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The Role of Third Cation Doping on Phase Stability, Carrier 
Transport and Carrier Suppression in Amorphous Oxide 
Semiconductors  

Austin Reedb, Chandon Stoneb, Kwangdong Rohc, Han Wook Songd, Xingyu Wanga, Mingyuan Liua, 
Dong-Kyun Koe, Kwangsoo Nof and Sunghwan Leea,* 

Amorphous oxide semiconductors (AOSs), specifically those based on ternary cation systems such as Ga-, Si-, and Hf-doped 

InZnO, have emerged as promising material candidates for application in next-gen transparent electronic and optoelectronic 

devices. Third cation-doping is a common method employed during the manufacturing of amorphous oxide thin film 

transistors (TFTs),  primarily with the intention of suppressing carrier generation during the fabrication of the transistor’s 

channel layer. However, the incorporation of a third cation species has shown to negatively affect the carrier transport 

properties of the thin film, as it may act as additional scattering center and subsequently lower the carrier mobility from 

~20-40 cm2/Vs of In2O3 or a binary cation system (i.e., InZnO) to the range of ~1-10 cm2/Vs. This study investigates the 

structural, electrical, optoelectronic, and chemical properties of the ternary cation material system, InAlZnO (IAZO). The 

optimized carrier mobility (Hall Effect) of Al-doped InZnO is shown to remain as high as ~25-45 cm2/Vs. Furthermore, Al 

incorporation in InZnO proves to enhance the amorphous phase stability under thermal stresses when compared to baseline 

InZnO films. Thin film transistors integrating optimized IAZO as the channel layer are shown to demonstrate promisingly high 

field effect mobilities (~18-20 cm2/Vs), as well as excellent drain current saturation and high drain current on/off ratios 

(>107). The high mobility and improved amorphous phase stability suggests strong potential for IAZO incorporation in the 

next generation of high performance and sustainable optoelectronic device applications such as transparent display 

technology.

Introduction 

Transparent optoelectronic materials have gained significant 

attention for application in high performance devices such as next 

generation displays2, 3, photovoltaics4, electrochromic devices5, and 

sensors6, 7. Metal oxide-based semiconductors, specifically, are a 

promising group of transparent optoelectronic materials, now 

considered to be the vital building blocks for future device 

applications due to the unique combined properties of excellent 

optical transparency (from the visible to near-infrared regime), and 

high electrical conductivities8, 9. Metal oxides have already seen 

wide implementation in various optoelectronic devices, depending 

on their electrical conductivity, as transparent electrodes by 

degenerately-doped oxides such as indium tin oxides (ITO)10 and 

doped zinc oxides (ZnO)11, 12, as semiconducting active layers based 

on In2O3
13, ZnO14 or SnO2

15, 16, and as insulators (e.g., SiO2, Al2O3, 

HfO2) for dielectrics or encapsulations17, 18. 

The key pixel driving switches in display technologies, thin film 

transistors (TFTs), require a vast array of demanding material 

properties such as high carrier mobilities (usually defined as the 

“TFT field effect mobility”)2, 19, low thermal budgets during 

processing20, resilient phase stability21, and reliable device 

performance under high thermal and bias stress conditions22, 23. 

Amorphous oxide semiconductors (AOSs), specifically those based 

on indium oxides, are receiving unique attention for TFT 

implementation due to their promisingly high carrier mobilities (> 5-

20 cm2/Vs13, 22) compared to conventional amorphous Si (<~1 

cm2/Vs)2, 24, 25, low processing temperature requirements (ambient 

to 200 °C)2, 13, superior mechanical flexibility to their crystalline 

counterparts2, and large area process-ability25. Indium oxide-based 

binary and ternary cation material systems show tremendous 

promise for use in next generation displays as these materials 

exceed the aforementioned material property and fabrication 

requirements. Unfortunately, undoped In2O3 experiences a rapid 

onset of microstructural crystallization at very low homologous 

temperatures (T/Tm<0.19) at 150 °C26, 27 and struggles to maintain 

its amorphous phase structure. The inclusion of Zn in In2O3 has 

revealed a viable and promising binary cation material which 
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specifically addresses the structural instability of undoped In2O3, 

Indium Zinc Oxide (IZO), as the addition of Zn into In2O3 proves to 

stabilize the temperature-sensitive amorphous phase of indium 

oxide. Furthermore, the reported carrier mobility of IZO has shown 

to be as high as 20-40 cm2/Vs for both Hall20, 28 and 15-30 cm2/Vs 

for TFT field effect mobilities3, 19, 29. Studies have dug deeper to 

further unveil the effects of doping of In2O3-basd materials, and the 

ternary cation system of indium gallium zinc oxides (IGZO) has 

proven to be even more popular than binary systems as the 

addition of Ga in IGZO allows for the controllable suppression of 

channel carrier density during TFT applications2, 30-32 (preferred for 

TFT devices where a low device off-state current is desired). In 

addition to Ga, more third cation species have been investigated as 

suitable material candidates such as Hf32, 33, Si34, and Zr35, but the 

carrier mobilities (~3-10 cm2/Vs2, 30, 31) are around 3-10 times lower 

than that of  In2O3
20 or IZO20, 28, 29.  

Therefore, securing strategies to develop a material system which 

maintains both high carrier mobility (e.g., >~20 cm2/Vs) and 

suppresses carrier generation for TFT channel application is of 

significant importance, and is necessary to expedite the realization 

of next-generation transparent displays which possess reliable 

performance, fast switching speed, and, consequently, ultra-high 

definition resolution.  In this study, the ternary cation oxide system 

of indium aluminium zinc oxide (IAZO) is investigated with varying 

Al concentration in IAZO thin films. The IAZO thin films were 

deposited using magnetron co-sputtering at room temperature. The 

structural, optical, and electrical properties were systematically 

characterized as a function of Al concentration and compared to 

baseline IZO samples. The carrier transport characteristics, as well 

as the dominant mechanisms for carrier density and resistivity and 

their relation to Al concentration, are discussed. Furthermore, 

amorphous IAZO-based TFTs were developed to objectively 

compare and validate device performance and parameters against 

IZO-based TFTs. 

Experimental 

Films of IZO and IAZO were deposited on cover slip glasses and Si 

wafers. The IZO films were sputter-deposited using a multi-target 

magnetron sputtering system from a commercially-available 

sintered IZO target (JX Nippon Mining & Metals USA, Inc.) at a DC 

power of 20 W in a pure Ar sputter gas. IAZO films were prepared 

via co-sputtering of two source targets of IZO and Al with the same 

conditions for IZO and Al at RF powers of 10 W, 20 W, and 30 W to 

adjust the concentration of Al in the resulting IAZO films, leading to 

the Al concentration of 4 wt.%, 8.9 wt.%, and 16.7 wt.%, 

determined via X-ray energy dispersive spectroscopy (EDS). The EDS 

elemental analysis is provided in Figure S1 in Supporting 

information. Separate types of power sources were intentionally 

selected for IZO (DC) and Al (RF) to limit the Al material 

concentration in the IAZO films as additional cation species (Al in 

this study) have been shown to act as scattering and/or trapping 

centers which deteriorate carrier transport and, consequently, 

overall electrical conductivity. Prior to film depositions, the 

chambers were pulled down to a base vacuum of ~2x10-7 Torr. 

Working pressures were maintained at a constant level of ~4x10-3 

Torr. To create a uniform environment within the sputter chamber, 

ensure constant gas flow and pressure, and remove any residual 

contaminants on the surface of the targets, a 300 second pre-

sputter coat was employed prior to each deposition. All depositions 

were performed at room temperature.  

The electrical properties of the series of IAZO films were 

characterized through a custom-built four-point probe apparatus 

and a Hall Effect electromagnet system; carrier densities and 

mobilities were determined via Hall Effect measurements at current 

source of <1 nA and a magnetic field magnitude of 5200 Gauss from 

a GMW Associates electromagnet. The source current and 

specimen voltages were monitored with a Keithley 4200-SCS unit 

with input impedance greater than 1 TΩ. To complement the 

measurements taken by the four-point probe and ensure accuracy, 

resistivity values were also determined via Hall measurements. 

The amorphous and crystalline structures of the IAZO films were 

characterized via x-ray diffraction (XRD) analysis utilizing a Siemens 

D5000 diffractometer, Cu K-α radiation (λ=1.54 Å) at an operating 

voltage and amperage of 40 kV and 40 mA, respectively. Glancing 

incident angle diffraction measurements with an incident angle of 

approximately 1° were taken to maximize x-ray penetrating depth 

in the films and hence to obtain reasonably high diffraction 

intensity for IAZO thin film analysis. The surface topographic 

microstructure images and root mean square (RMS) roughness of 

IAZO were obtained using atomic force microscopy (AFM, Veeco 

Multimode with Nanoscope V) in tapping mode with a Bruker Si 

cantilever (tip frequency of 330 kHz).  A scanning electron 

microscope (SEM, FEI Quanta 200 FEG SEM) was used to 

complement AFM surface investigations.  Energy dispersive X-ray 

spectroscopy (EDS, Oxford Instruments X-Max80) coupled to SEM 

were used to quantify the elemental composition of the prepared 

films. The optical properties were measured using a Varian Cary 50 

UV-Vis spectrometer in the visible regime wavelength of 300-800 

nm. An FS-1 multi-wavelength ellipsometer (Film Sense) with an 

incident and detection angle of 65° was used to measure film 

thickness.     

To provide proof of concept via device application, bottom-gated 

amorphous oxide TFTs were fabricated utilizing IAZO as the 

functioning channel layer material (30nm). For valid baseline 

comparison during TFT performance analysis, IZO-channel TFTs were 

developed under identical sputtering parameters. Both sets of TFTs’ 

(IZO and IAZO) channel layers were deposited using the 

aforementioned sputtering parameters, with the exception of 

substituting the sputter gas with an ultra-high purity blend of Ar/O2 

(80/20 vol. ratio) to limit excess carrier generation via the formation 

of oxygen vacancies. Heavily doped Si wafers (0.003-0.005 Ωcm) 

were used as the bottom gate layer, with thermally grown SiO2 (50 

nm) serving as the gate dielectric material. Source and drain (S/D) 

terminals (100 nm) were grown via DC sputtering of Ti (40W) with 

pure Ar sputter gas. Channel and S/D patterns were defined using an 

in-situ shadow masking technique. Device performances were 

evaluated with an Agilent 4155B semiconductor parameter analyzer 

in a light tight probe station in ambient conditions. More than 18 TFT 
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devices were fabricated for both sets of TFTs (IZO and IAZO) to gather 

reliable data and provide evidence of repeatability. 

Results and discussion 

Microstructure and elemental distributions 

A schematic diagram for co-sputtering is provided in Figure 1(a), 

where two sputter guns, out of a total of three, for a multi-target 

sputtering system are shown, and samples are delivered from a 

load lock chamber to the main chamber to maintain consistent low 

chamber vacuum conditions by minimizing particle impurities 

introduced by exposure to ambient air. Figure 1(b) shows the RMS 

roughness of the IAZO films as a function of Al concentration in 

weight % (Al wt.%, samples denoted as # wt.% IAZO), along with the 

associated AFM topographic images (right). The AFM images and 

the roughness were measured from all 70 nm-thick IAZO films over 

the area of 1 μm x 1 μm. RMS roughness increases with increasing 

Al concentration: the roughness of 0 wt.% IAZO (i.e., IZO) is found 

to be 1.43 nm; 4 wt.% IAZO of 2.70 nm; 8.9 wt.% IAZO of 3.30 nm; 

and 16.7 wt.% IAZO of 4.86 nm. Increasing roughness is attributed 

to the distortion and increased disorders in the material due to the 

increasing incorporation of additional species (i.e., Al). 

 Plan-view SEM micrographs in Figure 2(a) complement the AFM 

investigations and support the RMS roughness shown in Figure 1(b). 

For 0 wt.% IAZO, a very smooth surface with no specific 

microfeatures is seen; yet, with increasing Al concentration, as first 

observed in the AFM imaging, a clear evolution of film 

microstructures is depicted. Note that while the microstructures 

show grain-like features in the Al-incorporated films, the features 

are due to the surface morphological information as no evidence on 

amorphous/crystalline structure is provided by the SEM 

micrographs. To further investigate the structural properties of the 

IAZO films, particularly for the features presented in the higher Al 

concentration films, x-ray diffraction measurements were made and 

will be discussed in detail with Figure 3. EDS elemental distribution 

Figure 2. (a) Plan-view SEM micrograph images as a function of Al concentration where 0 wt.% IAZO presents a very smooth surface, 
however, the microstructure evolution is clearly observed with Al concentration; and EDS elemental mapping analysis of (b) 8.9 wt.% 
IAZO and (c) 16.7 wt.% IAZO films, from which it is confirmed that all element species of Al, In, O and Zn are uniformly distributed 
across the measured sample area with no significant elemental segregation or separation.

Figure 1. (a) a schematic of co-sputtering from sintered ceramic 
IZO and Al metal targets where the IZO target is connected to 
a dc sputter gun and the Al target is loaded to a rf gun, which 
is strategically designed to limit the deposition rate of Al and 
its concentration in the resulting IAZO film; and (b) RMS surface 
roughness as a function of Al concentration in wt.%, where the 
roughness increases with increasing Al concertation. Inset AFM 
images obtained over the area 1μm x1μm are also shown with 
Al concentration from which the RMS roughness was 
determined.
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analyses were performed to investigate the elemental distribution 

of the IAZO films, particularly to see if any elemental segregation is 

responsible for the microstructural changes observed in Al-doped 

films. EDS mapping images for 8.9 wt.% IAZO and 16.7 wt.% IAZO 

are presented in Figure 2(b) and (c), respectively where all the 

elements of In, Al, Zn and O are confirmed to be uniformly 

distributed in the films without any elemental segregation or 

separation. 

Amorphous/crystalline structure through 
GIAXRD: as-deposited 

Figure 3 presents glancing incident angle XRD (GIAXRD) spectra of 

the as-deposited IAZO films as a function of Al content including IZO 

as 0 wt.% IAZO. It should be noted that no crystalline features are 

observed in all the series of IAZO films in the as-deposited 

diffraction patterns, which indicates that all the resulting films are 

in the amorphous state. The observed amorphous diffraction curves 

with no metal Al features also confirm the complete incorporation 

of sputtered Al into the resulting IAZO films during the reactive co-

sputtering. The as-deposited XRD patterns of IAZO will be compared 

later with those of annealed IAZO films and will be related with the 

effect of Al incorporation on the amorphous phase stability. In a 

series of XRD patterns, the broad amorphous peak appeared in the 

diffraction range of 15° < 2θ < 35° is seen, which attributed to glass 

substrates. 

Evaluation of electrical properties as a function of Al 

concentration 

The electrical properties of IAZO measured through Hall Effect and 

four-point probe are displayed in Figure 4. The resistivity shown in 

Figure 4(a) increases with increasing Al concentration in IAZO: the 

lowest resistivity of 4.1x10-4 Ω cm is achieved from 0 wt.% IAZO 

(i.e., IZO), then the resistivity monotonically increases as Al 

concentration increases, and the highest resistivity of ~3.8 Ω cm is 

obtained at the highest Al concentration (16.7 wt.%) in this study. 

The overall resistivity is a combined result of carrier density (n) and 

carrier mobility (μ) according to the typical resistivity equation, 

ρ=1/σ=1/qnμ. The carrier density and carrier mobility are presented 

in Figure 4(b) and (c), respectively. As the incorporation of Al 

increases in the IAZO films, the carrier density decreases from 4.7 x 

1020 /cm3 (0 wt.% Al) to ~7.9 x 1017 /cm3 (16.7 wt.% Al). This carrier 

density trend can be attributed to the following two reasons.: First, 

as reported, Zn is not activated to contribute to the generation of 

free carriers in IZO, the carrier density is mainly attributed to non-

stoichiometric oxygen in indium oxides36. With increasing Al 

concentration in IAZO, the stoichiometric conditions of oxygen 

changes since the incorporated Al preferentially reacts with oxygen 

rather than existing as metallic Al or metallic compounds, which is 

supported by our XRD analysis showing the absence of crystalline 

features in Figure 3. This claim is also supported by the fact that the 

binding (or dissociation) energy between Al and O (Al-O bonding, 

5.32 eV) is greater than In-O and Zn-O bondings of 3.74 and 2.95 

eV, respectively37-40. The presence of high metal-oxygen binding 

energy components is known to suppress the carrier generation in 

indium oxide-based AOS materials since the number of overall 

oxygen vacancy reduces41-43. Second, with the increase in Al 

incorporation, the number of In-O bonding per unit volume 

decreases, which has been studied previously to determine the 

carrier density of AOS materials41-43. This may account for the 

reduction in carrier density with increasing Al incorporation in IAZO 

films. 

The carrier mobility as a function of Al concentration is shown in 

Figure 4(c). The IZO (0 wt.% IAZO) shows the carrier mobility of 

~31.8 cm2/Vs and a maximum mobility of ~34.7 cm2/Vs is reached 

at an Al concentration of 4 wt.%. At a higher concentration of Al, 

the carrier mobility steeply decreases with increasing Al: at Al 

concentrations of 8.9 and 16.7 wt.%, the mobilities are ~27.5 and 

2.6 cm2/Vs, respectively. Although the carrier transport in multi-

cation system is complicated, there are three known primary 

mechanisms that govern the transport in IAZO system. First is the 

ionized (or charged) impurity scattering. It has been theoretically44-

46 and experimentally1, 47, 48 studied that oxygen vacancy is the 

primary intrinsic dopant in AOS to generate free carriers. This 

oxygen vacancy mechanism creates two free electrons per oxygen 

vacancy, following the defect equation below: 

𝑶𝒐
𝒙 =

𝟏

𝟐
𝑶𝟐(𝒈) + 𝑽𝑶

•• + 𝟐𝒆′ (1)

 
where, 𝑉𝑂

•• is the oxygen vacancy and 𝑒′is electron. In general, 

indium oxide-based materials that are prepared in reducing 

conditions are degenerate semiconductors with high carrier 

concentration and thus have high density of oxygen vacancies. In 

this high carrier concentration regime (typically > 1020 /cm3 in 

AOSs), ionized impurity scattering from the large number of 

charged oxygen vacancy dominates the carrier transport. With the 

increase in carrier concentration, enhancement in ionized impurity 

scattering reduces the carrier mobility. 

The second mechanism is the neutral (non-charged) scattering 

which arises from the atomic disorder49, 50 caused by Al 

incorporation. Similar carrier transport behavior (i.e. reduction in 

carrier mobility) due to the addition of third elements has been 

observed in IGZO51, 52as well as other ternary cation systems 

Figure 3. As-processed XRD spectra of a series of IAZO films as a 
function of Al concentration where no significant crystalline 
diffractions are detected, which indicates that all IAZO films are 
in the amorphous state.
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including IHfZO (i.e, Hf as the third element)32, 33, 53, ISiZO (i.e., Si as 

the third element)34 and IZrZO (i.e., Zr as the third element)35. In 

general, the carrier mobility of those ternary cation AOS materials 

(3-10 cm2/Vs)33, 34 is much lower than the binary counterparts (e.g., 

IZO) of 20-40 cm2/Vs20, 29. 

Third is the effect of charge screening. When carrier concentration 

falls below the degenerate regime, negatively charged electrons, 

which are the majority carriers in the our material, screen positively 

charged oxygen vacancies (doubly-charged as shown in the defect 

equation (1) above) due to the Coulomb potential, by which carrier 

electrons are localized around the oxygen vacancies54. Therefore, 

the screening mechanism facilitates the transport of other free 

carriers that are not involved in the charge screening. Hence, in this 

low carrier concentration regime, the carrier mobility increases with 

increasing carrier density. The carrier mobility trend shown in 

Figure 4(c) can be understood based on these three mechanisms. 

The initial increase in carrier mobility, from 31.4 cm2/Vs at 0 wt.% 

IAZO to 35.1 cm2/Vs at 4 wt.% IAZO Al, is attributed to the ionized 

impurity scattering mechanisms (i.e, higher carrier density leads to 

lower carrier mobility in this regime). Then, the carrier mobility 

decreases with increasing Al concentration, which is due to the 

combined effect of neutral scattering (i.e. increase in Al 

concentration increases atomic disorder) and the limited charge 

screening (i.e. higher carrier density leads to higher carrier 

mobility). 

Carrier scattering mechanisms  

The carrier transport behavior is further detailed by plotting carrier 

mobility vs. carrier density, as presented in Figure 5. To provide a 

general trend of carrier mobility as a function of carrier density, 

additional sets of IAZO films were developed at various volume 

ratios of Ar/O2 sputter gas. Additionally, the values from our 

previous report1 for 0 wt.% IAZO (i.e. IZO) are also included in this 

plot to provide a broader range of carrier density for 0 wt.% IAZO. It 

should be noted that the overall mobility of 0 wt.% IAZO is higher 

than that of Al-incorporated films. Particularly, the 16.7 wt.% IAZO 

results in significantly low carrier mobility of ~2.6 cm2/Vs. In Figure 

5, the maximum mobility of the each IAZO film decreases with 

increasing Al concentration and the maximum mobility is obtained 

at a lower carrier concentration compared to that of 0 wt.% IAZO 

(e.g., max ~50 cm2/Vs for 0 wt.%. IAZO at 1.5x1020 /cm3 vs. max ~38 

cm2/Vs for 8.9 wt.% IAZO at 1x1019 /cm3). This decrease in carrier 

mobility with increasing Al concentration results from the increased 

scatterings by Al (i.e., neutral scattering) causing further distortion 

of short range orders49, 50, 55. A transition in the carrier transport 

behaviors from charge screening to ionized impurity scattering is 

clearly seen in Figure 5. At lower carrier density regime, for example 

carrier density < ~1020 /cm3 for 0 wt.% and 4 wt.% IAZOs, the carrier 

mobility increases with increasing carrier density, which is due to 

the charge screening effect. However, at higher carrier density 

regime, for example carrier density > 1020 /cm3 for 0 wt.% and 4 

wt.% IAZOs, the carrier mobility decreases with further increasing 

carrier density, which is attributed to the ionized impurity 

scattering. 

The theoretical mobility that is governed by the ionized impurity 

scattering mechanism can be estimated using the Brooks-Herring-

Dingle (BHD) model56: 

𝝁𝑰 =
𝟐𝟒𝝅𝟑(𝜺𝟎𝜺𝒓)𝟐ℏ𝟑𝒏

𝒆𝟑(𝒎∗)𝟐𝒈(𝒙)𝒁𝟐𝒏𝑰
  (2) 

where μI is the mobility that is governed by the ionized impurity 

scattering mechanism, Z and nI are the charge and density of the 

ionized scattering centers, respectively. In this study, Z=2 since 

doubly charged oxygen vacancies work as the ionized impurities and 

the density ratio of charge carrier/scatter center, n/nI=2 are used 

according to the defect equation (1).  The scattering function g(x) is 

defined as: 

𝒈(𝒙) = 𝒍𝒏( 𝟏 +
𝟒

𝒙
) −

𝟏

(𝟏+
𝒙

𝟒
)
   (3) 

and  

𝒙 =
𝒆𝟐(𝒎∗)

𝝅𝜺𝟎𝜺𝒓ℏ𝟐 √𝟑𝝅𝟓𝒏
𝟑     (4) 

where, ε0 and εr denote the absolute and relative dielectric 

constants; and m* is the effective mass of the free carriers (i.e., 

electrons).  For these calculations for IAZO, the values of m*=0.3me 

and εr=9, which are typically selected for indium oxide-based 

semiconductors such as ITO, IZO and IGZO, were taken from the 

Figure 4. The electrical properties of the IAZO films as a 
function of Al concentration: (a) resistivity, (b) carrier density 
and (c) carrier mobility where the suppression of carrier 
generation and the scattering effect are evidently observed.
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literature49, 57, 58.  The μI calculated from the BHD theory, due to the 

carrier scatterings from ionized oxygen vacancies, is plotted as a 

function of carrier density in Figure 5 with a dashed line. This plot 

shows the ionized impurity mobility relationship with carrier density, 

μI ~ n-1/3 according to the equations (2-4)56. Note that (i) the 

experimentally measured carrier mobility using Hall Effect is similar 

to the calculated μI for 0 wt% IAZO (i.e., IZO) with a slight deviation 

due possibly to the selected values (m* and εr) for the calculation or 

other minor scatterings; and (ii) the carrier mobility of 4 wt% IAZO 

still shows a similar trend with carrier density of μI ~ n-1/3, indicating 

that the carrier transport mechanism for 4 wt% IAZO still dominantly 

follows the ionized impurity scattering mechanism. However, the 

further incorporation of Al considerably deviates the measured 

mobility from the BHD model and its trend, which implies that other 

scattering mechanisms become dominant with increasing Al impurity 

concentration, which is in agreement with the discussion regarding 

possible scattering mechanisms due to the Al incorporation. For 

lower carrier density regime <~1019 /cm3, the carrier mobility 

increases with increasing carrier density, which is due to the 

enhanced screening effect with increasing carrier density (or reduced 

charge carrier localization due to the decreased Coulomb potential) 

before the ionized impurity scattering mechanism becomes 

dominant at carrier density higher than ~1020 /cm3. 

 

Optoelectronic properties: UV-Vis and bandgap analysis 

The visible-regime optoelectronic characteristics of IAZO films are 

presented in Figure 6, for which the UV-Vis measurements were 

made on a series of IAZO films on slide glasses and a baseline scan 

was performed on a bare slide glass substrate to exclude the 

substrate effect from each result. As a figure of merit, all the UV-Vis 

measurements were carried out for a film thickness of 

approximately 70 nm. Figure 6(a) shows the optical transmittance 

of the films as a function of Al concentration in the visible regime 

wavelengths ranging from 300 to 800 nm. High transmittance over 

85 % in the visible regime and 90 % at a wavelength of 500 nm was 

obtained for 0 wt.% and 4 wt.% IAZO films and then, decreased to 

86 % for 8.9 wt.% IAZO and 41 % for 16.7 wt.% IAZO films. The 

decrease in the visible-regime transmittance with increasing Al 

concentration is ascribed to an increased absorption and scattering 

due to Al incorporation. A clear red-shift of UV absorption edge is 

seen in Figure 6(a) with increasing Al concentration. In order to 

determine the optical bandgap of the IAZO films, Tauc plots of 

(αhν)2 vs. hν for direct bandgap transition (single electron plus a 

single photon) of IAZO films55 are shown as a function of Al 

concentration in Figure 6(b), where α is the absorption coefficient 

and hv is the light energy with Planck constant h and the frequency 

ν.55, 59 Although the Tauc theory is more intended to interpret 

crystalline semiconductors, the addition of perturbations to the 

crystalline lattice allows for the analysis of bandgap for amorphous 

solids to a limited extend due to the lack of long-range order in 

Figure 5. Plot of mobility vs. carrier density where changes in 
scattering mechanisms as a function of carrier density and Al 
concentration are identified: ionized impurity scattering is in 
dominant charge of carrier transport for 0 and 4 wt.% IAZO; 
however further incorporation of Al deviates the carrier 
transport from the ionized impurity scattering mechanism and 
other mechanisms become more dominant such as neutral 
scattering. At the lower carrier density regime <~1019 /cm3, the 
carrier transport is governed by charge screening, depending on 
the Coulomb potential between negative charges (i.e., electrons) 
and positive charges (i.e., mostly oxygen vacancies). 

Figure 6. (a) UV-Vis spectroscopy measurements of (a) transmittance in the visible regime where the IAZO with Al concentration lower 
than 10 wt.% show good optical transparency over 80%; (b) Tauc plots of (αhν)2 vs hν as a function of Al concentration in the IAZO 
films; (c) the trend of optical bandgap, Eg that is extracted from the Tauc plots in (b)
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amorphous semiconductors.55, 59 Therefore, Tauc plots are only to 

be used to determine the onset of interband transition by 

extrapolating a linear portion line to the zero absorption (i.e., x-

axis) without details about types of interband transition.55, 59 Since 

the crystalline In2O3 is known to have direct bandgap transition, the 

Tauc plots in Figure 6(b) were constructed by (αhν)2 vs. hν. Figure 

6(c) summarizes the change in optical bandgap of the IAZO films 

with increasing Al concentration. The optical bandgap (Eg,op) of the 

IAZO films are found to be ~3.63, 3.51, 3.42 and 3.27 eV for 0, 4, 8.9 

and 16.7 wt.% IAZO films, respectively that presents a consistent 

decrease in bandgap. All the IAZO films show similar values of 

optical bandgap of In2O3-based semiconductors: 3.5-3.9 eV for 

In2O3
60-62, 3.6-4.2 eV for ITO60, 62-64, 3.1-3.9 eV for IZO64-66 and 3.1-

3.7 eV for IGZO67, 68, which further confirms that the Al in the matrix 

is well incorporated without significant metallic Al or Al2O3 (Eg~7.6 

eV69) formation or segregation. The linear relationship between 

Eg.op and n2/3,plotted in Figure 6(d), indicates that the bandgap 

shrinkage observed in Figure 6(c) with increasing Al concentration 

can be understood by the Burstein-Moss (BM) theory that relates 

the carrier density (n) and the change in bandgap in response to 

photo excitation67, 70: 

∆𝑬𝑮 =  (
𝒉𝟐

𝟖𝒎∗
) (

𝟑𝒏

𝝅
)

𝟐/𝟑
     (5) 

where, m* is the effective mass and h is the Planck constant. 

Phase stability in response to thermal stress 

In order to investigate the thermal stability of IAZO films as a 

function of Al concentration, the films were annealed in air at 500 

°C and their amorphous/crystalline structures were characterized 

using GIAXRD as for the as-deposited patterns shown in Figure 3. 

XRD spectra from the samples annealed at 500 °C are presented in 

Figure 7. It should be noted that the incorporation of Al into the IZO 

matrix significantly enhances the amorphous phase stability. 

Although undoped In2O3 or indium tin oxide in the amorphous state 

crystallize rapidly at temperatures as low as 125-150 °C26, 27, the 

amorphous phase stability of In2O3-based oxide semiconductors 

such as IZO and IGZO is enhanced by the addition of ZnO that slows 

the crystallization kinetics27, 71, 72. It has been widely believed that 

the limited solubility of divalent tetrahedrally bonded Zn–O in the 

octahedral-based In–O bixbyite structure give rise to the enhanced 

amorphous stability27, 71, 72. The amorphous state remains up to a 

temperature of approximately 500 °C, at which amorphous IZO or 

IGZO transforms to the poly-crystalline structure in an hour36, 73. 

Similar results were achieved after annealing at 500 °C as shown in 

the bottom curve for 0 wt.% IAZO (i.e., IZO) in Figure 7 with the 

characteristic In2O3 bixbyite peaks strongly from (222) plane at a 

diffraction angle, 2θ of approximately 30.8° and other planes 

including (211), (400), (332), (431), (440) and (622) planes at 2θ of 

21.5°, 35.7°, 41.9°, 45.6°, 51.3° and 60.7°, respectively (JCPDS # 00-

006-0416). Note that it is clearly observed that the crystalline 

features become weaker with increasing Al concentration. The 4 

wt.% IAZO XRD spectrum exhibits slight shifts of the diffraction 

peaks to higher diffraction angles, which is likely attributed to 

lattice distortion and increased structural disorders due to the 

addition of Al into the matrix. For 8.9 wt.% and 16.7 wt.% IAZO, only 

minor amorphous hump is observed at 2θ=~32-33° and no 

crystalline evidences were found. In the case of IAZO, the additional 

cation species of Al further frustrates the lattice to be 

accommodated into the cubic bixbyite crystal structure and require 

higher activation energy for an ordering transformation (i.e., 

crystallization) to occur.55   

This enhanced phase stability is of significant importance in TFT 

channel application since a change in amorphous/crystalline states 

may cause unfavorable device performance instabilities during 

operation. Therefore, the enhanced thermal stability may further 

contribute to prolonging the TFT life time with consistent 

performance. 

Comparison of electrical properties between IZO and IAZO with 

annealing temperature 

In order to investigate the behaviors of the IAZO electrical 

properties due to annealing, changes in resistivity, carrier density 

and carrier mobility were characterized through Hall Effect 

measurements as a function of annealing temperature. For the 

measurements, 8.9 wt.% IAZO films were selected since: (i) this 

study with IAZO aims to contribute to transparent electronic and 

optoelectronic applications that require both electrical conductivity 

and optical transparency in the visible regime. The visible regime 

transmittance of 16.7 wt.% IAZO  is found to be considerably 

inferior to other Al concentration IAZO films; (ii) For TFT channel 

application, it has been challenging to suppress the carrier density 

in undoped In2O3 and binary cation system of IZO, which is required 

to limit the off-state current as low as possible and also to achieve 

high conductance that is defined as the ratio of change in drain 

current over change in gate bias, g=dID/dVG.74 The 4 wt.%. IAZO 

shows no significant carrier suppression effect; and (iii) the phase 

stability should also be considered to ensure the reliable and stable 

device performance for sustainable operations. Although it is clearly 

Figure 7. XRD spectra obtained from annealed IAZO films as a 
function of Al concentration: as previously reported, 0 wt.% 
IAZO (i.e., IZO) crystallizes after annealing at 500 °C for an 
hour and the addition of Al clearly slows the crystallization 
kinetics and stabilizes the amorphous phase, which is 
confirmed by that no significant crystalline diffraction peaks 
are observed in 8.9 wt.% and 16.7 wt.% IAOZ films.
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shown that the Al incorporation leads to an enhancement in 

amorphous phase stability, the 4 wt.% IAZO film still crystallizes, 

seen by the  series of diffraction peaks after annealing at 500 °C 

presented in the XRD pattern in Figure 7, which may cause 

performance instability for the material and potential devices 

during operations. With these rationales, the 8.9 wt.% IAZO that 

demonstrated high mobility, excellent visible-regime transmittance, 

enhanced phase stability was selected for further investigations for 

the electrical properties for potential TFT device implementation. 

As a figure of merit, the 8.9 wt.% IAZO electrical properties are then 

compared to those of 0 wt.% IAZO (i.e., IZO) as a function of 

annealing temperature in Figure 8. The initial resistivity of the 8.9 

wt.% IAZO film (1.84 x 10-3 Ωcm) is higher than the IZO resistivity 

(4.18 x 10-4 Ωcm) since the third cation species of Al is expected to 

limit the generation of charge carriers and increase scattering 

events in IAZO, which is evidenced in the plots of carrier density and 

carrier mobility in Figure 8(b) and (c), respectively.  Up to an 

annealing temperature of 200°C, no significant changes are 

observed in the resistivity for IZO as a slight decrease in carrier 

density is compensated by an increase in carrier mobility for IZO. 

However, the resistivity of 8.9 wt.% IAZO displays a slight decrease 

from 1.64 x 10-3 Ωcm to 1.45 x 10-3 Ωcm when annealed at the same 

temperature, during which the carrier density at the regime >1020 

/cm3 increases from ~1.25 x 1020 /cm3 to ~1.61 x 1020 /cm3 and the 

carrier mobility decreases from 30.4 cm2/Vs to 26.8 cm2/Vs. This 

shift can be understood by the ionized impurity scattering 

mechanism, where the slight increase in carrier density leads to 

more scattering events and, therefore, a decrease in the carrier 

mobility of 8.9 wt.% IAZO.  The resistivity for both samples starts to 

increase as annealing temperature further increases until 400 °C, 

which is attributed to a reduction in carrier density since the 

mobility values for both cases are slightly higher than those at 

lower annealing temperatures. It should be noted that at a 

temperature of 500 °C, the IZO resistivity steeply increases to 4.62 x 

10-2 Ωcm, which is higher than 5.96 x 10-3 Ωcm of IAZO, which is due 

to the approximately 10-fold lower mobility of IZO (4.8 cm2/Vs) 

than IAZO (33.8 cm2/Vs) while the carrier density of IZO (2.71 x 1019 

/cm3) is similar.  At, 500 °C, the observed difference in carrier 

mobility is mainly accounted for the phase transformation of 

amorphous IZO to the polycrystalline state where the carrier 

transport is dominantly limited by the grain-boundary scattering 

mechanism75, 76 while no significant degradation in mobility is found 

in the IAZO. The high carrier mobility maintained after relatively 

high-temperature annealing and enhanced amorphous stability of 

IAZO may be of significant importance for sustainable and reliable 

device performance when the material is incorporated in electronic 

and optoelectronic devices such as TFTs and solar cells. Note that 

the carrier density is similar to each other for the two IAZO 

specimens (0 wt.% and 8.9 wt.% Al concentration) at annealing 

temperatures greater than 300 °C in this study, which may be 

attributed to the fact that carrier annihilation (or generation) is 

more sensitive to temperature at higher temperatures and the 

effect of Al incorporation becomes weaker for carrier activation. In 

order to further investigate the dominant conduction mechanism in 

IAZO, in-situ resistivity measurements were made and the results 

are discussed with Figure 9. In order to investigate the behaviors of 

the IAZO electrical properties due to annealing, changes in 

resistivity, carrier density and carrier mobility were characterized 

through Hall Effect measurements as a function of annealing 

temperature. For the measurements, 8.9 wt.% IAZO films were 

selected since: (i) this study with IAZO aims to contribute to 

transparent electronic and optoelectronic applications that require 

both electrical conductivity and optical transparency in the visible 

regime. The visible regime transmittance of 16.7 wt.% IAZO  is 

found to be considerably inferior to other Al concentration IAZO 

films; (ii) For TFT channel application, it has been challenging to 

suppress the carrier density in undoped In2O3 and binary cation 

system of IZO, which is required to limit the off-state current as low 

as possible and also to achieve high conductance that is defined as 

the ratio of change in drain current over change in gate bias, 

g=dID/dVG.74 The 4 wt.%. IAZO shows no significant carrier 

suppression effect; and (iii) the phase stability should also be 

considered to ensure the reliable and stable device performance for 

sustainable operations. Although it is clearly shown that the Al 

incorporation leads to an enhancement in amorphous phase 

stability, the 4 wt.% IAZO film still crystallizes, seen by the series of 

diffraction peaks after annealing at 500 °C presented in the XRD 

pattern in Figure 7, which may cause performance instability for the 

material and potential devices during operations. With these 

rationales, the 8.9 wt.% IAZO that demonstrated high mobility, 

excellent visible-regime transmittance, enhanced phase stability 

was selected for further investigations for the electrical properties 

for potential TFT device implementation. 

Figure 8. (a) The electrical properties of 0 wt.% IAZO (i.e., IZO) and 8.9 wt.% IAZO as a function of annealing temperature: (a) resistivity, 
(b) carrier density and (c) carrier mobility 
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As a figure of merit, the 8.9 wt.% IAZO electrical properties are then 

compared to those of 0 wt.% IAZO (i.e., IZO) as a function of 

annealing temperature in Figure 8. The initial resistivity of the 8.9 

wt.% IAZO film (1.84 x 10-3 Ωcm) is higher than the IZO resistivity 

(4.18 x 10-4 Ωcm) since the third cation species of Al is expected to 

limit the generation of charge carriers and increase scattering 

events in IAZO, which is evidenced in the plots of carrier density and 

carrier mobility in Figure 8(b) and (c), respectively.  Up to an 

annealing temperature of 200°C, no significant changes are 

observed in the resistivity for IZO as a slight decrease in carrier 

density is compensated by an increase in carrier mobility for IZO. 

However, the resistivity of 8.9 wt.% IAZO displays a slight decrease 

from 1.64 x 10-3 Ωcm to 1.45 x 10-3 Ωcm when annealed at the same 

temperature, during which the carrier density at the regime >1020 

/cm3 increases from ~1.25 x 1020 /cm3 to ~1.61 x 1020 /cm3 and the 

carrier mobility decreases from 30.4 cm2/Vs to 26.8 cm2/Vs. This 

shift can be understood by the ionized impurity scattering 

mechanism, where the slight increase in carrier density leads to 

more scattering events and, therefore, a decrease in the carrier 

mobility of 8.9 wt.% IAZO.  The resistivity for both samples starts to 

increase as annealing temperature further increases until 400 °C, 

which is attributed to a reduction in carrier density since the 

mobility values for both cases are slightly higher than those at 

lower annealing temperatures. It should be noted that at a 

temperature of 500 °C, the IZO resistivity steeply increases to 4.62 x 

10-2 Ωcm, which is higher than 5.96 x 10-3 Ωcm of IAZO, which is due 

to the approximately 10-fold lower mobility of IZO (4.8 cm2/Vs) 

than IAZO (33.8 cm2/Vs) while the carrier density of IZO (2.71 x 1019 

/cm3) is similar.  At, 500 °C, the observed difference in carrier 

mobility is mainly accounted for the phase transformation of 

amorphous IZO to the polycrystalline state where the carrier 

transport is dominantly limited by the grain-boundary scattering 

mechanism75, 76 while no significant degradation in mobility is found 

in the IAZO. The high carrier mobility maintained after relatively 

high-temperature annealing and enhanced amorphous stability of 

IAZO may be of significant importance for sustainable and reliable 

device performance when the material is incorporated in electronic 

and optoelectronic devices such as TFTs and solar cells. Note that 

the carrier density is similar to each other for the two IAZO 

specimens (0 wt.% and 8.9 wt.% Al concentration) at annealing 

temperatures greater than 300 °C in this study, which may be 

attributed to the fact that carrier annihilation (or generation) is 

more sensitive to temperature at higher temperatures and the 

effect of Al incorporation becomes weaker for carrier activation. In 

order to further investigate the dominant conduction mechanism in 

IAZO, in-situ resistivity measurements were made and the results 

are discussed with Figure 9.  

In-situ resistivity measurements and activation energy for 

resistivity 

The resistivity of 8.9 wt.% IAZO was measured in-situ using a typical 

four-contact setup for longer than 24 hours as a function of 

measurement temperature from 280 °C to 340 °C in a 20 °C step. 

The resistivity results are shown on a resistivity vs time plot in 

Figure 9(a). The initial resistivity at all measurements is similar (~1 x 

10-3 Ωcm) since the samples were simultaneously prepared at the 

same sputter run. It should be noted that (i) the rate of change in 

resistivity is thermally activated; (ii) the resistivity increases fast 

during the first two hours and then the rate of resistivity change 

decreases, reaching a resistivity plateau (i.e., (pseudo) equilibrium 

state); and (iii) among the curves as a function of temperature, it is 

clearly observed that the higher temperature leads to the faster 

rate of change in resistivity due to enhanced reaction kinetics at 

higher temperatures. A time constant (τ) was determined when the 

initial resistivity (ρ0) becomes as high as 2ρ0 for each temperature. 

Then, the inverse of the time constant (1/τ) provides a rate of the 

reaction for the resistivity change. In Figure 9(b), a set of 1/τ is 

plotted on a conventional Arrhenius plot of 1/τ vs inverse absolute 

temperature (1/K). From the Arrhenius plot, the activation energy 

for the rate of resistivity change in IAZO is determined to be ~0.79 

eV, which is slightly lower than Ea~1.06 eV of amorphous IZO (or 0 

wt.% IAZO) reported in our previous study21 wherein the lower Ea 

means that the resistivity scales less with temperature, which is 

supported by the results shown in Figure 8(a).  

TFT devices integrating IAZO channel and the performance 

To investigate the potential use of IAZO as a channel layer material 

in AOS TFTs, test devices with IAZO channel layers (30 nm) were 

fabricated in a gate-down configuration on top of thermally grown 

SiO2 (50 nm)/Si (heavily doped p-type) substrates. For accurate 

baseline comparisons, TFTs with IZO channels (30 nm) were 

developed to act as a point of reference for analyzing the 

performance of IAZO-based TFTs. Both the output and transfer 

characteristics of the reference IZO-based devices can be observed 

in Figure 10(a) and 10(b), respectively, which align with previous 

reports on amorphous IZO TFTs20, 24.  

Figure 10(a) displays the clear saturation of the reference IZO-

channel TFTs’ drain current, ID, by sweeping the drain voltage, VD, 

from 0 V to 20 V across a range of gate biases, VG, from -4 V to 10 V 

(2 V steps). At a fixed saturated drain voltage (VD = 20 V), IZO-TFT 

transfer characteristics were obtained in Figure 10(b) by scanning 

VG from -15 V to 20 V. The on/off ratio, saturation field effect 

mobility (μsat), and threshold voltage (VT) were then estimated via 

the following equation, which relates the drain current to μsat, VG, 

VT, oxide capacitance (Cox=6.903 x 10-8 F/cm2 for 50 nm SiO2),  and 

Figure 9. (a) In-situ resistivity measurements as a function of time 
and measurement temperature where the rate of change in 
resistivity at all the measured temperatures is fast for the first 
two hours of the measurement and then the rate decreases; and 
(b) Arrhenius plot of 1/τ vs. reciprocal temperature that presents 
that the rate of resistivity change of IAZO is a thermally activated 
process with an activation energy of 0.79 eV.
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the device aspect ratio of channel width (W) to length (L), 

W/L=1200/60 μm/μm: 

𝐼𝐷 = 𝜇𝑠𝑎𝑡𝐶𝑜𝑥
𝑊

2𝐿
(𝑉𝐺 − 𝑉𝑇)2    (6) 

The resulting on/off ratios of the reference IZO-based TFTs are 

shown to be >107, estimated via the minimum (~10-10 A) and 

maximum (~103 A) drain current, exceeding the required on/off 

ratio for active matrix display applications of 106. Saturation field 

effect mobility values reached as high as 21.92 cm2/Vs, similar to 

previously reported values for IZO-based TFTs20, 24. After 

extrapolation of the linear regime of (ID)1/2 vs VG plot to the x-axis 

(where ID = 0), the threshold voltage is determined to be 

approximately 2.61 V. 

Figures 10(c) and 10(d) show the output and transfer characteristics 

for IAZO-channel TFTs, respectively. IAZO-channel TFTs were 

fabricated under identical manufacturing parameters as the IZO-

based TFTs, with the exception of Al incorporation into the channel 

layer material via co- sputtering of IZO and Al targets. In the output 

characteristics visualized in Figure 10(c), clear drain current 

saturation can be observed at the measured drain and gate biases 

with no indication of current crowding, particularly at the low drain 

bias regime, suggesting ohmic contact at the channel/metallization 

interface. The drain current of IAZO TFTs at the maximum gate bias 

observed (10 V) is slightly less than that of the IZO-based TFTs, but 

the overall magnitude is comparable to each other. An increase in ID 

is observed at gate biases > 2 V for binary IZO-based TFTs, while the 

increase for ternary IAZO-based devices is shown at VG > 4 V. This 

variance may be explained further by the differences seen in the 

measured threshold voltages. The threshold voltage of IAZO TFTs is 

found to be ~4.46 V, extrapolated from the transfer performance in 

Figure 10(d), and yielded consistent results across all 18 devices. 

The threshold voltage of a field effect transistor is defined as the 

minimum gate-to-source voltage to drive a high enough conducting 

path (i.e., channel) between the source and drain metallization and, 

therefore, IAZO TFTs require slightly higher VG to modulate channel 

and ID at VG>~VT. Further details regarding VT will follow later to 

discuss channel carrier density, trap density at the 

channel/dielectric interface, and the magnitude of VT. 

The saturation field effect mobility of IAZO TFTs is shown to be 

~18.13 cm2/Vs, which is comparable to the binary cation channel 

IZO TFTs and yields considerably higher mobility than other ternary 

cation channel TFTs, such as IGZO (~2-10 cm2/Vs)67, 68, InSiZnO (~1-7 

cm2/Vs)34, IZnSnO (~1-5 cm2/Vs)77. The high field effect mobility of 

IAZO-based TFTs suggests strong potential for application in next 

generation TFT technologies and display applications. It should be 

noted that TFT field effect mobilities are generally lower than Hall 

Effect mobilities due to the increase in surface scattering associated 

with a decreasing channel thicknesses, as well as the carrier 

density-dependent charge screening phenomena observed in In2O3-

based amorphous oxides as shown in this study and other reports1, 

78. 

While obtaining direct measurements of channel carrier density 

(nch) through the Hall Effect method has proven difficult for AOS 

channel layers (due to their resistive nature), the difference 

between the two channel carrier densities (Δnch= nch, IZO – nch, IAZO) 

can be determined from the considerations of threshold voltage 

and interfacial trap density. The threshold voltage is determined 

using74: 

𝑉𝑇 =
𝑞(𝑄𝑖+𝑄𝑑)

𝐶𝑜𝑥
+ 𝜙𝑚𝑠 + 𝜙𝐹     (7) 

where, Qi is the effective trap density at the channel/dielectric 

interface, Qd is the depletion charge estimated using Qd=nch x ld 

where the maximum depletion depth, ld, is approximated by the 

channel thickness (30 nm), Фms is the work function difference 

between gate (Фm) and channel (Фs), and ФF is the difference 

between the Fermi level (EF) and the intrinsic level (Ei) for the n-

type semiconductor (i.e., EF-Ei).  While both Фms and ФF are 

functions of channel carrier density, the change in the sum of the 

two, △(ϕms+ϕF), is approximated by the change in the Fermi level, 

△EF, which, in this case, is negligible (<< 1 eV).  The threshold 

voltage difference may then be simplified to:  

Δ𝑉𝑇 =
𝑞Δ(𝑄𝑖+𝑄𝑑)

𝐶𝑜𝑥
    (8) 

where, the interfacial trap density, Qi, is estimated from the sub-

threshold swing (S.S) using: 

𝑄𝑖 = (
𝑞(𝑆.𝑆)𝑙𝑜𝑔(𝑒)

𝑘𝑇
− 1)

𝐶𝑜𝑥

𝑞
    (9) 

and  

𝑆. 𝑆 =
𝑑𝑉𝐺

𝑑(𝑙𝑜𝑔𝐼𝐷)
    (10) 

Via the inverse slopes of Figures 10(b) and 10(d), the sub-threshold 

swings, S.S, were determined to be ~0.68 V/decade and ~0.96 

V/decade for IZO and IAZO TFTs, respectively. From the calculated 

values of VT and S.S, the interfacial trap densities of each device 

were discovered. These values, as well as previously discussed 

parameters, are summarized in Table 1. Using Equation (8) in 

combination with the parameter values in Table 1, the Δnch of the 

two devices reveals that the IAZO-based channel carrier density is 

less than the IZO-based TFTs by ~4.14 x 1017 /cm3, further 

 
Figure 10. Output and transfer characteristics of (a-b) IZO-
channel and (c-d) IAZO-channel TFTs, which exhibit desirable 
drain current saturation behaviors, high on/off ratios (>107), and 
high saturation field effect mobilities (>18 cm2/Vs). 
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demonstrating the carrier suppression effects of Al incorporation in 

the channel layer.  

Table 1.  Properties of amorphous IZO and IAZO TFTs 
 On/off  

ratio 
μsat 

[cm2/Vs] 
S 

[V/decade] 
VTh  
[V] 

Qi 

[/cm2] 

IZO 
TFTs 

>107 21.92 0.68 2.61 4.53 X 1012 

IAZO 
TFTs 

>107 18.13 0.96 4.46 6.57 X 1012 

 

While identical sputtering conditions were used for both IZO-based 

and IAZO-based TFTs to eliminate any uncertainty from process 

parameter variation, the measured VT values for IAZO-channel TFTs 

are relatively high. However, the threshold voltage of IAZO TFTs can 

be further engineered via tuning the oxygen content in the sputter 

gas to control carrier density, by enhancing the quality of SiO2 gate 

dielectric layer, by applying high-k dielectric materials with thinner 

layers with respect to dielectric capacitance, or by the further fine 

matching of work function between the channel and metallization 

layers.  

There have been several efforts to explore a similar oxide system 

incorporating the three cations of In, Al and Zn. Cho et al.79 

reported on the anode application in organic solar cells of roll-to-

roll sputtered IAZO (5 wt.% Al2O3), exhibiting a resistivity of ~2.1 x 

10-3 Ωcm, similar to that of the 8.9 wt.% IAZO in the present study, 

as well as enhanced mechanical stability. However, the majority of 

other reports in the literature focus on Zn (or ZnO)-rich IAZO films, 

which requires a series of post-process annealing at 250-500 °C to 

obtain functioning TFTs. The present study focuses on In2O3-rich 

IAZO (90 wt.% In2O3)71, 80 and its fabrication for TFT application at 

room temperature (without annealing). Although direct assessment 

between materials with different matrix and doping are not 

available, it is worth comparing properties and device performance. 

Park et al.81 grew Zn-rich IAZO films though a solution process with 

5 mol% Al in the In/Zn solution of 30/70 atomic ratio (no final Al or 

other cation concentrations were investigated in this study) and 

employed a series of annealing processes, which consisted of air 

annealing at 400 °C for an hour, followed by vacuum annealing  at 

temperatures up to ~300 °C after purging the chamber with N2. 

Top-gated TFTs were fabricated, however, the saturation field 

effect mobility is as low as ~0.66 cm2/Vs, showing little potential for 

future application.  Bak et al. sputter-deposited ZnO-rich IAZO films 

(no cation concentrations reported) by adding In2O3 into AlZnO (2 

wt.% Al) to investigate the sputter power effect on the ZnO-rich 

IAZO TFT performance. After a set of annealing processes of 200 °C 

in vacuum and 250 °C in air, the field effect mobilities were shown 

to vary as a function of sputter power from ~0.7 cm2/Vs to ~25 

cm2/Vs. Yue et al.82 used solution-processed Zn-rich IAZO (In/Zn 

atomic ratio of 50/50) as channel in TFTs, employing 500 °C 

annealing in air for two hours and obtained the maximum field 

effect mobility of ~25 cm2/Vs in the linear regime. Some of the field 

effect mobility of Zn-rich IAZO TFTs achieved after annealing at high 

temperatures up to 500 °C in the literature are slightly higher or 

comparable to those of the un-annealed TFTs demonstrated in this 

report. In general, low-thermal budget processing (e.g., no anneal) 

is more favored in next generation device applications such as 

potential flexible and foldable displays that require use of heat-

sensitive polymer or paper substrates.  

Overall, the reported material system of IAZO demonstrates the 

noteworthy enhancement of amorphous phase stability; the 

preservation of high carrier mobility in spite of the addition of third 

cation species of Al; the ability to suppress the carrier generation 

for TFT channel application; and high TFT field effect mobility.  All 

these properties of IAZO are expected to contribute to high 

performance electronic and optoelectronic devices such as next 

generation transparent displays with enhanced sustainability and 

reliability. 

Conclusions 

The effect of Al incorporation into the binary standard AOS material 

(IZO) was systematically investigated: (i) the amorphous phase 

stability was significantly enhanced by the addition of Al. Unlike IZO 

whose amorphous phase was transformed to the poly-crystalline 

bixbyite IZO at an annealing temperature of 500 °C, no significant 

phase changes were observed with Al concentration higher than 4 

wt.%; (ii) unlike other third cation species such as Ga, Si and Hf of 

which the carrier mobility is as low as 3-10 cm2/Vs, considerably 

high carrier mobility (Hall Effect) of 25-45 cm2/Vs remained before 

and after annealing in air, up to 550 °C in this study; and (iii) the 

ability to suppress the carrier generation was clearly demonstrated 

due to higher binding energy between Al and O, compared to In-O 

and Zn-O. Proof-of-concept IAZO-based TFTs demonstrate high field 

effect mobility (18-20 cm2/Vs), which is comparable to those of 

binary cation IZO TFTs. For TFT devices, which are essential 

components as pixel driving elements in displays, the achievements 

of greater thermal phase stability, preservation of high carrier 

mobility after employing additional cations, and carrier suppression 

are highly expected to advance the AOS materials and their device 

applications that require high performance such as fast switching 

speed and reliable device performance during service. 
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