
1 

Origin of an unintended increase in carrier density of ternary cation-based amorphous oxide 

semiconductors  

 

Mingyuan Liu1, Xingyu Wang1, Han Wook Song2, Hyeonghun Kim1, Michael Clevenger1, 

Dong-Kyun Ko3, Kwangsoo No4, and Sunghwan Lee1* 

 

 
1 School of Engineering Technology, Purdue University, West Lafayette, IN 47907, USA 
2 Center for Mass and Related Quantities, Korea Research Institute of Standard and Science, 

Daejeon 34113, South Korea 
3 Department of Electrical and Computer Engineering, New Jersey Institute of Technology, 

Newark, NJ 07102, USA 
4 Department of Materials Science and Engineering, KAIST, Daejeon 34141, South Korea 

 

 

 
 
 
 
 
Keywords: amorphous oxide semiconductors; work function; carrier density; thin film 
transistors; indium oxides; InAlZnO 
 
 
 
*Corresponding authors: sunghlee@purdue.edu 

 
  



2 

Abstract 

In thin film transistors (TFTs), carrier density in the channel layer is a fundamental intrinsic 

factor to engineer desirable TFT performance parameters such as the threshold voltage, drain 

current, and on-to-off ratio. Here, we report on the origin of carrier density modulation in a 

ternary cation system of InAlZnO (IAZO) and its effect on the TFT performance. Through work 

function investigations and bandgap analysis, the carrier density of IAZO is found to be 

increased by > 104 times compared to that of unannealed IAZO after low temperature annealing 

at 200 °C in air.  Photoelectron spectroscopic studies reveal that the typical intrinsic (vacancy-

based native defect) or extrinsic (cation substitution) doping mechanisms are not the primary 

cause of the channel carrier increase. From high pressure oxidation with much enhanced 

reactivity of reaction gases, it is identified that the equilibrium carrier density of IAZO is much 

higher than those used in typical TFT channel application. The low channel carrier density tends 

to increase and reach the higher equilibrium carrier density in the absence of kinetic constraints. 

The combinatorial investigations presented herein help understand the origin of unintentional 

increase in channel carrier density in amorphous oxides and its effect on the operation of TFTs.  
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1. Introduction 

Metal oxides have attracted much attention for applications in next generation electronic and 

optoelectronic devices such as fast-switching high resolution displays1-2, photovoltaics3 and 

sensors4-5 due to their tunable electrical conductivity6, high optical transparency in the visible 

range7, and high carrier mobility8. More recently, amorphous oxide semiconductors (AOSs) with 

the electronic configuration, (n−1)d10ns0 (n≥5) have emerged as a promising candidate for thin 

film transistor (TFT) channel application9-10.  The large, spatially-extended hybridized metal ns 

orbitals directly overlap with neighboring orbitals to ensure favorable carrier transport paths1 and 

hence, lead to much higher carrier mobility despite in its amorphous state consisting of metal-

oxygen-metal chemical bond disorders. Its mobility has been widely reported to be an order of 

magnitude higher than the conventional amorphous Si counterpart (<~1 cm2/Vs). Furthermore, 

these amorphous semiconductors can be deposited using low temperature processing methods1, 11 

with large area uniformity, which brings about a significant reduction in the manufacturing cost. 

In addition, the low temperature processing enables ones to implement heat sensitive polymeric 

or fabric substrates for potential flexible and wearable device applications. 

 

There have been considerable efforts to incorporate this class of materials into devices, 

particularly in current-driven active matrix displays such as organic light emitting diode displays 

as pixel-driving switching elements. Strategies to enhance amorphous phase stability, reduce bias 

stress-induced threshold voltage shifts, and suppress channel carrier densities have been studied 

and successfully applied to the switching TFT application. Third cation elements are often added 

to binary cation oxide systems to limit the channel carrier generation for TFT channel 

application. We have recently reported that the addition of Al to InZnO, a typical binary cation 



4 

material system leads to enhanced amorphous phase stability, carrier suppression capability and 

higher carrier mobility, up to ~45 cm2/Vs (Hall Effect mobility) and ~20 cm2/Vs (field effect 

mobility)12. All of these characteristics are expected to be a key enabler for realizing the next 

generation ultra-high-definition displays.  

 

Post-process annealing is widely employed in AOS-based TFT fabrication since annealing has 

been shown to improve field effect mobility13-14 and channel/metallization contacts11, 15 as well 

as reduce trap density16, which often leads to unstable device performance or unfavorable 

hysteresis in their transistor characterstics16-17. It has been reported that post-annealing at 

temperatures ranging from 100 °C to 400 °C in air increased TFT field effect mobility from 5-10 

to 15 cm2/Vs for ternary cation AOS of IGZO channel and 10-20 to 25-30 cm2/Vs for binary 

cation, IZO channel. However, the post-annealing is often accompanied by an increase in 

channel carrier density that induces an unfavorable increase in the device off-state current and 

operation voltages2, 13. Nomura et al.18 previously reported that post-annealing at 400 °C 

improves IGZO TFT stability but they also found that thermal annealing results in up to ~ –7 V 

threshold voltage shift.  Kikuchi et al.19 also reported on the threshold voltage instability of 

IGZO TFTs up to ~ –48 V after dry and wet annealing at 150–400 °C. Barquinha et al.20 and Lee 

et al.14 studying IZO TFTs reported a large negative threshold voltage shift of ~ –13-15 V after 

annealing at 125-200 °C. To date, the origin of the increase in channel carrier density after 

annealing has not been fully understood. Some studies reported that changes in carrier density 

and hence conductivity after annealing were mainly attributed to the oxygen vacancy-based 

carrier generation/annihilation mechanism21-22. However, studies are also found in the literature 

that show an increase in carrier density after annealing in the presence of O2, for which the 
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oxygen-vacancy mechanism is not responsible for the carrier density increase. In a density 

function study, Kamiya et al.23-24 reported a mechanism that suggests a transition in defect state 

within the bandgap from deep levels to shallow levels after annealing, which was further 

validated by Yeon et al.25 through the physical identification of change in defect states.  

 

The current study aims to identify the origin of an increase in carrier density after low-

temperature annealing conducted in air, particularly for a third-cation AOS system of InAlZnO 

(IAZO). The performance of amorphous IAZO-based TFTs is first compared before and after 

annealing. Changes in Fermi level energy and bandgap are then investigated using photoelectron 

spectroscopy and UV-Vis analysis to analyze the change in their electronic structure. Lastly, a 

high pressure oxidation experiment is conducted for the equilibrium carrier density analysis. The 

equilibrium carrier density results are compared with the defect state transition mechanism to 

account for a significant increase in carrier density of IAZO after low-temperature annealing.  

 

2. Experimental details 

A ternary cation AOS of IAZO films (In:Al:Zn = 66.6:8.9:2.1 in wt.% ratio) were deposited on 

Si and glass substrates using co-sputtering of ceramic InZnO (IZO) and metal Al targets. 

Substrates were sequentially cleaned with acetone, isopropyl alcohol and de-ionized water in 

order to remove any potential contamination on the surface, and then loaded into the sputter 

chamber. After achieving a base pressure of < 6×10-7 Torr for the main chamber, IAZO films 

were deposited at an Ar/O2 gas volume fraction of 80/20 and a working pressure of 2×10-3 Torr. 

Prior to film depositions, pre-sputtering was performed for 5-10 mins to clean out any surface 

contaminants on the target surface and ensure uniform gas flow and chamber pressure.  
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Ternary-cation IAZO-based TFTs were fabricated in a bottom-gated configuration with a 

channel IAZO thickness of 30 nm. Heavily-doped Si (0.003-0.005  Ωcm) was used as the bottom 

gate electrode and substrate with thermally grown SiO2 (50 nm thick) as the gate dielectric. For 

the source and drain metallization, Al was sputtered to a thickness of 100 nm at a pure Ar 

atmosphere and the same working pressure of 2×10-3 Torr for channel IAZO. All depositions for 

channel and metallization layers were conducted at room temperature. To define channel and 

metallization regions, in-situ shadow masks were used. Device output and transfer characteristics 

were evaluated with a semiconductor parameter analyzer (Agilent 4155B) in a light-tight probe 

station under ambient conditions. 

 

For the evaluations of optoelectronic properties, UV-Vis measurements were made on IAZO 

films grown on glass substrates in wavelengths ranging from 300 to 900 nm through a Varian 

Cary 50 spectrometer. Bare glass was used as a reference baseline to exclude the substrate effect 

on the resulting transmittance/absorption spectra. From Tauc plots, the optical bandgap of IAZO 

was estimated for direct band-to-band transitions before and after annealing. Film thicknesses 

were measured using a multi-wavelength ellipsometer (FilmSense FS-1) with an incident and 

detection angle of 65°. X-ray diffraction (XRD) was utilized to investigate the 

amorphous/crystalline structure of IAZO films deposited on glass substrates before and after 

annealing in a Bruker D5000 diffractometer at 40 kV and 40 mA with Cu Kα radiation (λ=1.54 

Å). In order to maximize the diffraction intensity from IAZO thin films, glancing incident angle 

XRD measurements were conducted with an incident angle of approximately 1°. 

 



7 

The valence states and chemical environments of major elements of IAZO and work function were 

determined by x-ray photoelectron spectroscopy (XPS) in a Thermo Scientific K-Alpha XPS 

spectrometer with focused monochromatic soft Al Kα X-ray radiation at 1486.6 eV. All the 

measurements were performed under ultra high vacuum at a pressure below 2×10-8 Torr. A low 

energy electron flood gun was employed to remove accumulated charges and neutralize the sample 

surface during the measurements.  Prior to XPS measurements, the sample surface was cleaned 

by Ar cluster ions (Arn+) to remove any surface contaminants, of which the cluster ion source was 

used to limit any chemical damages such as reduction of the oxide due to, known as, preferential 

sputtering.  The cluster ion cleaning was performed at an ion beam energy of 4 keV, a cluster 

size n of 1000, and a cluster energy per nucleon ε of 4 eV/nucleon for 20 sec. Multi-channel 

electron detection lenses were located at an angle of 55° from the surface normal to collect emitted 

photoelectrons. During work function measurements, the IAZO films were negatively biased with 

respect to earth (Vbias = -30 V) by the conducting sample stage, through which the emitted electrons 

are accelerated and hence the onset of emission is detected. Before the measurements, gold 

specimen was used as reference to calibrate the spectrometer and the binding energy scale, which 

allows accurate determinations of onset energy and Fermi level position. 

 

For equilibrium carrier density analysis, the as-deposited IAZO films were oxidized at pressures 

ranging from 200-800 atm and temperatures of 200-450 °C with ultra high purity (UHP, 

>99.99%) dry oxygen. More detailed experimental procedures can be found elsewhere26-27. 

Briefly, the samples were loaded into a quartz lined high pressure vessel surrounded by the 

furnace chamber. Over the course of high pressure annealing, temperature was maintained within 

approximately ±5 °C by monitoring double thermocouples attached to the outside of the reactor, 
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and pressure was kept within ±10 atm by monitoring a pressure gauge connected to the pressure 

vessel.  High pressure reaction was terminated after 15 hours by moving the furnace away from 

the reactor tube.  After the reactor and contents had cooled down to < ~70 °C, the chamber was 

vented, and the samples were removed.   

 

3. Results and discussion 

Amorphous IAZO TFTs were fabricated and the performance was compared before and after 

annealing in air at 200 °C for one hour. The amorphous structure of IAZO was maintained after 

annealing as shown in the XRD spectra in Figure S1. Output characteristics of unannealed IAZO 

TFTs that evaluate drain current (ID) as a function of drain bias (VD, primary) and gate bias (VG, 

secondary) are shown in Figure 1(a). Clear drain current saturation behaviors are observed for 

the output curves without any current crowding, particularly at the low VD regime (VD<~ 1 V), 

which indicates that Ohmic contacts are formed at the channel/metallization interface. After 

annealing, output characteristics exhibit higher drain current at the same applied gate voltages 

compared to that of unannealed IAZO TFTs (e.g., at VG=10 V, ~1.7x10-5 A vs. 1x10-3 A for as-

fabricated and annealed devices, respectively), as shown in Figure 1(b). 

 

Transfer characteristics were investigated in the saturation regime by scanning the gate bias at a 

fixed drain bias of VD=20 V, which was selected from the output characteristics in Figure 1(a,b) 

to ensure that the devices were well into the saturation regime of drain current. In Figure 1(c), 

the device drain current on/off ratio is determined to be greater than 107 for both as-fabricated 

and annealed TFTs from the plots of ID vs. VG where the off-state is selected for the lowest 

current and the on-state is chosen for the highest current measured. The field effect mobility and 
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the threshold voltage are estimated from the (ID)1/2-VG plots shown in Figure 1(d), from the slope 

and the x-axis intercept of the linear extrapolation, respectively. For as-fabricated TFTs, the 

saturation field effect mobility is 7.64 cm2/Vs and the threshold voltage is found to be 

approximately 7.49 V. After annealing the saturation mobility is significantly enhanced to 

~21.72 cm2/Vs, which is more than 3-6 times higher than other ternary cation-based amorphous 

oxide TFTs, such as InGaZnO-based TFTs,1, 19, 28 and comparable to binary oxide InZnO-TFTs29-

30. The threshold voltage significantly shifts from 7.49 V (before annealing) to -1.81 V (after 

annealing), which is beneficial for minimizing stand-by power consumption as it is located closer 

to the zero bias. It is important to identify the origins that lead to a large change in the threshold 

voltage between the as-fabricated and annealed devices, which will be further discussed with the 

work function measurements and trap density estimations. 

 

Figure 1. IAZO-based TFT performance: output characteristics of (a) as-deposited and (b) 
200 °C-annealed devices; and transfer characteristics of (c) ID-VG and (d) (ID)1/2-VG curves, from 
which the as-deposited and annealed TFTs show good ID saturation behavior, on/off ratio of 
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~107. The saturation field effect mobility was enhanced after annealing from 7.64 to 21.72 
cm2/Vs and the threshold voltage shifts from relatively large 7.49 to -1.81 V. 
 

To better understand the changes in the TFT behaviors before and after annealing, we have 

investigated the carrier density between the as-deposited and annealed cases. Due to the resistive 

nature of thin and low carrier density materials such as TFT channel layers, consistent and 

reliable Hall Effect measurements are often limited due to the low applied currents to prevents 

sample joule heating. In the present study, instead, the work function of IAZO films was 

evaluated using photoelectron spectroscopy to investigate changes in carrier density before and 

after annealing.  The position of the Fermi level (EF) and the onset cut-off kinetic energy (Eonset), 

which is the energy of free electrons generated by the photoelectric effect, were measured. The 

work function (Φ) was then determined by the equation below with the photon energy 

(hν=1486.6 eV in this study): 

Eonset = (EF + Φ) – hν  (1) 

 

Figure 2(a) shows the measurement results obtained from as-deposited IAZO where the Eonset 

energy of 33.31 eV is estimated using linear extrapolation. Figure 2(b) shows the position of EF 

obtained from as-deposited IAZO, which is found to be ~1515.14 eV. From these values, the 

work function is estimated to be 4.77 eV. Similarly, the work function of annealed IAZO is 

determined to be 4.53 eV from Figure 2(c,d), which is 0.24 eV lower than that of as-deposited 

IAZO. This suggests that Fermi level shifts toward the conduction band (EC) and the electron 

carrier density increased after annealing. From the measured work function of IAZO, it is further 

confirmed that Ohmic contacts were created at the channel/metallization interface for both as-
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deposited and annealed TFTs since the work function of Al is reported as 4.1-4.2 eV and Ohmic 

contacts are formed when the metal work function is smaller than that of n-type semiconductors. 

 

The carrier density (n) for n-type semiconductors is related with the effective conduction band 

density of states (NC), Boltzmann constant (kB), temperature (T) in Kelvin, EF and EC in the 

equation below: 

𝑛 = 𝑁஼𝑒𝑥𝑝 (ாಷିா಴௞ಳ் )  (2) 

From the equation above, the ratio between the carrier densities before and after annealing 

(nch,anneal/nch,asdep) is approximated to the change in EF, which is equivalent to the change in work 

function when the band energy structures remain nearly the same after annealing. According to 

UV-Vis measurements before and after annealing, it is confirmed that no significant changes are 

observed in absorption spectra and the bandgap values are nearly identical as 3.25-3.31 eV for 

both as-deposited and annealed IAZO. The UV-Vis results will be further discussed later with 

Figure 3. Then, from the work function difference (ΔΦ=0.24 eV) and the relation, exp(ΔΦ/kBT) 

at room temperature,  the carrier density after annealing is determine to be 10,729 times higher 

than that of as-deposited IAZO (i.e., nch,anneal/nch,asdep=10,729).  
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Figure 2. Work function measurements through photoelectron microscopy: the work function of 
the as-deposited and annealed IAZO was evaluated from onset cut-off energy and Fermi energy 
measurements on (a,b) as-deposited and (c,d) annealed IAZO films, respectively where the work 
functions were determined to be 4.77 eV for as-deposited IAZO and 4.53 eV for annealed IAZO, 
indicating the EF moves toward to the conduction band due to an increase in carrier density. 
 

To evaluate the effect of the increased carrier density  on the optoelectronic properties of IAZO 

before and after annealing, UV-Vis measurements were conducted. Figure 3(a) shows visible 

regime transparency of IAZO at wavelengths ranging from 300 to 900 nm. Although the 

transparency of annealed IAZO slightly increases, overall high visible-regime transmittance was 

achieved (>90%) for both the as-deposited and annealed states and no significant differences 

were observed before and after annealing. Tauc plots of (αhν)2 vs. hν for the direct bandgap 

transition are presented in Figure 3(b), from which the optical bandgap of IAZO is compared 

before and after annealing. As expected from the nearly identical transmittance curves in Figure 
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3(a), the Tauc plots are also similar to each other and the extracted bandgap of annealed samples 

is only slightly increased by ~0.06 eV from 3.25 eV(as-deposited) to 3.31 eV (annealed), in spite 

of the abrupt increase in carrier density, more than 104 times compared to that of as-deposited 

IAZO.  

 

Figure 3. UV-Vis investigations of (a) transmittance in the visible regime, which exhibits high 
visible transparency (>90%) for both IAZO films before and after annealing; and (b) Tauc plot 
for the direct bandgap transition, from which the optical bandgap of IAZO is estimated to be 
~3.25 eV for as-deposited state and ~3.31 eV for annealed state. 
 

Ones may be curious if the Burstein-Moss (BM) theory that explains an increase in optical 

bandgap when excess valence electrons are excited to the conduction band (i.e., band-to-band 

transition) accounts for the behavior, shown in this study, of the significant increase in carrier 

density (>104 times) without noticeable changes in bandgap. The BM shift of EG is expressed by 

the following equation, relating the carrier density (n) and the change in bandgap in response to 

photo excitation with the effective mass, m* and the Planck constant h7, 31: 

∆𝐸ீ =  ቀ ௛మ଼௠∗ቁ ቀଷ௡గ ቁଶ/ଷ
   (3) 

According to the above equation, the theoretical BM shift is shown in Figure 4 as a function of 

effective mass and carrier density in IAZO. The plots indicate that no considerable BM shift is 
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made with (i) decreasing carrier density, particularly below 1019 /cm3 and (ii) increasing effective 

mass, particularly greater than approximately 0.6. Since the BM shift is not prominent for the 

carrier density of 1017 and 1018 /cm3, inset shows a magnified scale of the BM shift for the carrier 

density of 1017 and 1018 /cm3. The effective mass of In2O3-based oxide semiconductors has been 

reported through experimental and theoretical methods, ranging from 0.21 to 0.56me32-34. Within 

this range of m*/me=0.21-0.56, only a slight BM shift (from 0.012 to 0.006 eV) will be expected 

for the IAZO carrier density on the order of 1018 /cm3 or below, which is well matched with the 

extracted optical bandgap exhibited in Figure 3 that presents no significant changes in optical EG. 

Therefore, the BM theory still holds for the current work, reporting a noteworthy increase in 

carrier density (>~104 /cm3) after low temperature annealing without prominent differences in 

EG.  

 
Figure 4. Plot of BM shift of EG as a function of the ratio of effective mass (m*) over me and 
carrier density that shows that the BM shift is less significant at the lower carrier density regime 
below n=1018 /cm3, which is the regime of carrier density for typical TFT channel application. 
An inset shows magnified BM shifts for carrier densities of 1017 and 1018 /cm3. 
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A change in threshold voltage (ΔVT) is expressed by, when the change in the sum of  the work 

function difference between the gate and channel, and the energy level difference between EF 

and intrinsic level are negligible: Δ𝑉 = ௤୼(ொ೔ାொ೏)஼೚ೣ   (4) 

where, Qi is the effective trap density at the channel/dielectric interface, Qd is the depletion charge 

and Cox is the dielectric capacitance of 6.903×10-8 F/cm2 for 50 nm SiO2. The depletion charge is 

estimated from Qd=nch x ld where the maximum depletion depth, ld, is approximated by the channel 

thickness (30 nm). The trap density, Qi, is evaluated from the sub-threshold slope (S.S) using: 𝑄௜ = (௤(ௌ.ௌ)௟௢௚(௘)௞் − 1) ஼೚ೣ௤   (5) 

and  𝑆. 𝑆 = ௗ௏ಸௗ(௟௢௚ூವ)   (6) 

From the equations above, the sub-threshold slope of the as-deposited and annealed IAZO TFTs 

is determined to be 0.73 and 0.60 V/decade, respectively, from which the trap density, Qi is 

estimated to be 4.88×1012 and 3.95×1012 /cm2, respectively. According to equation (4), a decrease 

in trap density is in charge of the VT shift as much as 2.16 V (to the negative direction) out of total 

9.29 V. In addition, the change in channel carrier density (Δnch=nch,anneal - nch,asdep) after annealing 

is also estimated from equation (4) with the determined trap densities, which leads to 

Δnch=1.03×1018 /cm3. From the result of work function analysis, nch,anneal/nch,asdep=10,729 and 

Δnch=1.03×1018 /cm3, the channel carrier density after annealing (nch,anneal) is estimated to be 

~1×1018 /cm3 for the annealed IAZO TFTs due to the >104 times difference. Then, the as-deposited 

carrier density is found to be ~1×1014 /cm3. The estimated carrier density in the channel IAZO 

before and after annealing, and other TFT parameters are summarized in Table 1. 
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Table 1.  Properties of amorphous IAZO TFTs before and annealing at 200 °C in air 

 On/off 
ratio 

μsat 
[cm2/Vs] 

S 
[V/decade] VTh [V] Qi [/cm2] nch [/cm3] 

as-dep. TFTs >107 7.64 0.73 7.49 4.88×1012 ~1014 

annealed TFTs >107 20.7 0.60 -1.8 3.95×1012 ~1018 

 

The identification of origins of the large carrier density increase (> ×10,000) after annealing is 

crucial to engineer the channel carrier density and achieve the reliable performance of AOS 

TFTs. 

One possibility is that during annealing oxygen coordination or oxygen stoichiometry in IAZO 

changes. According to the native defect-based doping mechanism that describes that the 

generation (or annihilation) of a doubly charged oxygen vacancy (VO••) from the oxygen sub 

lattice (OOx) donates (or compensates) two free carriers via the relation: OOx=1/2O2+VO••+2e′. 

Therefore, the effect of annealing on the valence state of O 1s of IAZO was investigated by 

performing core-level high resolution (HR) XPS measurements on the as-deposited and annealed 

IAZO films. Figure 5 shows obtained O 1s HR spectra with Gaussian fitting and peak 

deconvolution. In Figure 5(a) of as-deposited oxygen state, peak asymmetry is observed in the 

core-level O 1s spectrum and the peak is deconvoluted into two peaks centered at 530.3 ± 0.1 eV 

(stronger peak, denoted as O 1s-a) and 531.4 ± 0.1 eV (weaker peak, denoted as O 1s-b). The 

stronger peak, O 1s-a located at lower binding energy is attributed to the stoichiometric oxygen 

(i.e., oxygen sufficient state) in IAZO7, 35-36 while the weaker peak, O 1s-b at higher binding 

energy is due to the oxygen deficient states such as O2- ions7, 35-36, which indicates the presence 

of oxygen vacancies, known as native doping agents in indium oxide-based semiconductors37. 

This presence of oxygen deficient species provides required semi-conductivity for TFT channel 
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application. Note that since the surface of all the IAZO films was sputter-etched prior to the XPS 

measurements, hydroxyl groups adsorbed on the surface of IAZO films are not in charge of the 

O 1s-b peak. The areal ratio between the two peaks of O 1s-b/O 1s-a is estimated from the HR 

spectrum, which is found to approximately 44%. After annealing, although the two peaks of 

core-level oxygen spectra slightly shift to a lower binding energy in Figure 5(b-c), no significant 

changes are observed for the O 1s spectra and areal ratio between the two peaks even at higher 

temperature annealing at 300 °C. This similar ratio between the oxygen states indicates that the 

overall oxygen valence state remains nearly the same after annealing. Therefore, no evidences 

were found that additional oxygen vacancies were created after the annealing process to increase 

the channel carrier density.  

Jia et at.38 reported a study on defect structures and subgap states of amorphous IGZO through 

extended x-ray absorption fine-structure measurements (known as EXAFS) and 

cathodoluminescence (CL) spectroscopic investigations. In their report, the EXAFS analysis 

identified oxygen deficient states around In and Zn atoms, and the CL investigations revealed no 

significant changes in defect and subgap states after air annealing at temperatures below 600 °C. 

The EXAFS and CL investigations support well our findings that the HR XPS analyses before and 

after annealing verify the presence of oxygen deficient states in all the IAZO films (as-dep., 

200 °C-annealed, and 300 °C-annealed), which is required for n-type conduction for the channel; 

yet no evidences are found for changes in oxygen deficient or other defect states after annealing 

(i.e., no changes observed in the valence state of the major elements of In, Al, Zn, and O from 

core-level HR XPS investigations in Figure 5 and S2). 

Unintentional hydrogen (H+) doping in the In2O3 structure (both crystalline and amorphous) was 

suggested through first principles calculations of defect levels in In2O3 using density functional 
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theory39-40.  However, the origin of H+ source has not been established and direct experimental 

evidence supporting the unintentional H+ doping is not available in the literature. According to 

this H+ doping mechanism, the peak at approximately 531.4 eV is attributed to the H+ doping. 

However, since no notable changes are seen in the peak and areal density, H+ doping, although 

the mechanism is still arguable, is neither in charge of the carrier density increase after 

annealing. 

 

Figure 5. Core level HR XPS spectra of O 1s peak deconvoluted into O 1s-a and -b, which 
representing stoichiometric oxygen and oxygen deficient states, respectively as a function of 
annealing temperature of (a) as-deposited (not-anneal), (b) 200 °C-annealed and (c) 300 °C-
annealed IAZO. No significant changes are observed in the oxygen valence state before and after 
annealing. 
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Extrinsic doping is another possibility for the increase in carrier density after annealing. 

Although the doped cations of Zn and Al are not activated in amorphous In2O3 as dopants12, 34, 

the substitution of Zn with Al may increase the carrier density since the Al substitution on a Zn 

sublattice (AlZn•) donates free electrons to hold charge neutrality, which is the governing impurity 

doping mechanism in ZnO doped with Al by the relation41-42: 𝐴𝑙ଶ𝑂ଷ = 2𝐴𝑙௓௡• + 2𝑒ᇱ + 2𝑂௢௫ + ଵଶ 𝑂ଶ  (7) 

During the annealing process, if the energy required for the substitution reaction is provided, 

additional charge carriers may be created. In this scenario, the valence state of associated cations 

changes due to the alteration of local coordination by oxygen and coulomb interactions with 

other nearby elements, which is typically identifiable through photoelectron spectroscopy. To 

investigate the substitution effect on the carrier generation, core-level HR XPS measurements 

were made on the major cation elements in IAZO (i.e., In, Al, and Zn). In Figure S2 of HR XPS 

spectra for the major elements, no significant changes are detected for all the elements. 

Therefore, the cation substitution effect due to the annealing at 200 °C is determined not to be 

responsible for the observed carrier increase after annealing.  

 

Finally, the equilibrium carrier density of IAZO is considered for the charge of the increase in 

carrier density after low temperature annealing at 200 °C. We previously reported, through high 

pressure oxidation investigations and equilibrium constant analysis, that the equilibrium carrier 

density of amorphous InZnO (IZO), a representative binary cation AOS, is much higher, in its 

thermodynamic equilibrium state, than that used in typical TFT channel application. Since the 

class of amorphous oxide semiconductors is based on a thermodynamically metastable phase, 

when thermodynamic driving forces are provided, the metastable phase tends to transform to a 
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more stable state, depending on the magnitude of the provided thermodynamic conditions and 

kinetic constraints. Given high enough thermodynamic conditions and in the absence of kinetic 

constraints, the amorphous phase of indium oxide-based AOSs undergoes an amorphous-to-

crystalline phase transformation as found in the literature (e.g., annealing at temperatures higher 

than 500 °C in air for 1 hour)10, 43. However, at a low annealing temperature, due to limited 

thermodynamic driving forces and kinetic restraints, only local transformed phases can be 

achieved in a very short range, which is often defined as local amorphous structure relaxation. In 

our previous report on in-situ resistivity measurements of indium oxide-based AOSs, it has been 

revealed that two mechanisms of oxygen vacancy-dependent carrier generation/annihilation and 

amorphous relaxation compete for the overall conduction in amorphous oxides during low 

temperature annealing where the oxygen vacancy-based mechanism is more rapid process and 

governs the earlier period of the annealing while the structure relaxation is slow in reaction and 

more dominant at a later part of annealing43.  

 

Similar analyses were made on IAZO to estimate the equilibrium carrier density at an oxygen 

partial pressure of 0.2 atm, which is the nearly identical oxygen partial pressure in air. Figure 6 

displays the calculated equilibrium density of IAZO at P(O2)=0.2 atm and compares the IAZO 

equilibrium carrier density with that of a binary cation AOS of IZO as a function of temperature. 

The equilibrium carrier density in IAZO is lower than that of IZO at all temperatures, however, 

much higher than the typical carrier density regime for TFT channel application, <~1017-1018 

/cm3. The high equilibrium carrier density means that meta-stable amorphous oxide 

semiconductors with lower carrier density for TFT channel application tend to have higher 

carrier density in the absence of kinetic constraints. For instance, if a post-deposition annealing 
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process at 200 °C is utilized, the carrier density of IAZO tends to reach the equilibrium carrier 

density of 4.6×1020 /cm3. The required activation energy for carrier generation/annihilation of 

IAZO (Ea=0.81 eV) is slightly higher than that of IZO (Ea=0.73 eV), which may be due to the 

higher binding energy between the added third cation Al and oxygen (5.32 eV), compared to 

other binding energies of In-O (3.74 eV) and Zn-O (2.95 eV) 44-47. 

  

Figure 6. Equilibrium carrier density estimation of amorphous IAZO on an Arrhenius plot with 
the activation energy of carrier generation/annihilation of 0.81 eV, where the equilibrium carrier 
density at 200 °C is much higher than those typically used for TFT channel application, ~1014-
1018 /cm3. The equilibrium carrier density of a binary cation AOS of IZO is also plotted for 
comparison with the activation energy of 0.73 eV. 
 

In In2O3-based amorphous oxide semiconductors such as IZO and IGZO, and IAZO in this study, 

defect states within the bandgap are mainly governed by oxygen vacancies, particularly for 

doping-related states. Depending on the valence states of oxygen vacancies, these defects states 

can form as either deep level or shallow level states, where the latter is located near the 
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conduction band and effective to donate free electrons, while the former is typically located near 

the valence band and not activated to contribute to doping. Some studies reported that changes in 

carrier density and hence conductivity after annealing were mainly attributed to the oxygen 

vacancy-based carrier generation/annihilation mechanism. Bae et al.48 and Lee et al.49 related 

that annealing in oxygen deficient conditions (e.g., N2 or vacuum) led to an increase in carrier 

density of IGZO, and Park et al.50 reported a similar result on InZrZnO, possibly due to the 

generation of oxygen vacancies from the desorption of surface oxygens (e.g., M-OH)49, 51. By the 

same mechanism, Hosono et al.21-22 reported that annealing in air or other O2 conditions 

decreased the free carrier density in IGZO due to the annihilation of oxygen vacancies. 

 

However, as observed in the current report, studies are also found in the literature that show an 

increase in carrier density after annealing in the presence of O2, for which the oxygen-vacancy 

mechanism is not responsible for the carrier density increase. Fortunato et al.20, 52 reported that 

the carrier density of IZO and AlZnO increased after annealing with O2, which consequently led 

to a negative shift in threshold voltage and high off-currents in TFT application. More recently, 

an approach of high pressure oxidation annealing has been demonstrated for IGZO by Kim et 

al.53 to limit annealing temperatures up to 100 °C, which is available due to the enhanced 

reactivity of oxygen at elevated pressures (>1 MPa). The high pressure annealing resulted in 

more reliable IGZO TFT performance likely due to the stabilization of metal cation and oxygen 

bonds in IGZO. It should be noted that the carrier concentration of the IGZO annealed through 

high pressure oxidation is higher than that annealed with N2. They attributed the increase in 

carrier density after O2 annealing to the enhanced kinetic energy of O2 at high pressures, which 

aids IGZO to reach a more stable state with equilibrium carrier density. These studies that report 
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an increase in carrier density after annealing in air or O2 conditions support our findings of an 

unusual increase in channel carrier density after air-annealing with enhanced TFT performance.  

 

The high pressure oxidation investigation on the equilibrium carrier density for IAZO is further 

supported by a mechanism suggesting energy state transitions within the bandgap. Previous 

studies are found in the literature that report that a post-annealing process leads to a structural 

relaxation in IGZO and drives a defect state transition from deep level energy states to shallow 

level states. Through modeling studies based on density functional theory, Kamiya et al. 

demonstrated that a post-annealing process at 400 °C provides energies to activate neutrally 

charged oxygen vacancies (i.e., VO), which are initially positioned at deep level states (i.e., near 

the valence band) and shift toward the conduction band after annealing23-24. Yeon et al. 

experimentally proved the defect state transition from deep levels to shallow levels from current-

voltage measurements of IGZO-based Schottky diode after annealing at 400 °C in air for 1-16 

hours25. The increase in carrier density of IAZO after annealing, explored in this study, is 

analogous to that observed in IGZO, in the context of carrier density increment without changes 

in oxygen vacancy concentration. The finding from this study – non-equilibrium carrier density 

of IAZO in the metastable amorphous state tends to increase provided with thermal energies to 

reach the equilibrium carrier concentration, in the absence of kinetic constraints – can be further 

understood by the defect state transition mechanism. Un-activated oxygen vacancies (neutrally 

charged) in IAZO may be positioned near the valence band as shallow states in the as-deposited 

state. Some portion of the un-activated vacancies (approximately 0.22% based on the estimation 

of Δnanneal/Δnequilibrium = ~104/4.6×106 from the as-deposited concentration ~1014 /cm3, the 

annealed concentration ~1018 /cm3, and the equilibrium concentration 4.6×1020 /cm3) is likely to 
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be activated after annealing at 200 °C for 1 hour and these states are located near the conduction 

band as shallow level states. It should be noted, however, that the annealing temperature of 

200 °C for IAZO TFTs used in this study is much lower than 400 °C used for IGZO devices in 

the previous reports23-25. In addition, the required activation energy (0.73 eV) for the structural 

relaxation in IAZO is smaller than 1.76 eV of IGZO25, indicating that the location of defect states 

of IAZO within the gap is higher than those of IGZO (deep level states of IGZO closer to the 

valence band when the bandgap of IAZO and IGZO are similar to each other as 3.2-3.3 eV vs 

~3.2 eV24, respectively). 

 

4. Conclusions 

High field effect mobility (~22 cm2/Vs) and low threshold voltage (~-1.8 V) were obtained for 

ternary cation-based AOS TFT devices after low temperature annealing at 200 °C, compared to 

the as-deposited counterparts of ~7 cm2/Vs and 7.5 V. Work function investigations identified an 

abrupt increase (> 104 times) in channel IAZO carrier density. The typical intrinsic doping 

mechanism for indium oxide-based AOS based on native-based doping and a possible extrinsic 

doping based on cation substitution are found not to be the primary cause of the large increase in 

carrier density after low temperature annealing. Equilibrium carrier density calculations reveal 

that the equilibrium carrier density of IAZO at 200 °C is considerably higher (~4.6×1020 /cm3) 

than those typically considered in TFT channel application, ~1014-1018 /cm3. The high 

equilibrium carrier density indicates that in the absence of kinetic constraints, the channel carrier 

density tends to increase to reach equilibrium concentrations. This study may provide the 

important scientific prediction for AOS TFTs that show changes in channel carrier density and 

the associated device parameters such as threshold voltage. 
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