cycles is higher than for the subsequent few cycles, reflecting
the density of nucleation sites on the SiO2 substrate, as also
reported in ref 16. During the first 150 ALD cycles, part of the
surface is formed by SiO2 thus indicating that film closure is not
achieved yet. In this phase, the film surface is rich in In-atoms,
while an In/In + Zn ratio of about 30% is measured on the
surface of a closed InZnO film (see Figure 2a).
The bulk composition of the InZnO and InGaZnO as

determined by XPS depth profiling is shown in Figure 2c,d. For
the settings used in the XPS analysis, the atomic distribution of
the different elements (In, Zn, Ga, O, C) can be measured
along the growth direction with a resolution of ∼7 nm.12 A
nearly constant concentration-depth profile for In, Ga, and Zn
elements is measured in the films, within the resolution limit of
the XPS analysis. In both films, the carbon concentration is

Figure 1. Film thickness versus number of ALD cycles for (a) ZnO
(■), InZnO (●), (b) InGaZnO (▲), (c) growth per cycle (GPC) of
ZnO (■), InZnO (●), and InGaZnO (▲) versus the (In + Ga)/(In +
Ga + Zn) ratio, (d) detail of (a), and (e) detail of (b). Film thickness
was measured using spectroscopic ellipsometry. The metal composi-
tion of the films has been measured by the EDX technique.
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below the detection limit after sputter removal of the top layers
that were exposed to the atmosphere prior to analysis.
ALD of ZnO, In2O3, and Ga2O3 has been extensively

investigated in literature. DEZ and water are commonly used
precursors for ALD and S-ALD of ZnO.11 Ritala et al. did not
obtain the growth of In2O3 using TMIn and H2O.

17 Ott et al.
proposed that the ALD growth of In2O3 is hindered by the low
reactivity between TMIn and surface hydroxyl groups.18

Chalker et al.20 did not detect any growth of Ga2O3 by using
TEGa and H2O, but the growth of ZnGaO was achieved when
coinjecting DEZ and TEGa.19 Similarly, we observe the growth
of InZnO and InGaZnO when coinjecting DEZ, TMIn, and
TEGa in the deposition zone, although the use of TMIn/H2O
and TEGa/H2O does not result in any deposition.
Spontaneous homogeneous reactions between gas phase

reactants (e.g., DEZ with TMIn or TEGa) are energetically not
(or less) probable at the moderate temperatures used in our
experiments. It is more likely that, once a DEZ molecule has
adsorbed and fragmented at the substrate surface, an activated
transition state forms which is reactive enough to cause
polarity-induced dissociation of the metal−ligand bond of a
TMIn or TEGa molecule impinging on this reactive surface
entity.20

The absence of carbon contamination from the bulk of
InZnO and InGaZnO indicates that methyl groups bonded to
In- and Ga-atoms are effectively removed from the surface of
the film via a ligand exchange reaction with water molecules. A
high Langmuir exposure to water (∼3 Torr·s) has been used to
fully react the surface methyl groups.21,22 The possibility of
growing In2O3 or Ga2O3 by further increasing the Langmuir
exposure to water is currently under investigation. The low
reactivity of either Ga-CH3 groups with water or surface
hydroxyl groups bonded to In- and Ga-atoms with the metal
precursors, the formation of bridge M−O−M bonds (M = In,
Ga), or steric hindrance induced by In(CH3)x and Ga(CH3)x
fragments can result in a long nucleation period and in a
decrease of the GPC of InGaZnO, as we measure with
increasing In- or Ga-content (see Figure 1).18,23

XRD spectra of ZnO, InZnO, and InGaZnO are shown in
Figure 3. ZnO has a poly crystalline structure with (002) and

(100) main orientations, as commonly reported for films grown
by S-ALD.11 The incorporation of In-atoms in the ZnO lattice
induces a decrease in the intensity of the crystalline peaks and a
shift of the (100) peak positions toward lower angles. This
indicates the formation of tensile stress in the film, possibly
because of the creation of crystallographic defects (e.g., zinc
vacancies or interstitials) in the ZnO lattice. A further increase
in In-content (i.e., In/(Zn + In) = 23%) results in films with an
amorphous structure.24

The deposition of amorphous InZnO has been reported by
sputtering and conventional ALD.21,22,24 A transition from
polycrystalline to amorphous morphology is typically observed
in sputtered InZnO for an In-content of ∼40%.25 Similar results
are reported for ALD InZnO grown from supercycles of ZnO
and In2O3 binary oxides.21,22 For the deposition conditions
reported in this paper, In-atoms are incorporated in ZnO, but
they are not available as active surface sites for consecutive film
growth. In-atoms can disrupt the local growth of ZnO crystals,
inducing a transition to an amorphous phase at a much lower
In-content than reported for sputtering or conventional ALD.
InGaZnO films with (In + Ga)/(In + Ga + Zn) = 28% have an
amorphous structure, as shown in Figure 3d.
S-ALD a-IGZO has been tested as active channel material in

TFTs. Fifteen nm thick a-IGZO was deposited on highly doped
p-type Si substrate coated by 300 nm thick thermally grown
SiO2 dielectric. The samples were then annealed in ambient
atmosphere at 450 °C for 1 h. XRD spectra indicate that S-ALD
a-IGZO maintains an amorphous structure after annealing (not
shown). Postdeposition annealing up to 500 °C in air is known
to enhance the electron mobility in a-IGZO by removing trap
states near the conduction band minimum, which hinders the
electron transport.26−28 The devices were then annealed at 100
°C in an ambient atmosphere for 1 h to optimize the electrical
contacts of the IGZO films with the source and drain
electrodes.
Figure 4a shows the transfer characteristics (IDS − VDS

sweep) of a TFT with Ga/(In + Ga + Zn) = 8% and In/(In
+ Ga + Zn) = 20%. The current IDS markedly increases at a
positive gate bias (VGD), indicating that the channel is n-type.
The IDS − VDS characteristics exhibit a clear pinch-off and
current saturation. The estimated value of the field effect
mobility (μFE) is about 3.5 cm2/(V s), which is a factor of 3
lower than the mobility values typically reported for sputtered

Figure 2. Surface coverage of (a) InOx, ZnOx and (b) SiOx for InZnO
grown on SiO2 substrate versus number of ALD cycles measured by
the LEIS technique. Bulk composition of (c) 20 nm thick IZO and (d)
15 nm thick IGZO measured by XPS depth profiling.

Figure 3. XRD spectra of as deposited (a) ZnO, (b and c) InZnO, and
(d) InGaZnO. The metal composition of the films has been measured
by EDX.
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a-IGZO transistors. The negative onset voltage (−25 V)
implies a relatively high density of free carriers (>1017 cm−3).29

The transfer characteristics show little to no hysteresis
suggesting that the device is very stable. This has been
confirmed via bias stress measurements in air where the
nonpassivated InGaZnO TFTs displayed a remarkable low
threshold voltage shift of <0.2 V in both positive and negative
directions under applied gate fields of ±1 MV/cm. Bias induced
threshold shifts are commonly attributed to back channel
effects in these devices, such as high density of defects at the
dielectric/semiconductor interface. The good bias stress
stability therefore is in line with our original assumption that
S-ALD is a “soft” deposition technique.30

Next, we have investigated the influence of gallium and
indium cations on the electrical characteristics (i.e., μFE, Vth) of
the TFTs. As shown in Figure 4b, ZnO TFTs have a negative
threshold voltage (Vth = −10 V) and a low field effect mobility
(μFE = 0.1 cm2/(V s)).31−33 The incorporation of In-atoms in
the ZnO lattice (In/(In + Zn) = 27%) results in a sharp
increase of field effect mobility (10 cm2/(V s)) and in a lower
negative threshold voltage (−27 V) than for bare ZnO TFTs
(Figure 4b). According to the literature, a higher field effect
mobility is generally measured when increasing In-content in
the a-InZnO active channel. This is observed for a-InZnO
grown by several techniques, as sputtering, solution processing,
or pulsed laser deposition.34−36 Density functional theoretical
studies report that In 5s electrons are the majority carriers in a-
InZnO and a-InGaZnO.36,37 Localized Zn-vacancies can act as

hopping centers between In 5s orbitals, thus promoting the
electron transport.37 The overlapping of neighboring s orbitals
originating in the In3+-cations, whose s orbitals are larger than
that of Zn2+, enhances the electron mobility.1 In-substitution of
the Zn-sites provides excess electron carriers in addition to
those generated by intrinsic defects, which makes Vth more
negative than that for bare ZnO TFTs.
The threshold voltage rises from −27 V up to 1 V with

increasing the Ga-content from 0% to 15%, respectively, as
shown in Figure 4b. Ga-ions form stronger chemical bonds with
oxygen than with Zn- and In-ions because of their high ionic
potential, due to their +3 valence and small ionic radius.36

Therefore, Ga-ions hinder the formation of oxygen vacancies,
suppressing the generation of free carriers so that the value of
the threshold voltage of TFTs increases. In line with Iwasaki et
al., we measure a decrease in field effect mobility with higher
Ga-content (see Figure 4b).35 The random distribution of
Ga3+-ions in the a-InGaZnO lattice modulates the electronic
structure around the conduction band edge, creating a statistical
distribution of potential barriers, which hinder the electron
transport.38

■ CONCLUSIONS

In summary, we investigated the growth of a-InGaZnO by
atmospheric S-ALD and the effect of the chemical composition
of In- and Ga-cations on the electrical characteristics of TFTs.
Although the nonideal surface kinetics between vaporized metal
precursors and water hinders the growth of In2O3 and Ga2O3,
a-InGaZnO has been deposited by coinjecting DEZ, TMIn, and
TEGa. The influence of In- and Ga-cations on the electrical
characteristics of a-InGaZnO TFTs is similar to that reported
in the literature for other deposition techniques, such as
sputtering, solutions processing, and pulsed laser deposition.
These results show the viability of atmospheric S-ALD as a new
manufacturing technique for low-cost and large-area electronics
based on amorphous oxide semiconductors.
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