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ABSTRACT
This paper reports the effect of the cation composition on the electrical properties of amorphous
indium gallium zinc oxide (a-IGZO) thin-film transistors (TFTs) where atomic layer deposition (ALD)
was used to deposit an a-IGZO channel layer. The In0.38Ga0.18Zn0.44O transistors at a 200°C anneal-
ing temperature exhibited 39.4 cm2/V·s field effect mobility (µFE), −0.12 V threshold voltage (VTH),
0.40 V/decade subthreshold gate swing (SS), and > 107 ION/OFF ratio, corresponding to the state-of-
the-art characteristics of transistors with a sputtered IGZO channel. Further enhancement of theμFE
value was observed for the devices with a higher In fraction: the In0.45Ga0.15Zn0.40O transistor had a
higher μFE value of 48.3 cm2/V·s, −4.06 V VTH, 0.45 V/decade SS, and > 107 ION/OFF ratio. The cation
composition dependence on the performance of the a-IGZO TFTs was explained by analysing the
density-of-state (DOS) distribution for the corresponding devices using the experimental indepen-
dent variable (IV) and theoretical Technology Computer-aided Design (TCAD) simulation.
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1. Introduction

The demand for thin-film transistors (TFTs) with high
performance has been increasing due to the need for
low power consumption, ultra-high pixel density, good
form factor, and interactive functionality. In particular,
the research on metal oxide semiconductors that are
applicable to high-end active-matrix displays is in the
spotlight because of their merits, including high mobil-
ity, good uniformity over large areas, low process tem-
perature, optical transparency, and cost-effective fabri-
cation process[1–3]. Metal oxides consisting of ternary
or quaternary metal compounds (e.g. InZnO, ZnSnO,
InGaZnO) have been investigated for use in TFTs, and
their electrical properties can be adjusted by varying
the relative atomic ratios of the metal ions[4–5]. Among
them, amorphous indium gallium zinc oxide (a-IGZO)
has become an industry-standard channel layer due to
its extremely low leakage current, good subthreshold
gate swing (SS), reasonable mobility, and good long-term
reliability.

Magnetron sputtering is currently mainly used for
depositing the a-IGZO channel layer because it allows
a low-temperature process and good productivity of a
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facile a-IGZOfilmwith a cation composition close to that
of the sputtering targetmaterial. It is difficult, however, to
control the cation composition in the a-IGZO film. Also,
the presence of high-energy radicals in the plasma cham-
ber can damage the dielectric/semiconductor interface
and the growing film itself, which may act as unwanted
electrical trap states. Solution-based deposition processes
have been developed as alternatives to reduce the fab-
rication cost of a-IGZO films. The device performance
and electrical reliability of solution-based oxide transis-
tors, however, have turned out to be inferior to those of
sputtering-based devices. Atomic layer deposition (ALD)
has gained attention of late as an advanced process for
growing an a-IGZO channel layer because of its intrigu-
ing features, such as its accurate thickness/cation com-
position controllability, good uniformity, and good step
coverage. Some of the previous reports showed better
electrical performance compared to the sputtering and
solution-based process[6–10].

In this work, TFTs with an a-IGZO channel layer
grown via ALD were examined. In particular, the cation
composition of the a-IGZO film was tailored by adjust-
ing the subcycle duty and consequence. The a-IGZO
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TFTs with an optimized cation composition exhibited a
high field effect mobility (μFE) of 48.3 cm2/Vs, −4.06V
threshold voltage (VTH), 0.45V/decade SS, and >107

ION/OFF ratio. The cation-composition-dependent per-
formances of the a-IGZO TFTs were explained by ana-
lyzing the distribution of the density of states (DOS)
in a band gap, which were extracted by measuring the
temperature-dependent independent variable (IV) char-
acteristics based on the Meyer-Neldel rule (MN rule).
Such experimental DOS profiles for the various IGZO
TFTs were confirmed via Technology Computer-aided
Design (TCAD) simulation.

2. Experiment section

2.1. Materials and device preparation

Bottom-gate, top-contact-structure a-IGZO TFTs were
fabricated on a p+-Si substrate. A heavily doped, p-type
Si wafer was used as the gate electrode, and a ther-
mally oxidized 100-nm-thick SiO2 layer was used as the
gate dielectric. 13-nm-thick a-IGZO active layers were
deposited in a traveling-wave-type ALD apparatus (CN1
Co., Ltd., South Korea). The proposed source canisters
are bypass-type: metal precursors were injected directly
into the source line, and 50 standard cubic centimeter per
minute (sccm) N2 gas was used as the carrier gas for the
precursor delivery. The N2 gas flow rate was controlled
by a mass flow controller. The canister containing the In
precursor was maintained at 80°C to provide sufficient
vapor pressure and dose, while the canisters containing
the Ga and Zn precursors were kept at room temperature
because they have sufficient vapor pressure at room tem-
perature. O3 was used as a reactant. A 970 sccm O2-30
sccm N2 gas mixture was introduced into the O3 genera-
tor, which produces O3 gas at a 250 g/m3 concentration.
An a-IGZO active layer was grown in one cycle, which
consists of several sequential steps in a sequence of In2O3,
ZnO, and Ga2O3 subcycles. By adjusting the number of
subcycles of each binary metal oxide, a-IGZO layers with
different cation compositions were obtained. A rather
long purge time (10 s for each metal precursor and O3
purge) was adopted to prevent the mixing of the pre-
cursors and the reactant. The substrate temperature was
set at 250°C, at which simultaneous self-limiting behav-
iors of the In2O3, Ga2O3, and ZnO films in terms of the
substrate temperature were observed. The a-IGZO active
layer was patterned via photolithography and wet etch-
ing.After that, post-deposition annealing (PDA)was per-
formed in the air for 1 h, at 200°C, for the a-IGZO active
layer. An indium tin oxide (ITO) film was deposited as a
source/drain (S/D) electrode via DC magnetron sputter-
ing, and was patterned through the lift-off method. The

Table 1. Weight percentages obtained through XRF analysis, and
atomic percentages obtained by converting the weight percent-
ages.

Sample A Sample B Sample C

Cation components wt. % at. % wt. % at. % wt. % at. %

In 50 38 54 42 57 45
Ga 17 18 14 15 14 15
Zn 33 44 32 43 29 40

channel width (W) and length (L) of the a-IGZO TFTs
were 10 and 50 μm, respectively. The completed devices
were subjected to contact annealing in the air for 1 h, at
250°C.

2.2. Characterization

The chemical compositions of the a-IGZO films were
examined via X-ray fluorescence (XRF; Thermo Scien-
tific) spectroscopy, for which the atomic concentration
was calibrated via proton-induced X-ray emission. The
weight percentages (wt. %) of the cation compositions
obtained via XRF analysis for the a-IGZO thin films are
summarized in Table 1, where the relative cation per-
centage (at. %) of each film was calculated by consider-
ing its molecular weight. The thicknesses of the In2O3,
ZnO, Ga2O3, and a-IGZO films were measured via spec-
troscopic ellipsometry (SE). The chemical states of the
a-IGZO films were analyzed via X-ray photoelectron
spectroscopy (XPS; SIGMA PROBE, ThermoVG). The
back surface region (∼5 nm) of the a-IGZO films was
etched via plasma in-situ etching in the XPS chamber to
remove the surface contamination. In this study, the O
1s XP spectra were deconvoluted into three asymmetric
Lorentzian–Gaussian peaks with a Shirley background.
The net electron density (ne) andmobility of the a-IGZO
films were evaluated through Hall effect measurement
using the van der Pauw configuration. The electrical
characteristics of the a-IGZO TFTs were measured in the
air, at room temperature, using a Keithley 2636 source
meter.

3. Results and discussion

Figure 1 shows the variations in the thicknesses of the
In2O3, Ga2O3, and ZnO thin films as a function of
the number of ALD cycles. A linear relationship was
observed between the number of ALD cycles and the
film thickness, which is expected in the typical ALD
process.

Figure 2 shows the representative transfer and out-
put characteristics of the a-IGZO TFTs with differ-
ent cation compositions, which were fabricated through
200°C PDA. The μFE was calculated from the linear



J. INF. DISP. 75

Figure 1. Variations in the thicknesses of the In2O3, Ga2O3, and ZnO thin films as a function of the number of ALD cycles.

Figure 2. Transfer and output characteristics of the ALD-derived a-IGZO TFT with 200°C PDA: [(a),(d)] In:Ga:Zn = 0.38:0.18:0.44; [(b),(e)]
In:Ga:Zn = 0.42:0.15: 0.43; and [(c),(f )] In:Ga:Zn = 0.45:0.15:0.40.

transfer characteristics as μFE = L·gm/(W·COX·VDS) at
VDS = 0.1V, where gm and COX are the transconduc-
tance and oxide capacitance of the gate insulator per
unit area, respectively. The μFE value in this study
was extracted at VGS = 20V. The VTH was deter-
mined by the gate voltage (VGS), which induces a
L/W × 10 nA drain current (IDS) at 5.1 V VDS. The
SS (=dVGS/dlogIDS [V/decade]) was extracted from
the linear part of the log(IDS) vs. VGS plot. The TFT
with an In0.38Ga0.18Zn0.44O channel layer showed a
high μFE value of 39.4± 0.6 cm2/Vs, −0.12± 0.13V
VTH, 0.40± 0.04V/decade SS, and >107 ION/OFF ratio

(Figure 2(a) and Table 2). It is noted that these mobil-
ity metrics are superior to those of sputtering-based a-
IGZO devices. As the In/Ga ratio increased in the IGZO
channel layer, the μFE values of the resulting devices
were improved. Thus, the In0.45Ga0.15Zn0.40O transis-
tors exhibited a high μFE value of 48.3± 1.7 cm2/Vs,
−4.06± 0.42V VTH, and 0.46± 0.04V/decade SS with-
out any ION/OFF ratio (>107) compromise. The output
characteristics for all the IGZOTFTs showed clear pinch-
off, which indicates that the electron transport in the
ALD-derived a-IGZO transistor was controlled by the
VGS and VDS.
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Table 2. μFE, VTH, SS, and ION/OFF ratio device parameters of the a-
IGZO TFTswith different cation compositions andwith 200°C PDA.

Sample μFE [cm2/Vs] VTH [V] SS [V/decade] ION/OFF

In0.38Ga0.18Zn0.44 39.4± 0.6 −0.12± 0.13 0.40± 0.04 > 107

In0.42Ga0.15Zn0.43 46.4± 1.3 0.57± 0.42 0.46± 0.04 > 107

In0.45Ga0.15Zn0.40 48.3± 1.7 −4.06± 0.42 0.45± 0.06 > 107

To obtain an insight into the cation-composition-
dependent mobility variations for the IGZO TFTs, the
chemical states of the a-IGZO films with different cation
compositions were examined via XPS. Figure 3 shows the
O 1s peak XP spectra of the a-IGZO films with different
cation compositions. The photoelectron binding ener-
gies were calibrated to the C 1s peak for the C–C bonds
at 284.5 eV. The O 1s peak was deconvoluted into three
peaks at 530.5, 531.5, and 532.5 eV. The O 1s peaks cen-
tered at 530.5 and 531.5 eV were assigned to the oxygen
in the oxide lattices without and with an oxygen vacancy
(VO), respectively [11]. The peak at 532.5 eV was identi-
fied as impurity-related oxygen, such as hydroxyl groups.
The relative areas of the VO-related peak increased
monotonically with increasing In/Ga ratio. The val-
ues for the In0.38Ga0.18Zn0.44O, In0.42Ga0.15Zn0.43O, and
In0.45Ga0.15Zn0.40O films were 38, 40, and 43%, respec-
tively, as summarized in Table 2. On the other hand, the
relative areas of the hydroxyl-group-related peaks were
nearly independent of the cation composition (Table 3).

Figure 4 shows the variations in the net carrier
density (ne) and Hall mobility estimated from the
Hall measurements for the a-IGZO thin films with
different cation compositions. The ne increased with
increasing In/Ga ratio in the a-IGZO films. The ne
values for the In0.38Ga0.18Zn0.44O, In0.42Ga0.15Zn0.43O,
and In0.45Ga0.15Zn0.40O films were 3.6(±1.2)× 1018,
7.2(±2.5)× 1018, and 3.1(±1.3)× 1019 cm−3, respec-
tively. The correspondingHallmobility of the IGZOfilms
also increasedmonotonically with increasing In/Ga ratio.
The physical roles of the In cation are well established as
those of amobility enhancer and a carrier generator. First,
the intercalation of the In 5s orbital in IGZO provides an

Table 3. Deconvoluted O 1s peak results of the a-IGZO thin films
with different cation compositions.

O 1s

Samples
Lattice oxygen
(530.5 eV)

Oxygen vacancy
(531.5 eV)

Hydroxyl
(532.5 eV)

In0.38Ga0.18Zn0.44O 0.57 0.38 0.05
In0.42Ga0.15Zn0.43O 0.54 0.40 0.06
In0.45Ga0.15Zn0.40O 0.52 0.43 0.05

Figure 4. Variations in the ne and Hall mobility of the a-IGZO
thin films with different cation compositions extracted via Hall
measurement.

effective percolation pathway of electron carriers because
its ionic radius is larger than those of the Zn2+ and Ga3+
ions. Therefore, a higher In loading results in enhanced
mobility due to the facile percolation path and the lower
effective electron mass. On the other hand, the increas-
ing incorporation of In cation favors the generation ofVO
defects as In-O has the lowest bond strength among M-
O (M = In, Ga, Zn). The electrical role of the VO defects
depends on the local coordination structure in a-IGZO.
A VO with a large open space or a smaller coordina-
tion number, as from a corner sharing site, is calculated
to be a shallow or deep trap state, which is frequently
observed for the as-deposited or open structure [12]. On
the other hand, a VO with fully coordinated cations, such

Figure 3. O 1s XP spectra of the a-IGZO thin films with different cation compositions: (a) In:Ga:Zn = 0.38:0.18:0.44; (b)
In:Ga:Zn = 0.42:0.15:0.43; and (c) In:Ga:Zn = 0.45:0.15: 0.40.
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as on a face or an edge of an a-IGZO film, acts as a
beneficial shallow donor, which is favored in a denser
network. Thus, it is obvious that the largest VO density
was obtained for In0.45Ga0.15Zn0.40O (in the O 1s XP
spectra), which is the reason for its highest ne value (in
the Hall effect data). In addition, the highest mobility
for the In0.45Ga0.15Zn0.40O TFT can be attributed to not
only the smallest percolation path formation but also the
percolation-boosting effect based on the proportionality
between ne and μFE [1].

To obtain an insight into the cation-composition-
dependent performance of a-IGZO TFTs, the DOS pro-
files in a forbidden band gap of the a-IGZO semiconduc-
tor were extracted from the measurement-temperature-
dependent IV characteristics based on the MN rule.
There are many previous studies that extracted the DOS
of the metal oxide TFT by applying the MN rule [13,14].
Following the MN theory, for a thermally activated pro-
cess (A), a prefactor A0 can be defined in the following
Arrhenius equation:

A = A0 · exp
(

−EA
kT

)
, (1)

where k is the Boltzmann constant, T is the temperature,
and EA is the activation energy of the process. Also, for

disordered systems,A0 and EA have a correlation that can
be described using the following equation:

A0 = A00 · exp
(

EA
EMN

)
, (2)

where EMN and A00 are the MN energy and prefactor for
A0, respectively. These relationships between A0 and EA
are observed for the current of conductance in various
types of TFTs, whether organic or inorganic. Thus, the
thermally activated IDS of the TFTs can be described by
the following equations:

IDS = IDS0 · exp
(

−EA
kT

)
, (3)

IDS0 = IDS00 · exp
(

EA
EMN

)
, (4)

IDS = IDS00 · exp
[(

1
EMN

− 1
kT

)
EA

]
, (5)

where IDS0 and IDS00 are the prefactors, respectively, for
IDS. From theseMN relations, the total DOS distribution
for a-IGZO TFT devices with different cation compo-
sitions with 200°C PDA was calculated. Figure 5(a)-(c)

Figure 5. Relationship between 1/kT and IDS as a function of VGS, and calculated DOS distribution as a function of the energy (E-EC) for
devices: [(a),(d)] In0.38Ga0.18Zn0.44OX; [(b),(e)] In0.42Ga0.15Zn0.43O; and [(c),(f )] In0.45Ga0.15Zn0.40O TFT with 200°C PDA.



78 M. H. CHO ET AL.

show the relationship between 1/kT and IDS as a function
of VGS for the different a-IGZO TFTs with 200°C PDA,
where a common crossing pointwas clearly observed. For
each dataset, EA and IDS0 can be determined using the
minimum linear squaremethod. Figure 5(d)-(f) show the
calculated DOS distribution as a function of the energy
(E-EC) for the a-IGZO TFTs. The total DOS value at a
specific energy level is the summation of N it and NSS
because both trap states hinder the moving up of the
EF level at the interface with increasing VGS (>VFB).
The total DOS distributions were found to increase when
the compositions of the In and Ga cations increased and
decreased, respectively. A portion of this VO defect can
act as a carrier trap center located in the tailing states
below the aforementioned CB edge. This explanation is
consistent with the above experimental observation: the
increasing DOS distributions with increasing In fraction
in the ALD-derived a-IGZO transistors.

TCAD simulation was performed to double-check
the MN-rule-based extraction of the DOS distributions
of the given a-IGZO TFTs. Figure 6 shows that the

measured transfer characteristics of the a-IGZO TFTs
can be well fitted by the model obtained from the
TCAD simulation incorporating the extracted DOS as
a parameter. In the simulation, the free-electron densi-
ties nfree = 3.2× 1017, 3.6× 1017, and 4.3× 1017 cm−3

for In0.38Ga0.18Zn0.44O, In0.42Ga0.15Zn0.43O, and In0.45
Ga0.15Zn0.40O, respectively, and Schottkey barrier height
�B = 0.26 eV (between the a-IGZO and S/D ITO elec-
trodes), were used. Figure 7 shows the subgap DOS
distribution of the a-IGZO TFTs with different cation
compositions obtained from the MN rule and the TCAD
simulation. The extracted acceptor-like DOS g(E) close
to EC was empirically modeled to be a superposition of
deep and tail states in exponential form, as follows:

g(E) = NTA ∗ exp
[
E − Ec
kTTA

]
+ NDA ∗ exp

[
E − Ec
kTDA

]
,

(6)

with NTA = 1.18× 1018, 1.35× 1018, and 2.68× 1018

cm−3, respectively, and kTTA = 0.06, 0.055, and 0.05 eV,
for the tail states from the conduction band. Also,

Figure 6. Measured transfer characteristics of the a-IGZO TFTs compared with those of the model obtained from the TCAD simulation
incorporating the extracted DOS: (a) In0.38Ga0.18Zn0.44O; (b) In0.42Ga0.15Zn0.43O; and (c) In0.45Ga0.15Zn0.40O TFT with 200°C PDA.

Figure 7. DOS distribution of the a-IGZO TFTs obtained from the MN rule and the comparative result of the TCAD simulation: (a)
In0.38Ga0.18Zn0.44O; (b) In0.42Ga0.15Zn0.43O; and (c) In0.45Ga0.15Zn0.40O TFT with 200°C PDA.



J. INF. DISP. 79

NDA = 3.0× 1016, 2.0× 1016, and 1.5× 1017 cm−3,
respectively, and kTDA = 0.27, 0.50, and 0.15 eV, for the
deep states from the conduction band. The comparative
result from the TCAD simulation is the well-fitted result
of the data obtained from the MN rule.

Finally, it was noted that the gate bias thermal sta-
bility of ALD-derived IGZO TFTs is important for their
implementation in commercial products. This reliability
is being investigated, and the result of the investigation
will be reported elsewhere.

4. Conclusion

In this work, the effect of the cation composition on the
performance of amorphous indium gallium zinc oxide
(a-IGZO) thin-film transistors (TFTs) where an IGZO
channel layer had been deposited via atomic layer depo-
sition (ALD) was investigated. The cation composition
ratio of the a-IGZO channel layer was controlled by
the changing number of injection subcycles of binary
In2O3, Ga2O3, and ZnO during ALD growth. It was
found that the carrier mobility of the fabricated transis-
tors increased with increasing In fraction in the a-IGZO
film. At the same time, the VTH value showed a nega-
tive displacement with increasing In fraction whereas the
ION/OFF ratio was maintained irrespective of the In frac-
tion. This behavior can be well explained by the role of
In cation as a carrier generator and an oxygen vacancy
(VO) creator. Thus, the In0.45Ga0.15Zn0.40O transistor
exhibited a respectable high μFE value of 48.3 cm2/Vs,
−4.06 threshold voltage (VTH), 0.45V/decade subthresh-
old gate swing (SS), and a good ION/OFF ratio of >107.
The Meyer-Neldel rule (MN rule)- and Technology
Computer-aided Design (TCAD) simulation-based DOS
distribution analysis for the different a-IGZO transis-
tors revealed that the acceptor-like tail states below the
CB edge increased with increasing In fraction in the a-
IGZO channel, which is responsible for the higher SS
factor for the In0.45Ga0.15Zn0.40O transistor. The high-
performance ALD-derived a-IGZO semiconductor can
be implemented in the various emerging devices for the
high-end next-generation active-matrix organic light-
emitting diode (AMOLED) and flexible and stretchable
display.
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